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Abstract: Extracellular vesicle (EV) and nanoparticle interactions with extracellular matrix (ECM) environments are often 
studied through a paradigm whereby particles are a passive element whose diffusion and behaviour are subject to the com-
position and structure of the environment they are in. While EV diffusion and distribution in tissues are indeed governed by 
matrix interactions, accumulating evidence suggests that EVs contain much of the cellular machinery required for actively 
remodeling ECM as well. Using rheology and confocal reflectance microscopy to investigate the gelation of collagen I hydro-
gels formed in the presence of EVs, we show that EVs can play an active role in the formation of new ECM. EVs appear to 
nucleate new fibrils, recruiting collagen molecules from solution and accelerating their polymerization. Trypsinization of EVs 
to digest their surface proteins shows that proteins are primarily responsible for this phenomenon. The use of extruded 
plasma membrane vesicles shows that membrane composition plays an important role in determining final fibril length and 
matrix structure. EVs also become integrated into the fibril structures that they help form, reminiscent of matrix vesicles 
found in situ within tissues. This represents a plausible way by which EVs are deposited into the extracellular environment, 
becoming important contextual signaling cues for resident cells. Our data show that EV-matrix interactions are dynamic and 
reciprocal, contributing to the remodeling of tissue microenvironments. 

Key words: breast cancer cells, extracellular matrix, extracellular vesicles, liposomes, collagen, rheology, confocal reflec-
tance microscopy  

 

Dynamic, reciprocal interactions between cells and the 
extracellular matrix (ECM) help to shape tissue structure 
and function. Extracellular vesicles (EVs) are one compo-
nent of a cell’s arsenal of signaling modalities1,2 and are 
mostly appreciated for their role as cell-to-cell messen-
gers of signaling cues, influencing the tissue microenvi-
ronment through cell proxies.3–5 This is achieved in a 
number of ways, through promoting the proliferation of 
ECM-secreting cells,6 changing the ECM secretion profile 
of cells,7–10 or increasing the expression of ECM-
degrading matrix metalloproteinase enzymes 
(MMPs).11,12 Mounting evidence suggests, however, that 
EVs themselves may play a direct role in remodeling the 
ECM. Crosslinking enzymes, such as transglutaminase13 
or lysyl oxidase,14 as well as lytic enzymes, including 
MMPs15,16 and heparanase17 have been found in EVs, al-
lowing them to act as direct effectors of remodeling pro-
cesses. In this report, we investigate interactions with 

collagen I and how EVs may play a role in the formation 
of collagen fibril structures. 

Collagen I constitutes one of the most abundant pro-
teins in mammalian tissues and plays important roles 
both structurally and in terms of cell signaling within tis-
sues.18–20 The synthesis, secretion, and assembly of colla-
gen I into fibrillar structures is known as fibrillogenesis 
and is a tightly regulated phenomenon involving many 
different binding partners and molecular processes in 
vivo.21,22 The functional fibril-forming unit of collagen I is 
tropocollagen, itself a three-stranded helix composed of 
individual monomeric chains. These monomers can be 
recovered and separated with SDS-PAGE from samples 
of solubilized collagen I obtained through enzymatic or 
acid extraction of tissues, as is done commercially.23–25 It 
is not immediately clear, however, if molecules in solu-
tion exist in this way as free monomers or as triple-heli-
cal tropocollagen units. Nevertheless, collagen fibrillo-
genesis in vitro represents the spontaneous aggregation 
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of tropocollagen bundles, followed by end-to-end and 
lateral joining of nucleated bundles into fibrils.26–28 
While this process may not fully replicate the predomi-
nantly fibroblast-mediated deposition of collagenous 
ECM,22,29,30 understanding how EVs might influence the 
kinetics of this baseline spontaneous fibril formation can 
provide important insight into how EVs contribute to the 
dynamic nature of tissue microenvironments. 

Previously, we and others have reported that EVs in-
teract with collagen I via integrin receptors and that 
these interactions govern their diffusion and infiltration 
in reconstituted collagen hydrogels.31,32 Here, we explore 
how EVs may in turn affect collagen fibrillogenesis and 
how they may play an active role in ECM remodeling pro-
cesses. To this end, we employ bulk rheology to investi-
gate how EVs affect the gelation kinetics and fibril for-
mation of collagen I. We also employ confocal reflectance 
microscopy, fluorescence confocal microscopy, and im-
age analysis techniques to investigate how EVs affect col-
lagen fibril structure, as well as how EV-fibril interac-
tions affect localization of EVs in a fibril matrix. By com-
paring the behaviour of EVs with extruded plasma mem-
brane vesicles32,33 and synthetic liposomes, we show that 
EVs have a distinct effect on collagen fibril formation that 
suggests a specialized biological role. 
 

Results and Discussion  
Generation and collection of breast cancer cell-de-
rived EVs 

EVs were generated by MDA-MB-231 breast cancer 
cells cultured in serum-free medium to avoid contamina-
tion from serum-derived vesicles. Collection and purifi-
cation of EVs was conducted, as previously published, 
using size exclusion chromatography (SEC).34–36 We have 
previously characterized EVs collected in this way with 
cryogenic scanning electron microscopy and Western 
blot analysis of common markers of EVs, showing that 
such EVs largely consist of 100-400nm diameter exo-
somes of endosomal origin with high enrichment of in-
tegrin β1 (ITGB1) and CD63.32 Analysis of particle sizes 
in SEC fractions with dynamic light scattering (DLS) can 
be found in the Supporting Materials (Supplemental Fig-
ure S1). 
 
Breast cancer cell-derived EVs accelerate collagen I 
fibrillogenesis 

To begin to probe the interactions between EVs and 
collagen I, we used bulk rheology in oscillatory shear 
mode to assess how the presence of EVs affects the gela-
tion kinetics of collagen I hydrogels. Two different buff-
ers were used for experiments to also investigate cal-
cium-dependence: a calcium-free HEPES-buffered saline 
(HBS) and a HEPES-buffered saline supplemented with 
2mM calcium chloride (HBS+Ca). Figure 1A,B shows a 
general schematic of how the rheology was conducted 
and analyzed. Collagen solutions with EVs were mixed 
directly on the stage of a rheometer, cooled below 7°C to 
prevent premature gelation. Once mixed, the stage was 
heated to 35°C over approximately 60s to start the gela-
tion process. The storage (G’) and loss (G”) moduli were 

measured over time with 1Hz oscillation and maximum 
1% strain using a probe with 12mm cone-plate geome-
try. The storage modulus (and loss modulus) exhibited a 
classic sigmoidal shape over the course of the gelation 
process (Fig. 1B), in agreement with the literature.37,38 
While it should theoretically be possible to observe a gel-
sol transition, whereby the trajectories of G’ and G” 
‘crossover’ to mark the transition from liquid to gel 
states,37 this was not observed in our data, likely because 
the transition occurs at lower values of G’ and G” that our 
rheometer is not sensitive enough to detect.  

