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Collagen type Il fibrils provide structural integrity to the articular cartilage extracellular matrix. However,
the conditions that control the fibril radial size scale, distribution, and formation inside of dense
networks are not well understood. We have investigated how surrounding elastic networks affect fibril
formation by observing the structure and dynamics of collagen type Il in model polyacrylamide gels of
varying moduli. Cryogenic transmission electron microscopy (cryo-TEM) is used to image the fibril
structure and is verified qualitatively with optical microscopy of fluorescently-tagged collagen within the
gels. Using fluorescence correlation spectroscopy super-resolution optical fluctuation imaging (fcsSOFI),
the diffusion dynamics of the collagen in low pH and neutral pH conditions are determined. Overall, the
fibril bundle diameter and concentration were found to decrease as a function of gel modulus. The
single fibril diameter remains constant at 30 nm within the gels; however, the diameter was found to be
smaller when compared to in solution. Additionally, the mode of diffusion of the collagen triple helices
changes within gel environments, decreasing the diffusion coefficient. Understanding the intricate
relationship between network topology and collagen type Il fibril formation is crucial in gaining deeper
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insights into the transport phenomena within complex acellular tissues that are necessary for the
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Introduction

Collagen type II is a critical protein that gives structural
integrity to the extracellular matrix (ECM) of articular cartilage
and is one of six types of collagen that self-assembles into fibrils."
The protein is a homotrimer with a distinct glycine-X-Y motif
where X and Y are most commonly proline and hydroxyproline.>”
Electrostatics and hydrophobic interactions are largely thought to
drive fibril formation, but these interactions alone do not explain
the equilibrium radial length scales of the assembly. Previous
studies from Grason and Bruinsma,’ Grason,® Morozova et al.,*
and Wilcox et al.” have found a possible relationship between the
fibril radius and the persistence length, a measure of intrinsic
elasticity. However, these studies all take place in solution,
whereas collagen typically forms fibrils in the dense network
environments of the articular cartilage ECM where fibril radius
can depend on local protein and carbohydrate concentration.
Collagen type II is a large protein with a contour length of
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development of future therapeutic materials.

~300 nm, which limits the current understanding of the diffu-
sion and self-assembly mechanisms in tight, complex networks
like the ECM.

In the articular cartilage ECM, collagen fibrils are hierarchi-
cally organized in hyaluronic acid (HA) and proteoglycan gels.>®°
Individual fibrils are typically distinguished by characteristic
striations along the fibril, called D-banding, and often aggregate
into larger structures called bundles. These gels have a high
osmotic modulus that resists compressive loads due to their
polyelectrolyte nature.>'°™** Collagen fibrils increase the overall
mechanical properties such as the gel modulus."*'* The mesh
size and the internal pressure of the gels also have the capacity to
greatly influence collagen structure. For example, the correlation
between fibril structure and the local gel concentration is fre-
quently discussed in literature.” Lane and Weiss describe that
collagen fibril diameter increases with articular cartilage depth.’
Giraud-Guille et al.'®> and Salameh et al.'® have also shown that
collagen organization depends on the concentration if the
concentration is high enough. Moreover, ECM tissues such as
articular cartilage are avascular and mostly acellular, which limits
the ability to self-repair. Chondrocytes, the cells responsible for
making new collagen, account for only 1-3% of the entire matrix,
and some healing mechanisms involve the deposition and diffu-
sion of collagen through the matrix. Diffusion through the ECM
is known to be complicated by the network density which creates
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barriers to mobility and can impact transport due to chemical
interactions.”” The available volume and connectedness of the
extracellular environment in phantom tissues has been studied
to understand the role of the matrix density on tumor growth and
drug delivery.'®'® Network interactions have also been shown to
selectively filter macromolecules based on charge and size,
indicating the complexity of transport within these tissues.*’

Diffusion of macromolecules through elastic networks is
complex even within model systems. Often, transport and
motion are characterized by several regimes depending on the
topology of the network and the particle size relative to the
network mesh size. Gels, including biological tissues, are often
inhomogeneous and include topological constrains that can
impact diffusion.>* Heterogeneous structure with regions of high
and low crosslink densities can develop due to chain overlap at
crosslinking, monomer and crosslinker reaction kinetics, frozen-
in concentration fluctuations, and microsyneresis during
gelation.”>** With increasing crosslink percent, more heteroge-
neities occur.”* For polyacrylamide gels, there is a critical gel
concentration where the degree of heterogeneities reaches a
maximum in relation to the initial monomer concentration.”®
Above 7% crosslinking, the modulus starts decreasing with
increasing crosslinking as a result of gel topology. There are
length scales that are associated with inhomogeneities of net-
works. The average distance between crosslinks is referred to as
the mesh size of the gel, £, and, often, there are larger length
scales associated with areas of lower crosslink density, of average
size d,. While ¢ for polyacrylamide gels is on the order of 10 s of
nanometers, d;, has been estimated to be ~100-150 nm from
particle tracking experiments.*®

