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Water andions binding to extracellular
matrix drives stressrelaxation, aiding MRI
detection of swelling-associated pathology
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Swelling-associated changes in extracellular matrix (ECM) occur in many

pathological conditions involving inflammation or oedema. Here we show
that alterations in the proportion of loosely bound water in ECM correlate
with changes in ECM elasticity and stress relaxation, owing to the strength
of water binding to ECM being primarily governed by osmolality and the
electrostatic properties of proteoglycans. By using mechanical testing
and small-angle X-ray scattering, as well as magnetic resonance imaging

(MRI) to detect changes in loosely bound water, we observed that enhanced
water binding manifests as greater resistance to compression (mechanical
orosmotic), resulting fromincreased electrostatic repulsion between
negatively charged proteoglycans rather than axial contraction in collagen

fibrils. This indicates that electrostatic contributions of proteoglycans
regulate elasticity and stress relaxation independently of hydration. Our
ex vivo experiments in osmotically modulated tendon elucidate physical
causes of MRI signal alterations, in agreement with pilotin vivo MRI of
inflammatory Achilles tendinopathy. We suggest that the strength of water
binding to ECM regulates cellular niches and can be exploited to enhance
MRI-informed diagnostics of swelling-associated tissue pathology.

The extracellular matrix (ECM) of musculoskeletal tissues plays crucial
rolesin physiology by providing stability to organs, serving as scaffold
to cells, and enabling force transmission over short and long distances.
Beyond a diversity of biochemical functions, the ECM defines physical
cuessensed by cells and thus guides their behaviourinvivo. Wateris a
maincomponent of intra- and extracellular microenvironmentsin liv-
ing tissues (for example, 62 wt% in tendon'). Water provides diffusivity,
hydration and swelling pressure owing to hygroscopic ECM properties®.

ECM hygroscopic properties are predominantly defined by proteogly-
cans (PGs), which play akey roleinregulating water content and water
binding owing to the electrostatic effects of their negative charges
(for example, sulfate and carboxyl groups)>*. These polyelectrolytes
have a high capacity to retain ions and water’, capable of generating
osmotic pressures on the order of 400 kPa, which falls within the range
of maximum tension in muscles* . However, injury, inflammation and
diseases can affect these ECM properties and thereby their function as
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Fig.1|Invivo MRIscans of Achilles tendons showing swelling-related
alterationsin T;and T;. a,b, Case study of clinical MRI scans of asymptomatic
control subject (CTRL) (a) versus patient (PATHO) (b) with a diagnosed
mechanopathology (mid-portion Achilles tendinopathy) in their right foot
(n=1).Representative parameter maps of sagittal planes show T, (top row) and
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¢, Quantification of T, (top) and T’{ (bottom) in the mid-portions of the left and
right Achilles tendons. Bar plots show mean + s.d. of aregion of interest fromn =1
Achilles tendon mid-portions.

cell niches. Various pathologies are characterized by osmotic imbal-
ances and related acute or chronic dysregulations of theinvolved ECM
(for example, deranged PG content or modified water binding), which
are characteristic of inflammation’, swelling®, oedema®’, some forms of
cancer'®"?and scarring™'*. Within physiological limits, osmotic altera-
tions regulate many essential processesin organs. For instance, osmotic
pressure canstrongly affect soft tissue tensionand cell behaviour™ 8,
or regulate swelling after injury or infection®'. So far, however, it
remains unknown how osmotic dysregulation affects specifically the
stress-relaxation material properties of the ECM. Recently, elasticand
stress-relaxation properties of the ECM have been identified as being
crucial for determining cell phenotype and fate, thereby guiding cell
behaviour (for example, spreading, migration and differentiation®°?).
Changes in these elastic and stress-relaxation properties may indi-
cate pathologicalttissue alterations (for example, scarring and tumour
progression>??),