For clarity, and to avoid the greater impact of noise at 
low amplitudes, we focused on the storage modulus and 
broke down the gelation process into three distinct 
phases: (i) an initial lag phase that roughly corresponds 
to nucleation of collagen aggregates, as described in pre-
vious reports;26,28,37 (ii) a growth phase, during which the 
extension of nucleated aggregates into fibril structures 
rapidly increases the elastic strength of the bulk mate-
rial; and (iii) a plateau phase, during which the final 
structure and elastic strength of the gel become set. 
Without a formally accepted definition for the end of the 
lag or nucleation phase, we defined it based on the first 
derivative of the storage modulus time course. The first 

five points of 
𝑑

𝑑𝑡
𝐺′(𝑡) were used to compute a baseline 

mean and standard deviation. The end of the nucleation 
phase would thus occur at the point at which the value of 
𝑑

𝑑𝑡
𝐺′(𝑡) exceeded the mean plus two standard deviations 

for two consecutive time points (Fig. 1B). We also deter-
mined the peak growth rate of G’ during the growth 
phase, which occurs at the midpoint or inflection point of 
the gelation curve. While other parameters, such as the 
time point at which the inflection point occurs or the 
start of the plateau phase (also defined by the first deriv-
ative) were analyzed, the duration of the nucleation 
phase and the peak growth rate appeared to be most af-
fected by the presence of EVs (Fig. 1C,D). In particular, 
EVs appear to significantly decrease the length of the nu-
cleation phase and increase the peak growth rate of col-
lagen I gelation, but only in the presence of calcium in so-
lution. We also measured endpoint rheology, i.e. the final 
storage and loss moduli at the end of the plateau phase 
when the gel is fully set (Fig. 1E,F). Here, EVs increase the 
storage and loss moduli, but again, only in the presence 
of calcium in the buffer. No effect is observed without 
calcium, hinting at the existence of calcium-dependent 
machinery involved in the interactions between EVs and 
collagen I.  

To determine if the effects of EVs on collagen gelation 
are dose-dependent, we varied the amount of EVs used 
in gelation experiments with calcium-containing buffer, 
but found no clear trend in the nucleation phase dura-
tion, nor the peak growth rate in G’ (Fig. 1G,H). It is pos-
sible that all our experiments were conducted in a satu-
ration regime and that differences in gelation kinetics 
may vary at lower EV concentrations. Alternatively, dif-
ferences may occur at the single-fibril level that cannot 
be detected with bulk rheology. 
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Figure 1, Gelation kinetics of collagen I hydrogels. A) Depiction of EVs present in solution prior to collagen I gelation 
and the formation of collagen fibrils as gelation progresses. B) Representative example of a collagen gelation curve with 
calcium but no EVs present. The storage modulus (green) displays a sigmoidal shape and is plotted with its first deriv-
ative (magenta). The gelation process is divided into three phases, shown as shaded regions: the nucleation phase, 
defined as the time until the first derivative exceeds the mean plus two standard deviations of the initial 5 time points 
used as a baseline; the growth phase; and the plateau phase. A dotted line indicates the inflection point, at which the 
peak growth rate of G’ is taken. C,D) Comparison of the duration of the nucleation phase (C) and the peak growth rate 
of G’ (D), taken from gelation curves of hydrogels formed without (Buffer) and with (+EVs) EVs, in calcium-free (HBS; 
grey) and calcium-containing (HBS+Ca; blue) buffers. E,F) Endpoint measurements of storage (E) and loss (F) moduli, 
measured 1 hour after the start of gelation. Statistically significant differences were determined with 1-way ANOVA 
with Tukey-Kramer post-hoc analysis over n=10 replicates. Significance levels are indicated with * (p<0.01) and ** 
(p<0.05). G,H) Dose response of EVs on collagen I gelation kinetics. EV concentrations are normalized to the average 
concentration of particles used in all other experiments. Nucleation phase duration (G) and peak growth rate of G’ do 
not appear to be sensitive to the concentration of EVs. 

 
Effects on collagen I gelation are particle-specific 

To determine whether the effects of EVs on collagen I 
fibrillogenesis and hydrogel gelation were due to specific 
molecular interactions or non-specific interactions from 
simply having a particle inclusion in the gel, we repeated 
rheology experiments with synthetic large unilamellar 
vesicles (LUVs) composed of pure 1,2-dioleoyl-sn-glyc-
ero-3-phosphocholine (DOPC), produced as previously 
described.39 Furthermore, since EVs are known to have a 
membrane composition distinct from that of their origi-
nal source cell’s plasma membrane, we wanted to study 
the importance of membrane composition on interac-
tions with collagen I. We thus tested the effects of ex-
truded large plasma membrane vesicles (LPMVs).32 

These vesicles are formed by extruding plasma mem-
brane material obtained from cells through the use of ve-
siculation agents33,40 and are approximately the same 
size as our collected EVs while being more representa-
tive of whole plasma membrane (Fig. 2A; Suppl. Fig. 
S1B). Finally, to determine what kind of molecules in EVs 
are primarily responsible for interactions with collagen 
I, we treated EVs with trypsin to digest their surface pro-
teins (tEVs). This would knock out protein interactions 
and possibly also disrupt the glycocalyx to a degree, 
since glycosylated proteins will be affected. Lipids and 
other sugar groups, however, would remain largely in-
tact.  

We found that nucleation phase duration is signifi-
cantly reduced by EVs and LPMVs, but not by tEVs or 
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LUVs when compared to the particle-free controls. This 
suggests that EVs and LPMVs share similar machinery 
that is lost in tEVs and not present in LUVs, which allows 
interaction with collagen I. With regards to the peak G’ 
growth rate, only EVs appear to have a significant effect 
compared to the particle-free control. LPMVs appear to 
slightly increase the peak G’ growth rate, but not to a sta-
tistically significant extent.  

Taken together, this shows that the effects of EVs on 
collagen I gelation are particle-specific. EVs and LPMVs 
significantly reduce the nucleation phase duration and 
EVs alone significantly increase the peak G’ growth rate. 

Moreover, since tEVs behave similarly to synthetic LUVs 
and have no effect compared to the particle-free control, 
it appears that proteins are primarily responsible for the 
interactions between EVs and collagen I. LPMVs also 
have intact membrane proteins that can mediate inter-
actions with collagen I, as seen in the decrease in nucle-
ation phase duration. They clearly do not behave exactly 
the same as EVs, however, as they do not raise the peak 
G’ growth rate to the same level as EVs. Such functional 
differences reflect the compositional differences be-
tween EVs and LPMVs. 