Increases in crosslinking correlate to increases in hetero-
geneity, smaller mesh sizes, and stiffer networks that change
diffusion within the gel. Softer gels have much larger mesh sizes,
which allow for small particles to diffuse more freely on shorter
time scales. As the particle size approaches the gel mesh size,
there is greater confinement which leads to trapping.”*® This
leads to different diffusion regimes depending on the size of the
diffusing particle or macromolecule and the gel topology.>® If the
radius is sufficiently small compared to the mesh size, regular
Brownian diffusion is expected. Once the particle radius
approaches the mesh size, the particles can experience the gel
topology and have been reported to undergo anomalous, non-
Brownian behavior where particles “hop” from areas of low
crosslink density to regions of lower crosslink density in highly
heterogeneous polyacrylamide networks.>**°

Fluorescence correlation spectroscopy super-resolution opti-
cal fluctuation imaging (fcsSOFI) can be used to investigate
diffusion dynamics in gel environments to further understand
how complex systems like the ECM affect these dynamics.*'™°
Developed by Kisley et al., fcsSOFI temporally correlates the
signal from diffusing particles spatially at each pixel in wide
field microscopy data to simultaneously map where particles
are diffusing and quantify spatial distribution of heterogeneous
diffusion constants. Compared to particle tracking methods,
fesSOFI super-resolves dynamic information with low signal
data from relatively fast (>1-10 pm® s~ ') particle diffusion
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within ECM-like environments such as agarose hydrogels and
nanochannel substrates that are used in cell culture.*"**?¢ In
increasingly dense networks, particle trapping and lower diffu-
sion coefficients are observed.** For dextran ranging from
76 kDa to 2000 kDa in size in heterogeneous agarose gels with
a pore size distribution of 300 £ 100 nm, smaller dextran
molecules move more freely in small gel pores and can map
detailed gel structure, while larger dextran molecules are con-
fined and highlight only larger pores.*’*® Overall, the fcsSOFI
technique can characterize local nanoscale diffusion dynamics
as opposed to the bulk dynamics in gel environments and is
highly sensitive to the network topology.

In addition to controlling transport and diffusion, networks
have also recently been found to stabilize protein organization in
synthetic*”*® and cell environments due to a balance of elastic
deformation and enthalpic drive for phase separation®**° and to
control the structure of collagen.*’ Phase separation of proteins
results in spatial organization in networks. Elastic stresses limit
the size scales of phase separated droplets and may control the
thermodynamics of phase separation. Recently, Wilcox et al.*?
formed complex coacervates inside of polymer gels to investigate
how elastic stresses affect systems similar to biocondensates found
in the elastic environment of the cytoplasm. The study found that
increases in gel modulus resulted in smaller complex coacervates
and higher polyelectrolyte concentration in the complex coacervate
phase. In another study, Lane and Weiss found that tissues with
the smallest diameter collagen fibrils (<60 nm) have the highest
concentration of the articular cartilage extracellular matrix which
may translate to higher crosslinking densities.” Gobeaux et al. have
also found that in dense collagen gels (40-300 mg mL ™), collagen
structure changes as a function of gel concentration. In 10 mg mL "
gels, the diameter of collagen type I fibrils is reported to be 20-
40 nm. The diameter increases to 40-120 nm as the concentration
goes to 80 mg mL ™" and peaks at 1.5 um in 90-150 mg mL ™" gels
before decreasing again in concentrations higher than 200 mg
mL " In this way, the gel environment has been shown to control
phase separation and self-assemblies of proteins.

We study the structure and diffusion of collagen in polyacry-
lamide gels to investigate the role of the matrix elasticity on self-
assembly and dynamics. Collagen fibrils are formed in gels of
increasing modulus from 63-8900 Pa. Through total internal
reflection fluorescence (TIRF) microscopy, highly inclined and
laminated optical sheet (HILO) microscopy, and cryogenic trans-
mission electron microscopy, we are able to determine how the
gel network effects fibril formation and fibril bundle size. We use
fcsSOFI to study the diffusion dynamics of collagen triple helices
prior to fibril formation in the gels to investigate the mode of
transport and mechanism of assembly. We observe that local
elastic effects can lead to hierarchical changes in protein fibril
formation that is relevant to many biological tissues.

Materials and methods

Sodium phosphate dibasic dodecahydrate, potassium dihydro-
gen phosphate, sodium chloride, and glacial acetic acid were

This journal is © The Royal Society of Chemistry 2025
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purchased from Sigma Aldrich. Sodium carbonate, sodium
bicarbonate, and dimethyl sulfoxide (DMSO) were purchased
from Fisher Chemical. AZ Dye 488 TFP ester (AZ488) was
purchased from Vector Labs. All solutions were made using
deionized water from a Milli-Q Direct 8 system with a resistivity
of 18.2 MQ c¢m and/or protocol with a resistivity of >10 MQ cm.
Solutions of 100 mM phosphate buffered saline (PBS) were
prepared using 25 mM phosphate salts and the remaining
75 mM from sodium chloride to produce a buffer solution of
PH 7.4. pH 2 solutions were prepared by diluting 12 M HCI
from Fisher Chemical to 0.012 M HCIL All solutions were
adjusted to +0.02 of the desired pH using a pH meter and a
few drops of dilute HCI and sodium hydroxide purchased from
Fisher Chemical and Fisher Scientific.