Tendons mainly consist of water, collagen fibres and PGs, which
are among the most abundant ECM components in the body. Thus,
characterization of tendon ECM as a model may lead to findings also
transferable to other tissue types®. To study the effects of ECM
water-binding properties and (de)hydration, an ex vivo ECM model,
together with an experimental set-up that allowed to deliberately
modulate the osmotic environment of a probe, was developed and
used to characterize the mechanical, structural and magnetic reso-
nance properties of soft tissues. The ex vivo ECM model was based on
fresh, excised ovine Achilles tendon tissue, leveraging its organized
structure to minimize potential confounding effects of diverse fibre
directions on measurements. The ECM samples were exposed to
defined osmotic environments using as osmolytes eitherions to modu-
late water-binding strength (and thus electrostatic effects) or macro-
molecules to modulate the overall water content (that is, by
dehydration). Water molecules are bound at different levels of strength
in hydration layers around macromolecules in the ECM*. To detect
changesinswelling and water binding non-invasively, we used quantita-
tive magnetic resonance imaging (MRI) mappingbecause the presence
and mobility of water molecules or protons influence magnetic reso-
nance signal relaxation®?, MRI relaxation parameters—such as T, and
T>—were proposed to be used as biomarkers for tissue hydration?” %’
and have previously been related to water binding in hydration layers
around macromoleculesinliving tissues®. To detect alterationsin the
proportion of more loosely bound water in the ECM, we used T (ref.
30). To quantify elastic and stress-relaxation properties, we used

uniaxial compression testing?. For multi-scale structural analysis, we
performed histological staining, small-angle X-ray scattering (SAXS)
and high-resolution MRI.

We hypothesized that the ionic concentration of a local osmotic
environment regulates ECM elastic and stress-relaxation properties
by tuning water-binding properties, and indeed we found this con-
firmed in mechanical, structural and MRI-characterization experi-
ments. We aimed to reflect traits of swelling-related pathologies with
the developed ex vivo ECM model and experimental set-up, which we
confirmed with clinical in vivo MRI scans in a human case study of a
mechanopathology (Achilles tendinopathy), thereby underscoring
the clinicalimplications of our findings. The observed ECM alterations
were distinct from the effects of ECM dehydration, which we substanti-
ated by using macromolecules as osmolytes and detailed structure
analysis by SAXS. MRl relaxation parameters (T; and T3) allowed to
distinguish between distinct swelling-related ECM alterations and
associated changesin biophysical properties (swelling, elastic modulus
and stress relaxation), as demonstrated by independent correlations,
illustrating the potential of our results to eventually advance
non-invasive diagnostics.

Results

Invivo MRI scans of swelling-related pathological ECM alterations
We used ultra-short echo-time (UTE) MRI sequences for detecting
swelling-related pathological ECM alterations. We started by mapping
T, and T; relaxation within a clinical case study of in vivo MRI scans.
MRIscans were performed on one asymptomatic control subject (CTRL)
and one patient diagnosed withmid-portion Achilles tendinopathyin
their right foot (PATHO), a mechanopathology caused by aberrant
loading (Supplementary Fig. 1). For CTRL, T; and T> maps in the sagit-
tal plane showed similar values for tendon mid-portions of left and
right feet (Fig. 1a). By contrast, for PATHO, T, and T5in the sagittal plane
were higher in the right foot with tendinopathy than in the left foot
(warmer colour, Fig. 1b). Subsequently, T; and T5 were quantified in
tendon mid-portion volumes. T; was higher for PATHO (left, 971 ms;
right, 1,309 ms) compared with CTRL (left, 664 ms; right, 630 ms)
(Fig. 1c, top). T, was higher particularly in the patient’s affected foot
(left, 2.6 ms; right, 6.0 ms) compared with CTRL (left, 2.2 ms; right,
2.1ms) (Fig.1c, bottom). These T, and T; values were in line with obser-
vations from parameter mapsin the sagittal plane (Fig.1b). The obser-
vation of higher T; and T; values in PATHO compared with CTRL was
inline with previous studies (Supplementary Fig. 2, Supplementary
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Fig. 2| Physical ex vivo characterization of dissected Achilles tendon tissue
showing that MRI T; and T; detect osmotic environment-induced ECM
alterationsrelated to water binding. a, Left: representative image of an Achilles
tendon; right: representative T, and T; maps of anintact tendon. b, Left:
customized 3D-printed sample mounting device that enabled aligned ECM
sample positioning and controlled exposure to different osmotic environments
for multiple samples; right: representative T, and T maps of ECM samplesin
FRESH condition. ¢,d, FRESH condition T; values (c) and T;‘ values (d) in
mid-portions of intact tendons versus dissected ECM samples revealed no
significant differences. Pvalues were calculated using two-tailed ¢-tests forn=8
biological samples. Significance threshold: P < 0.05; NS, not significant. e, The
developed ex vivo ECM model and experimental set-up that enabled the tuning of
ECM properties by modulating the osmotic environment (for example, byion
concentration). Other parameters of the ECM model (ex vivo ECM model),