 

 
Figure 2, Particle-specific effects on collagen I gelation. A) Schematic diagram comparing the production of LPMVs (left) 
and collection and purification of EVs (right). B) Nucleation phase duration of collagen I gels formed with EVs, tryp-
sinized EVs (tEVs), LPMVs, and synthetic LUVs compared to particle-free controls (Buffer). Cartoons underneath illus-
trate the differences in the particles in terms of their composition and surface characteristics. C) Peak growth rate of G’ 
for gels formed without particles (Buffer) and with EVs, tEVs, LPMVs, and LUVs. Statistically significant differences are 
indicated by black bars, as determined by 1-way ANOVA with Tukey-Kramer post-hoc analysis. Significance levels are 
indicated by * (p<0.01) and ** (p<0.05). Individual points represent separate experimental replicates (n=12 for tEVs, 
n=11 for other conditions) while empty circles represent outlier data points that have been excluded from statistical 
analyses. 

 
Breast cancer cell-derived EVs affect collagen I fibril 
structure and matrix geometry 

Confocal reflectance microscopy was used to image 
the fibrils making up the structure of collagen I hydro-
gels.38,41 Confocal stacks were imaged, processed, and 
analyzed to measure overall fibril content, hydrogel 
mesh size, and average fibril length (Fig. 3A-E). To re-
move scanner artifacts, images were processed with a 
bandpass filter. For fibril content and hydrogel mesh 
size, images were thresholded and binarized. Fibril con-

tent was determined by summing up the number of ‘fi-
bril pixels’ and dividing by the total number of pixels in 
the image. Hydrogel mesh size was determined with a 
previously described protocol38,41 with slight modifica-
tion: binarized images were further skeletonized to ob-
tain the central axes of the fibrils. The sizes and number 
of spaces between the fibrils in the x- and y-directions 
were plotted in histograms, which fall into exponential 
distributions. The mesh size was obtained by fitting the 
distributions to exponential curves, taking the inverse of 
the fitted exponent coefficient (the mathematical mean 
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value of exponential distributions), and converting from 
pixels to micrometers. To determine average fibril 
length, we used the CT-FIRE analysis software developed 
by Eliceiri et al.42 on bandpass-filtered images. Fibril con-
tent, mesh size, and fibril length were determined from 
pooled data from stacks of 30 images per sample to ob-
tain more data than could be obtained from single im-
ages. 

We found that differences in hydrogel rheology in the 
presence of calcium and EVs are reflected in fibril geom-
etry and overall gel structure. Overall fibril content of hy-
drogels is not significantly affected by the presence of 
any particle, although EVs and LPMVs appear to slightly 
increase fibril content. Hydrogel mesh size is signifi-
cantly decreased by EVs and LPMVs, but not tEVs or 
LUVs compared to particle-free gels. Finally, average fi-
bril length does not appear to be affected significantly by 
particles when compared to particle-free gels, but the 
presence of EVs appears to result in significantly shorter 
fibrils compared to tEVs and LPMVs. 

Taken together with our rheological data, our anal-
yses of hydrogel and fibril structure suggest that EVs ac-
celerate the gelation process by nucleating more and 
shorter fibrils, resulting in hydrogels with smaller mesh 
size when compared with tEV- and LPMV-containing 
gels. The shortened nucleation phase duration and de-
creased hydrogel mesh size mean that more fibrils over-
all are nucleating and forming at the same time, using up 
the collagen in solution and resulting in a more densely 
packed matrix. The slight increase in fibril content in EV-
containing gels also suggests greater recruitment of col-
lagen molecules from solution. LPMVs also decrease the 

nucleation phase duration and decrease the hydrogel 
mesh size, suggesting a similar ability to nucleate fibrils 
compared to EVs. Because LPMVs do not increase the G’ 
growth rate as much as EVs, they likely are not as effec-
tive in aiding the growth and extension of collagen I fi-
brils. With less collagen being used up all at once, fibrils 
are able to grow longer than in EV-containing gels. This 
suggests that EVs, with their distinct membrane compo-
sition, may have a specialized function in collagen I fibril-
logenesis that cannot be achieved with whole cell plasma 
membrane. 

In contrast to native EVs, trypsinized tEVs behave 
much more like synthetic LUVs, in that they do not stim-
ulate the gelation process or affect the resulting fibrils 
and matrix structure. This suggests that simply having a 
particle inclusion during the gelation process does not 
significantly aid in collagen I fibril nucleation and that 
functional proteins are largely responsible for interac-
tions between EVs (and to some extent, LPMVs) and col-
lagen I. Compared to EVs, collagen gels formed with tEVs 
have significantly longer fibrils and are not significantly 
different from gels containing LPMVs, LUVs, or particle-
free controls. One possible reason why the fibrils are so 
long could be due to non-specific electrostatic interac-
tions. The overall surface charge (measured as zeta po-
tential; Suppl. Fig. S3) does not change upon trypsiniza-
tion, but the enzyme is known to target  charged amino 
acid residues,43 which may result in ragged charged pro-
tein fragments. In the presence of a divalent cation like 
calcium, such charged fragments may act to ‘bridge’ col-
lagen fibrils, resulting in longer fibrils overall.
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Figure 3, Analysis of collagen I fibril geometry and hydrogel mesh structure. A) Confocal reflectance microscopy is used 
to image collagen I fibrils in hydrogels. In this example, collagen fibrils are formed in calcium-containing buffer 
(HBS+Ca) without any particle inclusions (Buffer control). Scale bar: 10µm. B) Images are binarized and the proportion 
of ‘fibril pixels’ is summed up as a fraction of total pixels to obtain hydrogel fibril content. C) Binarized images are 
further skeletonized to obtain the central axes of the fibrils. D) Spaces between the fibrils are counted up in the x- and 
y-directions and displayed in histogram form, where they fall in an exponential distribution. Distributions are fitted to 
exponential curves to determine their mean values, which are converted to hydrogel mesh size in m. E) CT-FIRE anal-
ysis42 is used to identify and determine the length of collagen fibrils (shown as overlays on the original image). F) Fibril 
content of hydrogels formed with EVs, tEVs, LPMVs, and LUVs, compared to particle-free gels. No statistically significant 
differences were found with 1-way ANOVA (p>0.05) with n=8 replicates for the particle-free control (Buffer) and n=6 
replicates for other conditions. G) Hydrogel mesh size, i.e. the average amount of space between fibrils. Statistically 
significant differences were determined with 1-way ANOVA and Tukey-Kramer post-hoc analysis over n=8 replicates 
for the particle-free control (Buffer) and n=6 for other conditions, as indicated by ** (p<0.05). H) Average length of 
fibrils identified in gels containing different particles. Statistically significant differences were determined with 1-way 
ANOVA and Tukey-Kramer post-hoc analysis over n=11, 18, 6, 17, and 13 replicates for Buffer, EVs, tEVs, LPMVs, and 
LUVs, respectively. Significance levels are indicated by * (p<0.01) and ** (p<0.05). Individual points represent inde-
pendent experimental replicates. 