Similar to the previous study by Wilcox et al.,” purified type
II collagen from bovine nasal septum was purchased from
Elastin Product Company. This materials is fully characterized
by Wilcox et al,” including the molecular weight (260000 +
50000 g mol ') and fibrillar self assembly in different ionic
environments using transmission electron microscopy (TEM).
As noted previously,”** the collagen was extracted from the
native tissue using guanidine-HCI and treated with pepsinized
acetic acid at pH 3.0 to then stabilize the collagen. To isolate
collagen type II and purify the solution, fractional precipita-
tions with NaCl, precipitations by dialysis against Na,HPO,,
and column chromatography was used by the vendor.

Collagen solution preparation

In a process similar to the previous study by Wilcox et al.,” all
soluble collagen solutions were prepared by dissolving type II
collagen in 0.012 M HCL. The 1 g L™ " collagen solution was mixed
for 3 hours on a stir plate at room temperature to allow the
collagen to fully dissolve. The solution was then centrifuged for
30 minutes at 13 400 rpm (12 100 X g) in an Eppendorf 5452 “mini
spin” centrifuge to separate any impurities in the system.** After
centrifugation, the solution was stored at 4 °C for 48 hours until
subsequent experiments. These filtered solutions were used for
fluorescent conjugation, gel samples, and structural analysis of
collagen with TEM and cryogenic electron microscopy (cryo EM).

When preparing collagen fibril solutions in pH 7.4 PBS
solutions, the 1 ¢ L™" collagen solution in HCl was added to
the intermediate pH buffer solution so that the final collagen
concentration was 0.1 g L. The collagen buffer solutions were
left undisturbed for 48 hours at room temperature to form
fibrils. The solutions were then centrifuged for 30 minutes at
13400 rpm to separate the collagen fibrils from the collagen
triple helices. 80% by volume of the remaining liquid was
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removed, and the remaining collagen fibrils were stored in a
refrigerator at 4 °C overnight to 72 hours until subsequent
microscopy imaging. The final concentration of collagen was
0.4 ¢ L', and the fibrils in the pallet were imaged with TEM.”
This concentration is similar to the concentration of collagen in
gels used in this study.

Polyacrylamide gel preparation

To prepare collagen inside of polyacrylamide gels, a modified
process from Wilcox et al.*” was used. The gel modulus was
controlled by changing the ratio between the monomer, acryl-
amide, and the crosslinker, N,N’-(1,2-dihydroxyethylene)-
bisacrylamide, which will subsequently be referred to as bisa-
crylamide, in a procedure similar to that of Sheth et al.*® The
full list of ratios for each formulation used can be found in
Table 1.

Pre-gel solutions were made by initially mixing specified
amounts of 40% by mass acrylamide and 0.5% by mass N,N'-
(1,2-dihydroxyethylene)bisacrylamide in 0.012 M HCI solution.
Specified concentrations and volumes of collagen solution were
also added such that the final collagen concentration within
the total pre-gel solutions were 0.75 mg mL ™" (Fig. 1). A
photoinitiator, 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropio-
phenone, was then added at 2.4-8 mg per mL of total pre-gel
solution. The mixture was stirred at room temperature, and the
resulting solution was filtered using a 0.45 um PES syringe filter
from MDI. To gel, the pre-gel solution was irradiated for 30
minutes using a 365 nm wavelength 6-Watt UV lamp. After the
gel was formed, the gel was soaked in 100 mM PBS solution for
two days at room temperature (Fig. 1). Gels were stored at 4 °C
in a refrigerator for 3 days prior to electron microscopy ima-
ging. Then, working in an ice bath to prevent further fibrillo-
genesis in vitro and to ensure repeatability, the surface of the
gel was dried using a KimWipe. The gel was rinsed ina 9:1 100
mM PBS to 0.012 M HCI solution and placed in 1 mL ofa 9:1
100 mM PBS to 0.012 M HCI solution. For cryogenic transmis-
sion electron microscopy (cryo-TEM), the gels were mechani-
cally broken up using a syringe and needle to produce a gel
slurry that could be easily placed on the cryo-TEM grid in lieu of
other chemical or additional freezing methods.