 
EVs become integrated into the collagen I fibril ma-
trix 

Further analysis of confocal images was conducted to 
investigate particle localization in collagen hydrogels 
with respect to their fibril matrix structure. Specifically, 
we quantified the particle-to-fibril distance and the pro-
portion of fibril-associated fibrils, as shown previously.32 
Fluorescently labelled EVs, tEVs, LPMVs, and LUVs were 
imaged alongside the confocal reflectance microscopy of 
collagen I fibrils (Fig. 4A). By binarizing the images of the 

particles and determining their geometric centres of 
mass (Fig. 4B), we were able to cross-reference their lo-
cations with the central axes of the collagen fibrils using 
the Python implementation of the KD-Tree nearest 
neighbour search algorithm.44 This enabled us to deter-
mine the minimum distance from each particle centre to 
its nearest fibril. We also defined a fibril-associated par-
ticle, following previous work,32 to be a particle whose 
centre of mass falls within 500nm of the central axis of a 
collagen fibril (Fig. 4C). This is approximately the noise 
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floor for determining particle-fibril colocalization, being 
half the apparent width of a fibril (2-3 pixels or 200-
300nm) and half the apparent radius of an average par-
ticle as they appear in our images (also 2-3 pixels, or 
200-300nm). We found that on both metrics, EVs be-
haved differently compared to tEVs, LPMVs, and LUVs. 

On average, EVs localize significantly closer to colla-
gen fibrils than tEVs and LUVs and have a significantly 
greater proportion of fibril-associated particles. This is 
partly due to there being more densely-packed fibrils, 
and thus a smaller mesh size in collagen gels formed in 
the presence of EVs compared to tEVs and LUVs (Fig. 
3F,G). Nevertheless, this high degree of colocalization of 
EVs with fibrils is further evidence of EVs interacting 

with collagen I. It is also evident that tEVs behave simi-
larly to LUVs with relatively low levels of colocalization 
by the two metrics analyzed, further supporting our hy-
pothesis that proteins are responsible for EV-collagen 
matrix interactions.  

Despite having similar, albeit slightly reduced effects 
on gelation kinetics and matrix structure, LPMVs do not 
appear to associate as strongly or persistently with col-
lagen I fibrils as EVs do. This suggests weaker or possibly 
more transient interactions, whereby LPMVs could help 
to nucleate fibrils and then detach. These functional dif-
ferences, again, serve to emphasize the specialized com-
position and role of EVs as structures distinct from the 
plasma membrane of their source cells. 

 

 
 
Figure 4, Particle localization within collagen I hydrogels. A) Representative image of collagen I fibrils (green) imaged 
with confocal reflectance microscopy and fluorescently labelled EVs (magenta), imaged with fluorescence confocal mi-
croscopy. B) The image from (A) is binarized and skeletonized to obtain the central axes of the collagen fibrils. The 
geometric centres of mass of the particles are determined and shown as magenta circles. C) Schematic diagram showing 
particle-to-fibril distance and fibril-associated particles. The former refers to the minimum distance between a parti-
cle’s centre of mass to the nearest fibril central axis and the latter refers to any particle whose centre of mass lies within 
500nm of a fibril’s central axis. D) Average particle-to-fibril distance of EVs, tEVs, LPMVs, and LUVs. A 1-way ANOVA 
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test revealed no statistically significant differences across conditions, but 2-way t-tests were conducted on isolated data 
between EVs and tEVs, and EVs and LUVs to see if any differences could be found. Significant differences (p<0.01) found 
this way are indicated with #. E) Proportion of particles determined to be associated with collagen fibrils. Outlier data 
points that were excluded from statistical analyses are indicated with empty blue circles. Statistically significant differ-
ences were determined with 1-way ANOVA with Tukey-Kramer post-hoc analysis, as indicated with ** (p<0.05). 
 
 

EVs are known to become entangled and entrapped 
in ECM structures, where they provide important con-
textual cues to resident cells.45–47 The question of how 
EVs come to be so intimately integrated into ECM can be 
answered by two different possibilities: either EVs mi-
grate into fully-formed ECM environments whereupon 
they become entrapped, or new ECM is built up around 
EVs, trapping them in place. The latter possibility implies 
a mechanism by which EVs can actively partake in ECM 
formation and remodeling, which our data thus far sup-
ports. To further investigate this aspect, we compared 
the colocalization of EVs embedded in collagen I hydro-
gels by having them present prior to gelation with that of 
EVs infiltrating and diffusing into pre-formed hydrogels 
(Fig 5A,B). We previously reported on EVs infiltrating 

into pre-formed collagen I hydrogels,32 and reuse this 
data here for our analysis.  

Qualitatively, upon visual inspection of images, em-
bedded EVs appear to colocalize well with fibrils and 
seem to be associated with points of intersection be-
tween fibrils or with parallelly-aligned fibrils (Fig. 5A). 
This does not seem to be the case with infiltrated EVs, 
which appear randomly distributed among fibrils and 
mesh spaces. This is corroborated with quantitative 
measurements of particle-to-fibril distance and propor-
tions of fibril-associated particles (Fig. 5C,D). Embedded 
EVs have a lower average particle-to-fibril distance and 
a higher proportion of fibril-associated particles than in-
filtrated EVs, but only in the presence of calcium. With-
out calcium present, no significant difference is ob-
served. 

 

 
Figure 5, EVs take part in fibrillogenesis and become integrated into the matrix structure. A,B) Combined confocal re-
flectance microscopy of collagen I fibrils (green) and confocal fluorescence microscopy of labelled EVs (magenta). Im-
ages are vertical projections of 10-image stacks (obtained from larger data sets containing 30 total images), covering a 
total vertical depth of 7μm in order to better visualize the fibril matrix structure. In A, EVs were embedded into the 
hydrogel by mixing them with the collagen solution prior to gelation, as shown in the schematic. In B, EVs are allowed 
to diffuse and infiltrate into fully-formed collagen gels, as shown on the right. Imaging data for EVs infiltrating into pre-
formed gels (including B) are reused from a previous report on EV diffusion.32 C) Average particle-to-fibril distance of 
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embedded and infiltrated EVs, in both calcium-free (HBS) and calcium-containing (HBS+Ca) buffers. D) Proportion of 
fibril-associated particles for embedded and infiltrated EVs in calcium-free and calcium-containing buffers. Significant 
differences were determined with 1-way ANOVA with Tukey-Kramer post-hoc analysis and are indicated with * 
(p<0.01) and ** (p<0.05). Significant differences determined by 2-way t-test on isolated data are indicated with # 
(p<0.01). Outlier data points that have been excluded from statistical analyses are indicated with empty circles. Exper-
iments consist of n=6 replicates for embedded EVs and n=10 for infiltrated EVs. 
 