Tagging collagen

In order to investigate the effect of environmental elasticity on
the assembly of collagen fibrils, collagen was tagged with
fluorescent dyes using a procedure similar to Siadat et al. that
tagged collagen type L1.“® Collagen type II was dissolved at
1 ¢ L' in 0.012 M HCI and mixed for 3 hours. The solution

Table 1 Acrylamide and bisacrylamide ratios in 0.012 M HCl and resulting gel properties

Formulation Acrylamide Bisacrylamide Acrylamide Bisacrylamide Collagen Gel ¢’ Gel mesh
name (Wt%) (Wt%) stock (mL) stock (mL) (mg mL™) (Pa) size (nm)
A5B.08 5 0.08 0.625 0.200 0.90 63 40

A5B.1 5 0.1 0.625 0.250 0.91 460 21

A8B.1 8 0.1 1.000 0.250 1.00 570 19
A8B.25 8 0.25 1.000 1.000 1.25 1040 16
A15B.75 15 0.75 2.000 2.000 1.00 8900 7.8

This journal is © The Royal Society of Chemistry 2025
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HCI Solution

PBS Solution

Fig. 1 A visual representation of the process used to make collagen fibrils within polyacrylamide gels and making samples for cryo-EM. First, an aqueous
0.012 M HCl solution of acrylamide, bisacrylamide, collagen, and a photoinitiator is exposed to UV light to induce gelation. The result is a network of a
particular mesh size, £, depending on the concentrations. Mesh size is denoted by the black arrows. The gel is subsequently placed in a 100 mM PBS
solution to form fibrils, then broken up into a slurry using a syringe and needle with 1 mL of PBS solution. Finally, the gel slurry is deposited onto a cryo-EM

grid.

was then centrifuged at 13 400 rpm (12 100 x g) for 30 minutes
to separate any impurities in the system.** The supernatant was
removed and stored at 4 °C in a refrigerator for 48 hours. For
the tagging reaction, the 1 g L™" collagen solution was mixed in
equal volume with a pH 9.6, 0.2 M sodium carbonate-bicarbo-
nate buffer containing 1 M NacCl so that the collagen concen-
tration was 0.5 g L ". A 0.5 mg mL ™" solution of AZ Dye 488 TFP
ester in DMSO was then added to achieve a weight ratio of
0.2 mg of dye for every 1 mg of collagen in the starting solution.
This proportion allows for 1.1 mole of dye for every 1 mole of
lysine in the collagen. Should all lysine moieties be tagged, then
4% of the collagen triple helix will subsequently be tagged. The
reaction was carried out at room temperature and stirred for 3
hours. Once the reaction time was complete, an equal volume
of 1 M acetic acid containing 1.3 M NaCl to the reaction volume
was added to precipitate the collagen so that the total collagen
concentration was 0.42 g L™'. The solution was then centri-
fuged for 1 hour at 7830 rpm (30130 x g) in an Eppendorf 5430
centrifuge, after which the supernatant was removed. 0.012 M
HCI was added to the remaining precipitate to redissolve the
collagen overnight in at 4 °C within a refrigerator. The solution
was then filtered to remove excess dye through 10 kDa mole-
cular weight cutoff Spin-X® UF concentrator spin columns
from Corning at 7830 rpm for 30 minutes. The spin purification
process was repeated six times, and the original solvent was
replaced by a 0.012 M HCI solution after each round of
purification. The final concentration of the tagged collagen
was 1 g L™ " and was stored in a freezer until use.

Electron microscopy

Electron microscopy techniques were used to visualize and
determine the diameter of collagen fibrils at nanometer scales.
To gain better resolution and contrast, transmission electron
microscopy (TEM) was used. However, as TEM can only image
collagen fibrils in a dried state, cryo-TEM was used to observe

140 | Soft Matter, 2025, 21,137-147

hydrated collagen fibril diameter and structure in solution and
within gel environments. We anticipate only minimal assembly
due to vacuum since the solutions were not dried onto the
sample grid.

Fibril diameters were approximated using the intensity profiles of
the images. To measure diameters, intensity profiles across multiple
fibrils were obtained using Image]. The diameter was recorded as
the width at half-height of the intensity profile (Fig. S7, ESIt).

Transmission electron microscopy

For TEM imaging, 10 uL of a 0.4 g L™" collagen fibril solution
were added to a 400 mesh Cu grid coated with Formvar for 45—
135 seconds. This solution was made by centrifuging down a
0.1 g L' pH 7.4 collagen solution, and 80% of the supernatant
removed. The grid was then rinsed with a buffer solution and
then a 2% uranyl acetate stain. After being exposed to the stain
for 45-135 seconds, the excess stain was blotted off. Samples
were imaged under vacuum using a Tecnai T12 electron micro-
scope at 80 kV and a Tecnai F20 electron microscope at 200 kV.

Cryogenic transmission electron microscopy

Cryo-TEM is used to image many different soft matter systems.*”
For cryo-TEM imaging, 4 pL of 0.4 g L™ * collagen fibril solution or
gel slurry were added to a 300 mesh Cu lacey carbon with
approximately 63 pm grid hole size (Fig. 1). The total collagen
number in all gels was kept constant. The grids were then blotted
with —5 to 15 units of force. After 10 s, the girds were plunged and
flash frozen in liquid ethane in a Vitrobot that was maintained at
4 °C and 100% humidity. Samples were then imaged under
vacuum using the Tecnai F20 electron microscope at 200 KV in
low dose mode.