Our data suggest that EVs do not interact with fibril-
lar collagen, at least not with the same strength as with 
colloidal collagen I in solution. EVs simply diffusing into 
fully-formed collagen hydrogels are not able to integrate 
into the fibril matrix. Moreover, when calcium is present, 
infiltrated EVs appear to have even lower colocalization 
with fibrils, possibly due to having increased affinity for 
non-fibrillar, unincorporated collagen molecules in the 
mesh spaces.48 In contrast, our imaging and rheological 
data show that embedded EVs within solutions of colloi-
dal collagen I and in the presence of calcium actively en-
gage with collagen molecules, aiding in their nucleation 
and growth into fibrils, and become intimately inte-
grated into the resulting fibril matrix structure. It is un-
clear if the same interactions that are accelerating fibril-
logenesis persist once fibril formation and gelation are 
complete. EVs could simply be sterically trapped within 
the fibril structure post-gelation, though the fact that 
LPMVs seem to be able speed up fibril nucleation and 
then subsequently remain relatively unassociated with 
fibrils suggests that other, more specific and persistent 
interactions may be taking place. The calcium depend-
ence of this effect is an important clue as to what kind of 
proteins may be involved in this process.  
 
Possible underpinnings of EV-collagen interactions 

Previous work has shown that argynylglycylaspartic 
acid (RGD) motif-binding integrins contribute to the im-
mobilization of EVs in collagen I hydrogels,32 and thus 
their overall mobility in such an environment. Im-
portantly, RGD motifs in the collagen I molecule are only 
available for binding in a partially or fully-denatured, 
non-fibrillar state.49,50 A similar interaction appears to be 
involved in our present investigation. What remains un-
clear is whether these initial integrin-RGD interactions 
persist after fibril formation, or if other molecules are in-
volved in the continued close association of EVs with col-
lagen I fibrils that we observe. It is possible that EVs pos-
sess other integrin complexes that can bind to fibrillar 
collagen once they are brought into close enough prox-
imity, such as those that bind the GFOGER motif.51–53 
Such complexes may require divalent cations other than 
calcium, however, to properly dimerize.50,54 This speci-
ficity for certain cations could potentially be used to nar-
row down what specific integrin complexes are present 
in EV membranes.52,55 Indeed, it may even be possible to 
tune relative EV affinities for fibrillar versus non-fibrillar 
collagen or other ECM materials with different ions in 
the medium, as seems to be the case for infiltrated EVs 
(Fig. 5D). 

RGD-binding integrins seem to be the most likely 
mediator of initial binding and nucleation interactions 

between EVs and non-fibrillar, colloidal collagen I mole-
cules prior to gelation.49,50,56 However, it seems unlikely 
that integrins would also be responsible for the acceler-
ation of the growth and extension of fibrils. A more likely 
candidate protein for this process would be an enzyme 
that can catalyze crosslinking reactions between colla-
gen molecules, such as transglutaminase.57 A previous 
study found that EV-associated transglutaminase-2 was 
capable of catalyzing the crosslinking of fibronectin,13 an 
ECM protein that, similar to collagen I, forms a fibrillar 
network and contains an RGD cell-binding motif.56 While 
the authors did not investigate the initial association of 
fibronectin molecules to the EV surface, it is apparent in 
their electron micrographs that transglutaminase-2 is 
not itself responsible for the recruitment of its substrate 
to the membrane and is only involved in the crosslinking 
reaction. It is, therefore, likely that a different membrane 
receptor, such as an integrin complex, is needed to bind 
the fibronectin and bring it into proximity of membrane-
associated crosslinking enzymes. A similar process may 
be taking place with our collagen fibrils. Differential ex-
pression of crosslinking enzymes like transglutaminase 
may explain why LPMVs do not accelerate collagen gela-
tion to the same degree as EVs despite the heavy enrich-
ment of integrin β1 in both types of particles.32 Full elu-
cidation of the exact proteins involved in recruitment 
and crosslinking of collagen I or fibronectin would likely 
require targeted inhibition of known ECM receptors and 
crosslinking enzymes with an array of specific blocking 
agents or genetic knockdowns in the source cells of col-
lected EVs.  
 
Implications of EV-mediated fibrillogenesis 

Mounting evidence shows that EVs, whether directly 
or indirectly, are involved in the formation and dynamic 
evolution of ECM. Moreover, our data provide a plausible 
mechanism by which EVs, themselves, become an inte-
gral component of the tissue microenvironment. By be-
coming embedded into the matrix architecture, EVs be-
come an important signaling cue for resident cells.45–47 
Indeed, this may be a crucial aspect in physiological as 
well as pathological contexts. In wound healing, for ex-
ample, EVs from various cell sources carry important 
molecular payloads that help promote and direct angio-
genesis, cell proliferation, and ECM remodeling pro-
cesses.6,58–60 Coordination of such a complex biological 
process involving many different cell types and matrix 
molecules requires spatiotemporal control of signaling 
processes.60,61 From the initial production of provisional 
matrix to stabilize the wound, to its gradual replacement 
with granulation tissue, and finally with the restoration 
of normal tissue – the ECM in the healing wound is in dy-
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namic flux.62,63 Matrix-bound EVs would, thus, be depos-
ited and embedded into the microenvironment, only to 
be released to deliver their payloads according to the ac-
tive remodeling processes taking place. This ‘controlled 
release’ aspect of EV-matrix association is potentially ex-
ploitable in tissue engineering and regenerative medi-
cine applications.45,46,64,65 To this end, our results show-
ing the acceleration of fibrillogenesis in a collagen hydro-
gel and the integration of EVs into the matrix structure 
could contribute to the development of new bioactive 
scaffolds or of wound-stabilizing, collagen-crosslinking 
EV suspensions. 

Our data showing that breast cancer cell-derived EVs 
are capable of nucleating and aiding in the formation of 
new collagen I fibril structures also has interesting im-
plications for cancer pathologies. Along with the activity 
of EV-associated transglutaminase,13 it is evident that 
EVs can directly take part in ECM remodeling processes. 
The increased collagen fibrillogenesis caused by EVs we 
observed in vitro might translate to tissue stiffening and 
fibrosis in vivo, often associated with solid tumours.66–68 
Dysregulation of fibrillar collagen networks contribute 
to Hanahan and Weinberg’s ‘Hallmarks of Cancer,’69,70 
cellular characteristics and processes that define and en-
able cancerous growth. This is best appreciated at the 
tissue level, where changes in tissue collagen content are 
implicated in a wide range of effects, from modulating 
immune reactivity,71,72 to enabling the migratory and in-
vasive behaviour of metastatic cells,68,73–75 or rewiring 
signaling pathways that govern cell behaviour and sur-
vival.30,76–79 This is on top of the continually growing 
body of evidence of EVs directly reprogramming cells to 
promote cancer cell malignancy.3,5,80–82  
 

Conclusions 
Our investigation into the interactions between 

breast cancer cell-derived EVs and soluble collagen I has 
shown that EVs can directly participate in the formation 
of new ECM structures. Rheological measurements show 
that the gelation process of collagen hydrogels is affected 
during both the initial nucleation phase, as well as the 
growth and extension of nucleated aggregates into fi-
brils. We show that the calcium-dependent interactions 
between EVs and collagen are mediated by membrane 
proteins that are ablated by treatment with trypsin. Im-
age analysis of collagen gels show that EVs nucleate ma-
trices composed of shorter, more densely packed fibrils. 
In taking part in collagen I fibrillogenesis, EVs become 
integrated into the resulting fibril matrix. Analyses of 
particle-fibril colocalization show that this close associa-
tion of particles with fibrils cannot be achieved by simply 
having EVs diffusing in fully-formed hydrogels, but only 
arises by the active participation of EVs in collagen fibril-
logenesis.  

Our work shows that EVs are not merely passive mes-
sengers of cell signals, but themselves play an active role 
in the dynamic molecular processes involved in ECM for-
mation and remodeling. This has wide implications in 
tissue engineering and regenerative therapy applica-

tions, as well as in cancer research. As bioactive compo-
nents of tissue microenvironments, EVs can potentially 
be exploited, not only as mediators of cell signaling, but 
also as integral components of new bioactive scaffolds 
that can aid in matrix synthesis and regeneration. EVs 
evidently have greater clinical value than merely being 
diagnostic or prognostic indicators. In cancer, their abil-
ity to alter the local tumour microenvironment, as well 
as distant tissue sites means EVs enable disease progres-
sion and the development of metastatic lesions. This as-
pect of cancer biology may need to be addressed by fu-
ture holistic anti-cancer therapies.  

Our key findings are that (i) EVs accelerate collagen I 
fibrillogenesis and help to form stiffer, more densely 
packed fibril matrices; (ii) intact proteins are required 
for the interaction between EVs and collagen I; (iii) EVs 
become integrated into the matrix and are closely asso-
ciated with fibrils; and (iv) this association of EVs with 
fibrils cannot be achieved by simply having EVs diffusing 
into a pre-formed collagen I gel. 

 
Materials and Methods 
Cell culture 

MDA-MB-231 breast cancer cells were obtained from 
the American Type Culture Collection and cultured in 
10cm-diammeter tissue culture polystyrene Petri dishes 
(Nunc™ Cell Culture Treated Plates; Thermo Fisher Sci-
entific, USA) at 37°C under 5% CO2. The complete culture 
medium consisted of low-glucose Dulbecco’s Modified 
Eagle’s Medium (DMEM; Sigma-Aldrich, USA) supple-
mented with 10% fetal bovine serum (FBS; Thermo 
Fisher Scientific, USA) and 1% penicillin-streptomycin 
(Thermo Fisher Scientific, USA). Cells were passaged 
every 3-4 days at 80-90% confluency as follows: old me-
dium was removed and the plates rinsed twice with 
phosphate buffered saline (PBS; 137mM NaCl, 2.7mM 
KCl, 10mM Na2PO4, 1.8mM KH2PO4). Cells were detached 
from the plates by incubating with 2mL trypsin/EDTA 
solution (PAN-Biotech, Germany) for 5 minutes at 37°C. 
The trypsin was quenched with 2mL complete culture 
medium and the cell suspension was collected and cen-
trifuged at 200×g for 10 minutes. The supernatant was 
discarded and the pelleted cells were re-suspended with 
fresh medium. Cells were plated on Nunc cell culture-
treated Petri dishes (Thermo Fisher Scientific, USA) with 
7-8mL of complete culture medium at an approximate 
split ratio of 1 to 3 or 4. 
 
Buffers 

Two different buffers were used to study the calcium-
dependence of EV-collagen interactions. It was not pos-
sible to use PBS, as the addition of calcium caused pre-
cipitation of insoluble calcium phosphate. Instead, a 
HEPES-based buffer was used, according to a previously-
published protocol for generating giant plasma mem-
brane vesicles (GPMVs).40 In the original publication, this 
buffer was referred to as GPMV buffer and consists of 
150mM NaCl, 10mM HEPES, and 2mM CaCl2; pH 7.4. 
Here, we refer to this buffer as HBS+Ca to contrast it 
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from our calcium-free buffer. The concentration of cal-
cium used reflects nominal extracellular calcium levels 
in vivo.83,84 Our custom calcium-free HEPES-buffered sa-
line (HBS) was developed to match the osmolarity of 
HBS+Ca, substituting the CaCl2 with more NaCl: 150mM 
NaCl + 16mM NaCl, pH 7.4. The osmolality of both buffers 
was determined to be 303mOsm/kg using a Gonotech 
feezing point osmometer (Gonotech, Germany). 
 
Generation and purification of EVs 

To obtain enough EVs for experiments, 10-12 plates 
(10cm-diameter) of cells were cultured to 80-90% con-
fluency. Cells were rinsed 3 times with PBS before the 
medium was replaced with 8mL serum-free medium per 
plate, consisting of low-glucose DMEM + 1% penicil-
lin/streptomycin. Removing FBS from the medium pre-
vented contamination with bovine vesicles and induced 
a state of serum starvation, which should have enhanced 
EV production.85 The medium was conditioned by incu-
bation with cells over 3 days. The conditioned medium 
was then collected and centrifuged at 400×g for 10 
minutes to pellet dead cells. The pellet was discarded 
and the supernatant centrifuged again at 2000×g to re-
move remaining cell debris. This supernatant was then 
concentrated using 100kDa Amicon Ultra-15 centrifugal 
filters (Merck Millipore, USA), centrifuged at 3400×g to a 
final volume of 1mL. The concentrated conditioned me-
dium was then incubated for 10 minutes with 1µL 
2.5mg/mL 1,1'-Dilinoleyl-3,3,3',3'-Tetramethylindocarbo-
cyanine, 4-Chlorobenzenesulfonate (FAST DiI; Fischer Sci-
entific, USA) dissolved in ethanol at 37°C to label the lipid 
structures. EVs were then separated with SEC using Se-
pharose CL-4B base matrix (Sigma-Aldrich, USA), as previ-
ously reported.32,34,36 