Rheology

Rheology measurements were performed using a procedure
similar to Wilcox et al.** to determine the gel modulus and

This journal is © The Royal Society of Chemistry 2025
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strain behavior. Oscillatory frequency sweep measurements
were performed on a ThermoFisher Scientific HAAKE MARS
III rheometer at a small strain amplitude (y = 5%) in an angular
frequency (w) range from 1 to 10 rad s~ ' to determine the
storage modulus, G’, and loss modulus, G’. Measurements
were taken using a 20 mm parallel plate geometry at room
temperature. Gap height varied between 1.2 to 2.25 mm as gel
heights between samples varied by the extent of swelling. G’
was determined by the average of 3-4 trials of the oscillatory
frequency sweeps at low strain. Oscillatory amplitude sweep
measurements were used to probe gel strain behaviors from 5%
strain until gel breakage was observed.

Optical microscopy

Plain coverslips (no. 1.5 22 mm x 30 mm) were purchased from
Corning. The no. 1.5 coverslips were cleaned by submerging the
glass in ultrapure type I water purified on an Elga Chrous 2+
system, followed by boiling in basic piranha solution (TL1,
6:1:1 (v/v) ratio of H,0:H,0,:NH,OH) at 75 °C for 2 minutes.
The coverslips were then rinsed with ultrapure water and dried
with ultrapure N, (Airgas) before being treated in an O, (Airgas)
plasma cleaner (Harrick Plasma) at 11 W for 2 min.

After the gel samples were soaked in 0.012 M HCI solution
for 1 hour to reach swelling equilibrium, samples were imaged
using a custom-built TIRF microscope previously described.*®
First, the gel was imaged after soaking in the HCI to determine
the collagen monomer diffusion in the gel followed by transfer-
ring it to the pH 7.4 PBS solution to initiate fibril formation.
The solution volume was at least 20 times the gel volume. The
gel was taken out of the PBS solution and imaged at specific
time points as mentioned in the figure panels. The setup
includes an Olympus IX83 microscope body and a 100x/1.49
NA oil immersion TIRF objective lens (Olympus) for sample
excitation and imaging. A 488 nm laser (Toptica Photonics) was
used to excite all samples, with a laser power density of
~62 W cm ™ Imaging modes were switched between TIRF,
to image just below the surface of the gels, and HILO, to image
deeper within the sample.***° The HILO imaging mode was set
by positioning the TIR lens so that the incident angle of the
laser is slightly lower than the critical angle used in the TIRF
mode. By approaching the back pupil of the objective below the
critical angle, total reflection is not achieved. Instead, the beam
exits the objective at an angle, effectively forming a light-sheet.
The image collection settings were managed using Micro-
Manager 2.0, capturing images on either the full chip
(1412 pixel x 1412 pixel) for single frames or a subsection
(100 pixel x 100 pixel) for multi-frame datasets of a Photo-
metrics Prime 95B 22 mm sCMOS camera. For both regions of
interest, the exposure time was set to 5 ms (200 fps).

All data were analyzed using our fcsSOFI code, which is
publicly available on GitHub.? In general, this code generates a
SOFI image and a FCS diffusion map, then combines the two to
provide both structural and diffusion information for a given
sample.’” After generating diffusion data for a sample for each
pixel in the 100 pixel x 100 pixel array, we generate a cumula-
tive distribution of all diffusion coefficients at each pixel. The

This journal is © The Royal Society of Chemistry 2025
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mean diffusion coefficient (D) is determined by fitting the
cumulative distribution points to a normal cumulative distri-
bution error function, CDF:

CDF = %(1 +erf (’; ;j“)) (1)

where u represents the mean D of the data set and o is the slope
of the curve.

Results and discussion

We have determined the structure and diffusive dynamics of
collagen type II in polyacrylamide gels as a function of increasing
modulus from 63-8700 Pa. Collagen fibrils and fibril bundles are
formed in these gels in a process summarized by Fig. 1. Briefly,
collagen type II is dissolved in acidic conditions in the presence
of acrylamide and bisacrylamide monomers. After curing the
network, the solvent is exchanged to a neutral pH to promote
fibril formation. To determine the resulting structure, collagen is
imaged using cryo-TEM. TIRF and HILO microscopy are used to
further qualitatively verify the observed structures. To determine
dynamics, fesSOFI is used to calculate soluble fluorescently
tagged collagen diffusion coefficients within solution, a soft gel
(<1000 Pa), and a stiff gel (>1000 Pa). Overall, we observe that
the gel topology can limit the collagen fibril size and slow the
dynamics of collagen fibril assembly.

Representative cryo-TEM images of individual fibrils and
fibril bundles are shown in Fig. 2. Faint D-banding and twists
are observed in both solutions and gels (Fig. S10-S12, ESIY), so
the observed fibrillar assemblies are assumed to be collagen
fibrils. In TEM, single fibrils are identified by the D-banding of
the fibrils, which are typically ~67 nm and appear as striations
that run perpendicular along the length of the fibril.>">> Fibril
bundles are multiple fibrils twisting around each other or are
greater than 100 nm in diameter (Fig. S11, ESI{). We do not
observe molecular aggregation in the previously published TEM
samples, and assume that all structures are collagen fibrils
even if the contrast is not high enough to observe striations. In
addition, the fibrillar features are similar to previously imaged
collagen fibrils in solution with EM.>® Histograms are also
reported in Fig. 2. For the histograms, the number of fibrils
and fibril bundles measured was 69 for the collagen assembled
in solution and 90, 75, 33, 24, and 32 for collagen assembled in
gels in order of increasing modulus. The fibril diameter was
determined using the full width at half maximum of a repre-
sentative line section of the fibril in Image]J as shown in Fig. S7a
(ESIt). These images were not altered in any way aside from the
addition of scale bars in Image]. We observe that the fibrils and
fibril bundles in solution are smooth in appearance while the
structures in gels have looser organization and are ‘“wispier” in
appearance.

In polyacrylamide gels, the distribution of collagen fibril
diameters (including fibril bundles and single fibrils) narrows
as a function of increasing modulus (Fig. 2). Fibril bundles in
solution have a skewed distribution with the most bimodal
distribution and a dominating large shoulder. The gel network
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Fig. 2 Representative cryo-TEM images of single collagen fibrils and collagen fibril bundles in solution and polyacrylamide gels. O Pa designates
structure in solution. Accompanying histograms are of the combined single collagen fibrils and fibril bundles in solution and polyacrylamide gels. The

arrows indicate the location of fibrils or fibril bundles within the image.

appears to restrict larger fibril bundle formation with increasing
modulus. A bimodal distribution can also be seen in the softest
gel with a modulus of 63 Pa. The total number of fibril bundles
decreases with increasing modulus until only a single distribu-
tion is observed in the highest modulus gel (8700 Pa). In 570 Pa
networks, only 5 of 33 structures are observed that have a
diameter greater than 100 nm and in 1040 Pa networks, only
3 of 24. In the 8700 Pa networks, we observe mostly individual
fibrils. Collagen forms fibrils in all gels, but in soft gels (G’ <
1000 Pa) fibrils tend to have bimodal distributions while mostly
single fibrils are observed in stiff gels (G’ > 1000 Pa).

In order to compare with previous studies,” the images were
analyzed to separate out single fibrils. The results are summarized
in Fig. S7b (ESI{), with additional TEM images from Wilcox et al.”
In solution, the single fibril diameter is approximately 47 nm while
in polyacrylamide gels, the fibril diameter is ~30 nm across three
orders of magnitude of gel moduli (Fig. 3). Fig. S7 (ESIt) shows the
histograms for all single fibril measurements where the number of
single fibrils measured for solution conditions is 27 from TEM
images and 31 from cryo-EM images. For each gel, 85, 31, 49, 33,
and 34 fibrils were analyzed from cryo-EM images in order of
increasing modulus. The histograms are consistent with normal
distributions and do not change as a function of gel modulus. We
do find that the distribution of the single fibrils in solution is
significantly wider than the distributions of single fibrils in any gel
modulus. The standard deviation decreases from 18 nm in
solution to 8.9 &+ 2.5 nm across the gels of varying modulus. This
effect is likely due to confinement properties of the network, or a
change in the solution interactions. It has been previously sug-
gested that collagen fibril thicken over time, and the presence of
the network as well as the complex dynamics within the network
would limit this process.>®

Optical microscopy qualitatively agrees with cryo-TEM
results. As shown in Fig. 4, there are fewer fibril bundles in
representative stiffer gels (G’ = 3400 Pa) than in softer gels (G’ =
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Fig. 3 Analysis of single collagen fibril diameter in solution and gels as a
function of gel modulus. The 0 Pa modulus is designated as the solution
condition.

500 Pa) (Table S1, ESIt). In the soft gels, fibrils formed within
30 minutes and could be seen scattered throughout the gel and
increased in size during the 48-hour study. In the stiff gel,
shorter fibrils also formed within 30 minutes, but were scarce
throughout and did not noticeably increase in size even after 48
hours soaking in the PBS buffer. Moreover, we see less and
slower fibril formation in the collagen solution samples com-
pared to the softer gel matrix (Table S1, ESIT).

While fibrils could be observed in either gel as soon as
15 min after soaking in the PBS buffer, fibrils were not observed
in the PBS solution until after 3 hours. This discrepancy between
the solution and gel environments is due to the non-equilibrium
state of fibril formation. There are also other factors that can lead
to variability in the results. First, the concentration of collagen is
variable between the three environments. After the gels are
produced and placed in the soaking solutions of similar volumes,

This journal is © The Royal Society of Chemistry 2025
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they swell, thereby decreasing the collagen concentration. For the
soft gels, the swelling approximately doubles the gel volume
(specifically by a factor of 1.5-2.2), which decreases the collagen
concentration by half. In contrast, the swelling of stiff gels is
negligible with little change to the overall starting gel concen-
tration. However, collagen can also diffuse out of the gel during
soaking, varying the overall concentration between gels of the
same modulus. Second, comparing only the gels, the difference in
the modulus could impact collagen transport as it starts to form
larger bundles. A stiff gel will be considerably more crosslinked
and have smaller mesh-sizes, effectively trapping the collagen and
collagen fibrils. Finally, gel interactions could potentially drive or
hinder collagen formation and would depend on the local poly-
acrylamide concentration.