To equilibrate the Sepharose, 15mL of suspended Se-
pharose matrix was allowed to settle over 2 hours at 7°C 
and the liquid medium was replaced with HBS. This was 
repeated 5 times to wash the Sepharose beads. A column 
was prepared using a 10mL syringe with the plunger re-
moved. The end was stopped with an end cap and a 
Whatman polycarbonate membrane filter of 10µm pore 
size (Sigma-Aldrich, USA) was cut and placed in the bot-
tom of the syringe to prevent the Sepharose from run-
ning out. After the final wash, Sepharose beads were sus-
pended in HBS, loaded into the prepared syringe, and left 
overnight to pack. Two column volumes (20mL) of HBS 
were run through the column below the sample was 
loaded. Up to 20 fractions of approximately 500µL each 
were collected and eluted with additions of 1mL HBS at 
a time. In a previous report, we showed that fractions 7-
10 are enriched in 100-400nm-diameter particles. Dy-
namic light scattering (DLS) data was included in the 
supplemental materials of our previous paper32 and 
have been included in Suppl. Fig. S1. These fractions 
were pooled together and re-concentrated using centrif-
ugal filter tubes with a molecular weight cutoff of 
100kDa. To obtain particles in HBS+Ca, suspensions 
were concentrated with centrifugal filters to 200µL, then 
resuspended in HBS+Ca to 800µL. This was repeated 5 

times to gradually wash out the old buffer. EV suspen-
sions were aliquoted, frozen, and stored at -80˚C with 
10% dimethylsulfoxide (DMSO; Sigma-Aldrich, USA) as a 
cryopreservant in HBS and were thawed prior to use in 
experiments.  

To determine relative EV concentrations (and also for 
other particles), a 10μL droplet of particle suspension 
was imaged using a pco.Edge sCMOS camera (PCO AG, 
Germany) mounted to a Zeiss AXIO Observer.D1 micro-
scope equipped with a 63× 1.2NA water immersion C-
Apochromat objective (Carl Zeiss, Germany) in epifluo-
rescence mode with the built in filter set for Texas Red 
fluorescence. Particles were identified and counted in 
FIJI. Briefly, images were thresholded and binarized to 
include only pixels corresponding to particles. Particles 
were then counted with the built-in ‘Analyze Particles’ 
function. Absolute concentrations in units of particles 
per volume are difficult to obtain due to the nature of the 
microscopy used and lack of depth information. Regard-
less, this pseudo-2D particle per unit area count allowed 
dilution of suspensions to maintain approximately the 
same particle concentration in experiments. The particle 
concentration in units of particles per volume can be es-
timated by dividing the pseudo-2D concentration by the 
depth of field of our imaging setup. This was experimen-
tally determined to be ~700nm by observing the range 
in which the fluorescence signal from particles adhered 
to the surface of a microscope slide was acceptably 
above the background noise while varying the vertical 
focus knob both above and below the plane of the parti-
cles. This agrees well with an estimate based on a theo-
retical calculation.86 The final in-gel concentration of 
particles corresponding to the relative concentration of 
1 in Fig. 1 and also to the final in-gel concentration of par-
ticles used for all other experiments was thus 
0.026±0.004 particles×μm-3 or 26±4 million particles×μL-

1. 

 
Trypsinization of EVs 

To determine whether EV interactions with collagen 
I were due to membrane proteins, EVs were treated with 
trypsin to digest their surface proteins (tEVs). EV sus-
pensions corresponding to EVs from 10-12 plates’ worth 
of cells incubated over 3 days in serum-free medium 
were first concentrated from 1mL to 100μL with centrif-
ugal filter tubes with a molecular weight cutoff of 
100kDa. Next, 200μL of TrypLE™ Express Enzyme 
(Thermo Fisher, USA) was added directly to the suspen-
sion in the filter tube, which was then incubated for 10 
minutes at 37˚C. This was then quenched by diluting the 
solution with HBS (or HBS+Ca) to fill the tube (approxi-
mately 800μL). The tube was centrifuged at 3400×g to 
wash out the excess buffer and trypsin, concentrating the 
suspension down to 100μL. The tube was refilled with 
buffer and washed in this way a further 4 times to re-
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move the trypsin and replace the buffer. Particle concen-
tration after trypsinization was checked and adjusted as 
described for EVs just prior to experiments. 
 
Generation of GPMVs and extrusion of LPMVs 

LPMVs were produced, as described previously.32 
GPMVs were first produced as follows:40 10-12 plates of 
80-90% confluent cells were washed twice with PBS, 
then once with HBS+Ca. Vesiculating medium was made 
by adding 2µL of a 1M N-ethylmaleimide (NEM; Sigma-
Aldrich, USA) stock solution dissolved in water per 1mL 
of HBS+Ca. Each plate of cells received 2mL of vesiculat-
ing medium and were left to incubate at 37°C for 1 hour 
to allow for GPMV formation. GPMVs were then collected 
by gentle pipetting to avoid lifting up the cells. This sus-
pension was centrifuged at 100×g to pellet cell debris. 
The pellet was discarded and the supernatant centri-
fuged for 1 hour to pellet the GPMVs. This supernatant 
was discarded and the GPMV pellet resuspended in 1mL 
HBS+Ca. The GPMVs were then incubated with 1µL 
FAST-DiI for 10 minutes at 37°C to stain them. Labelled 
membranes were next extruded using an Avanti 
handheld extruder fitted on a heating block (Avanti Polar 
Lipids, USA) set on a hot plate at 37°C, first 21 passes 
through a Whatman Nuclepore 400nm-pore size track-
etched membrane filter, then 21 passes through a 
200nm-pore size filter (Sigma-Aldrich, USA). The result-
ing LPMVs were concentrated and (when needed) the 
buffer changed as with EVs using centrifugal filters. Par-
ticle concentrations were checked and adjusted as de-
scribed for EVs. 
 
Production of LUVs 

LUVs were produced from lipid mixtures consisting 
of 4mM DOPC (Avanti Polar Lipids, USA) dissolved in 
chloroform with 0.5mol% DiI (Fisher Scientific, USA). 
First, 30µL of lipid was spread in a clean glass vial and 
dried under vacuum for 1 hour. Next, the lipid layer was 
rehydrated in 1mL HBS or HBS+Ca, then vortexed for 5 
minutes to form multilamellar membrane structures. 
The resulting suspension was then extruded 21 passes 
with a handheld extruder fitted with a 200nm-pore size 
Whatman Nuclepore track-etched membrane filter. Par-
ticle concentrations were checked and adjusted as de-
scribed for EVs. 
 
DLS analysis of size and zeta potential 

DLS was used to ensure consistency in size and 
charge of EVs, LPMVs, and LUVs. Particle suspensions 
were loaded into disposable folded capillary tubes 
(DTS1070; Malvern Panalytical, UK) and analyzed with a 
Malvern Instruments Nano-ZS Zetasizer equipped with a 
632.8nm 4mW HeNe laser (Malvern Panalytical, UK). 
Size measurements were obtained with a scattering an-
gle of 173˚ prior to determination of zeta potential. Ab-
solute measurement of surface charge was not possible 
due to electrostatic screening from the high salt content 
of the buffers used. Thus, the measured zeta potential 

was used to illustrate relative surface charge between 
particle types. 

 
Rheology of collagen I gelation 

Bulk rheology was conducted on an Anton Paar 
MCR301 rheometer with a 12mm cone-plate (CP12) ge-
ometry probe (Anton Paar, Austria) in oscillatory mode. 
Collagen I solutions were mixed directly on the rheome-
ter stage, cooled to 8˚C to prevent premature gelation 
and with the reservoir of the stage filled with distilled 
water to maintain humidity. First 12.5μL of a 6mg/mL 
stock solution of solubilized collagen I from bovine skin 
(Sigma-Aldrich, USA) was pipetted onto the stage, fol-
lowed by 1μL 1M NaOH to bring the pH up to approxi-
mately 7. This was then diluted 1:1 with 12.5μL 2× con-
centrated buffer (HBS or HBS+Ca) and mixed by pipet-
ting up and down. This was further diluted 1:1 with 24μL 
1× buffer, resulting in a final collagen concentration of 
1.5mg/mL. The sample volume was reduced by discard-
ing 30μL of this mixture in order to better fit the rheom-
eter probe. Solutions were mixed in this manner instead 
of with smaller volumes due to the viscosity of the colla-
gen making pipetting of smaller volumes unfeasible. The 
probe was lowered onto the liquid sample to its manu-
facturer-determined measurement position before the 
stage was heated to 35˚C and the Peltier hood lowered 
on top. A time sweep was then immediately started to 
measure the storage and loss moduli (G’ and G”, respec-
tively) at 30s intervals with 1% strain and 1Hz oscilla-
tion for 40 minutes. The sample reached the target tem-
perature of 35˚C by the second measurement point (ap-
proximately 1 minute). Once the time sweep was com-
plete, the collagen mixture was allowed to sit an extra 20 
minutes to ensure complete gelation before an endpoint 
frequency sweep from 0.1 to 10Hz with 1% oscillatory 
strain was conducted to determine the final storage and 
loss moduli.  

Analysis of rheology data was conducted using 
MATLAB. The endpoint storage and loss moduli were de-
termined by averaging the values over 0.16 to 2.5Hz, 
which was the frequency range over which G’ and G” re-
mained relatively constant. For the time sweep gelation 
kinetics data, the first derivative of the storage modulus 
data was determined and plotted, as shown in Fig. 1. We 
defined the end of the nucleation phase as follows: for 
each individual gelation curve, the first 5 time points of 
𝑑

𝑑𝑡
𝐺′(𝑡) were used as a baseline to determine the mean 

and standard deviation. The end of the nucleation phase 
was then the time point at which the value of the first de-
rivative exceeded 2 standard deviations of the baseline 
mean value for two consecutive time points. The peak 
growth rate of the storage modulus was the maximum 
point of the first derivative over time, which coincides 
with the inflection point of the storage modulus. 
 
Formation and confocal imaging of collagen I gels 

For confocal imaging, collagen gels were mixed and 
formed in 96-well plates with glass bottoms of 0.2mm 
thickness (Greiner Bio-One, Austria). Plates and reagents 
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were kept on ice to prevent premature gelation of the 
collagen. First, 12.5μL of 6mg/mL soluble collagen I 
stock was added to each well, followed by 1μL 1M NaOH 
to bring the pH up to approximately 7. To this, 12.5μL 2× 
buffer (HBS or HBS+Ca) was added and mixed by pipet-
ting up and down. Next, 2μL of particle suspension was 
added. This was further diluted with 22μL 1× buffer to 
obtain a final volume of 50μL and final collagen I concen-
tration of 1.5mg/mL. Once mixed, the plate was trans-
ferred to an incubator and allowed to gel at 37˚C over-
night. 

For experiments involving infiltrated particles, gels 
were formed without the addition of particles, replacing 
them with an equal amount of 1× buffer. This was al-
lowed to gel overnight at 37˚C before 10μL of particle 
suspension was pipetted directly on top of each gel and 
allowed to diffuse throughout for a minimum of 3 hours 
at 37˚C. 

The fibril structure of collagen hydrogels was im-
aged in confocal reflectance mode with a Leica SP8 mi-
croscope equipped with a 63× 1.2NA water immersion 
objective (Leica, Germany) with 488nm argon laser illu-
mination. Z-stacks consisting of 30 images were ob-
tained with 0.75μm spacing to obtain more data than 
could be obtained from a single slice image. For gels con-
taining DiI-labelled particles, particles were imaged in 
parallel with excitation from a 561nm wavelength diode 
laser. 

Image analysis of fibril content, mesh size, and fibril 
length is illustrated in Fig. 3. Images were first processed 
with a bandpass filter to remove scanner artefacts. For 
fibril content and mesh size, images were thresholded 
and binarized in FIJI. Fibril content was determined by 
summing the fibril pixels and dividing by the total num-
ber of pixels in the image. To determine average mesh 
size, or the average amount of space between collagen fi-
brils, we used a previously described process38,41 with 
slight modification: the binarized images were first skel-
etonized in FIJI. Images were then processed in MATLAB 
to determine the number and size of spaces between fi-
brils in the x- and y- directions, which, when plotted in a 
histogram of sizes of spaces, fall into an exponential dis-
tribution. The mean mesh size value corresponded to the 
value of the exponential coefficient of a fitted exponen-
tial function, converted from pixels to micrometers. For 
the determination of fibril length, we processed unbi-
narized images with the CT-FIRE collagen fibril analysis 
software developed by Eliceiri et al.42 

For the determination of particle-to-fibril distance 
and the proportion of fibril-associated particles, images 
of DiI-labelled particles were binarized in FIJI and the co-
ordinates of the geometric centres of mass of particles 
were determined with the ‘Analyze Particles’ function. 
These coordinates were cross-referenced with the posi-
tions of binarized, skeletonized collagen fibrils and the 
distance from each particle centre to its nearest fibril 
was determined using the Python implementation of the 
KD-Tree nearest neighbour search algorithm.44 Fibril-as-
sociated particles were defined to be particles whose 
centres of mass lie within 500nm of the central axis of a 

collagen fibril, corresponding approximately to the noise 
floor of particle-fibril colocalization: the apparent aver-
age radius of particles, as they appeared in images (2-3 
pixels or 200-300nm) plus half the apparent radius of 
the collagen fibrils (also 2-3 pixels or 200-300nm). 
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