In addition to any non-equilibrium concentration fluctua-
tions that happen upon solvent change, collagen fibrillogenesis
has been previously reported to depend on the local ionic
strength and temperature. Typically, the kinetics are character-
ized by the time necessary for the turbidity of the solution to
change. For collagen type II in 126 mM ionic strength, this time
has been reported to be on the order of 5 minutes.>® The period
of saturation can last up to 30 minutes. While turbidity is a
measure of the entire sample, we measure fibrillogenesis
locally, within 100 pm, where any heterogeneity can drastically
affect the growth of fibrils locally. AFM studies on the long-
itudinal and lateral growth mechanisms of collagen also show
that while generally fibrils can be seen within 6 minutes, the
surface coverage is below 10% until ~30 minutes even for the
highest concentrations studied.>

Comparing the diffusion coefficients for soluble collagen
type II in solution, the soft gel (G’ = 500 Pa), and the stiff gel
(G" = 3400 Pa), there is a clear trend that links the diffusion
speed to the confinement of the environment (Fig. 5). In these
experiments, the collagen is not yet in fibrillar form, since as
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PBS 1 hr

View Article Online

Paper

PBS 3 hr PBS 24 hr PBS48hr

500 Pa), the stiff (G’ =
and TIRF, respectively. Scale bars are 2 um. Colorbar represents camera intensity, which is kept constant for each image.

3400 Pa) gels and in solution at 0.11 g L~ using HILO

fibrils start to assemble, diffusion slows and becomes difficult to
resolve. For collagen in the HCI solution prior to fibrillogenesis
in vitro, the diffusion coefficient is 4 + 1 um?* s~ which correlates
to a hydrodynamic radius of ~55 nm based on the Stokes-
Einstein equation.>® According to differential dynamic microscopy
(DDM) and dynamic light scattering (DLS) (Fig. S5, ESIt), the
diffusion coefficient of tagged triple helices in HCI is approxi-
mately 7 pm* s~ and within a similar order of magnitude. After
the collagen is introduced to PBS buffer, the diffusion slows to
2.3 & 0.8 um” s~ '. At 15 minutes in PBS, the Brownian motion
steadily decreases until no fluctuations can be observed after
3 hours using our technique (Fig. 5A). Since the viscosity of the
HCI and PBS solutions are similar, the slower diffusion coefficient
indicates fibril formation, with an increase in hydrodynamic
radius to ~100 nm. The corresponding fcsSOFI images in solution
(Fig. 5B and C) show that collagen and fibrils are able to access the
entire area of the sample. Fig. 5B and C show heatmaps of the
location and rate of diffusion. Higher saturation areas indicate
more fluctuations and local accessibility of the gel to collagen
where motion is present even if the average concentration of
collagen in the entire field of view of both systems is similar as
shown in the supplementary movies (ESIt). There is quantifiable
diffusion at all pixels (bright areas in Fig. 5B and C) in acidic
conditions and a decrease in the diffusion coefficient after 30 min
in PBS, observed as a change in the color of the image.

In the gels (Fig. 5D-H), the diffusion of the collagen slows
compared to in solution and slows further after triggering fibril
formation in neutral pH. The diffusion coefficients in the HCl
soaked gels are 3 =1 um? s~ ' and 3 & 2 um? s~ * for the soft and
stiff gels, respectively, and can be seen in Fig. 5D-H. Notably,
the average D is similar despite the gel polyacrylamide concen-
tration and modulus. Further inspection of all D values in the
stiff gel shows a wider range of and less Gaussian distribution,
with a higher population of slower diffusion (Fig. 5G) compared
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Fig. 5 Optical analysis of collagen diffusion in solution and gels. (A), (D)
and (G) Cumulative distributions of the measured diffusion coefficients of
the AZ488 tagged collagen in 0.012 M HCl at time points in PBS for
solution and gels. (B), (E) and (H) Representative fcsSOFI images of AZ 488
tagged collagen in HCL environments in solution and gels. (C) and (F)
Representative fcsSOFI images of AZ488 tagged collagen in PBS environ-
ments in solution and gels at 30 minutes in PBS when collagen fibrils have
formed.

to the soft gel. After soaking in PBS solutions, the motion slows
as fibrils form (Fig. 5D). This slowing has also been seen in
Escherichia coli in porous media studies by Bhattacharjee and
Datta.’” In both gels, with increasing time in PBS, we found
fewer diffusing collagen. While we were able to observe motion
in the soft gel up to 30 min soaking in PBS, we were only able to
collect data for the stiff gel prior to any fibril formation.
Spatially, the fcsSOFI images show that for the soft gel, collagen
prior to fibril formation has similar accessibility within the
polyacrylamide as in solution, with diffusion observed through-
out the gel (Fig. 5E). As fibrils form upon PBS soaking, acces-
sibility is decreased within the gel as denoted by a combination
of an increase in the black areas from 21 664 pixels in Fig. 5E to
22 679 pixels in Fig. 5F. In contrast, the collagen is limited to
distinct pockets in the stiff gel even prior to fibrilization, as
observed by the mostly black areas in Fig. 5H.

Interestingly, the mode of diffusion for the collagen
fibrils qualitatively appears to change in polyacrylamide gels
(Videos S1-S5, ESIT). When allowed to freely diffuse within the
solution environment, the diffusion appears to be Brownian in
nature both in HCI and PBS solutions (Videos S1 and S2, ESI¥).
However, within the gel environments, the diffusion appears to
be more of a “hopping’”’ motion (Videos S3-S5, ESIt), which has
previously been described as a type of anomalous diffusion.*®
The “hopping” motion is similarly described in previous work
as the movement of particles from one pore to another in a
highly crosslinked network where the particle size is similar to
that of the mesh.***>® The change in the mode of diffusion is
captured as a reduction in the diffusion coefficient, but the
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mechanistic behavior is difficult to quantify solely with D using
our fcsSOFI code.

We observe that collagen forms fibrils in polyacrylamide
networks across three orders of magnitude. While the radius of
individual fibrils remains constant at ~30 nm, the distribution
of all higher order structures appears to have a strong depen-
dence on the network modulus. The average diffusion coeffi-
cient of soluble collagen triple helices is also similar in both
soft and stiff gels. We interpret these results in terms of the
network topology. The heterogeneity, not the average mesh
size, of the polyacrylamide network must be considered to
understand the observed structure and dynamics of collagen.
Using storage modulus, G’, the mesh size, &, of the gel can be
estimated by the equation:

kgT

=5

(2)

where kg is the Boltzmann constant and T is the temperature
(Table 1). A visual representation of the mesh size can be seen in
Fig. 6A. The range of the average mesh size of the network varies
from 40 nm for the 63 Pa gel to 7.8 nm for the 8700 Pa gel.
However, the diameter of collagen fibrils is limited to ~30 nm,
and fibril bundles are on average ~100 nm in diameter, which is
larger than the mesh size of most of the gels. Because of the
chemistry of the polymerization of polyacrylamide gels used in this
study, the gel topologies are heterogeneous with areas of high and
low crosslink densities. In previous studies, these less densely
crosslinked regions have been described as “pores” with diameter
d, ~ 100 nm in size (Fig. 6A). We expect that the fibrils form in
areas containing larger pores along a path of least resistance
(Fig. 6B). This is evident from the resulting structure as well as
the apparent diffusion in the gels studied. The preference for
collagen fibrils to form in larger than average pores would explain
how single fibril diameters of ~30 nm form in G’ = 8700 Pa gels
that have an average mesh size of 7.8 nm and fibril bundles with
diameters in 100 s of nanometers to form in the softest gels that
have average mesh sizes of ~20-40 nm. In addition, the fibril
diameter has a narrower distribution in the stiffest gel due to the
gel environment. In these networks, we observe generally less
collagen motion in fewer parts of the network. From optical
microscopy, we observe fewer and thinner fibril bundles in stiff
gels than in soft gels with collagen diffusing in either gel at similar
rates. Overall, single collagen fibril diameter is limited by the gel
network regardless of the gel modulus. Collagen diffusion is also
independent of the network, so most likely, structure forms in
areas of low crosslinking density.

Conclusions

We have studied collagen type II fibril structure and dynamics
in solution and in 63-8700 Pa polyacrylamide gels. Fibril
diameters were analyzed using cryo-TEM and optical fluores-
cence microscopy. From these methods, we have determined
that the single fibril diameter is limited by the gel network to
~30 nm and is independent of gel modulus while fibril
bundles are constricted by the stiff gel networks. In gels, the

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Collagen fibrils in comparison to mesh size. (A) Mesh size, &, as denoted by the red arrows, is heterogenous throughout the gel that has regions of
high crosslink density and low crosslink density. Pore size is a larger length scale associated with areas of lower crosslink density, of average size dp. (B)
Schematic of collagen fibrils grown in solution, the softest gel, and the stiffest gel. The variance in the pore sizes of each gel leads the fibrils to grow within
the larger pores as they provide a path of least resistance (highlighted with black outlines). In soft gels, bundles are also observed due to higher pore sizes.

diffusion of collagen is slower when compared to that in solution,
but the average rate of soluble collagen diffusion is independent
of the gel modulus. Due to the minimal dependence of both
structure and dynamics on the matrix strength and concen-
tration, the fibrils likely form in a path of least resistance within
the heterogenous topology of the gel network. By understanding
how elastic networks influence the hierarchical changes in
protein fibril formation, we set foundations for improved extra-
cellular matrix model materials and synthetic tissues.
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