incubation condition (osmotic environment modulation) and sample
positioning (fibre alignment) were kept consistent to enable reproducible MRI
and mechanical characterization. f, Gravimetric swelling recorded over time of
ECM samples exposed to HYPO and ISO solutions showed that approximate
equilibrium was reached after 6 h of incubation. Pvalues were determined using a
two-way analysis of variance (ANOVA) with Tukey’s multiple comparisons forn=5
samples from one tendon. g,h, T; values (g) and T; values (h) of ECM samplesin
FRESH condition and after 24 h of swelling in HYPO or ISO solution showed
differences in water uptake characteristics depending on the osmotic
environment. Pvalues were calculated for n = 8 biological samples in g using
two-tailed ¢-tests and in h using two-tailed Wilcoxon signed-rank tests. Box plot
information: box limits show 25th and 75th percentiles, box middle lines show
medians, and whiskers show minimum and maximum values.

Note 1). Quantification of tendon thickness showed higher values in
the mid-portioninthe patient’s affected foot, suggesting tissue swell-
ing (Extended DataFig.1). Notably, for the patient, T, values were also
higher in the contralateral unaffected foot of the patient, possibly
owing to compensatory gait leading to an onset of pathological ECM
alterations. To compare tendon MRI scans performed with UTE
sequences (which enable mapping of T;and T parameters) with stand-
ard clinical sequences, one additional patient with diagnosed
mid-portion Achilles tendinopathy was scanned (Extended Data Fig. 2).
A comparison of the MRimages obtained using these differentimaging
sequences shows that the UTE-based quantitative T; and T, maps pro-
vide an additional level of insight and detail into tissue properties by
T;and T mapping.

Mid-portion of Achilles tendon as an ex vivo ECM model

We validated fresh ex vivo mid-portions of ovine Achilles tendons as
an ECM model by comparing the MRI relaxation parameters between
intact tendon and dissected ECM samples first. Figure 2a shows fresh
intact tendon (left) and the associated T; (middle) and T5 (right) maps
of a representative tendon cross-section. T increased from the
mid-tendonto the enthesis (bottom). In the mid-portion of the tendon,
T, and T, remained constant. Subsequently, ECM samples were dis-
sected fromtendon mid-portions andimaged anewin freshly dissected
condition (FRESH) in a three-dimensional (3D)-printed mounting
device (Fig. 2b, left). The observed T;and T5in parameter maps (Fig. 2b,
middle and right) were similar to those observed for intact tendon
mid-portions (Fig. 2a). Quantification of these valuesinintact tendon
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Fig. 3| ECM stains of dissected mid-plane Achilles tendon cross-sections
showing structural alterations owing to swelling and osmotic environment
changes. Representative images of ECM cross-sections of FRESH (left
column), HYPO (middle column) and ISO (right column) conditions are shown.
Histological stainings are presented for (top row) H&E, showing collagen ECM
in pink and cell nuclei as blue dots, and (middle row) AB, showing PGs in blue
and cell nucleiinred. High-resolution MR images (MRI hiRes, bottom row) were

1,000 pm 1,000 pm

acquired using a 9.4 T preclinical scanner, showing white lines with increased
signalintensities (blue arrows), indicating increased amounts of accumulated
water in the ECM. In ABimages, increased blue staining in and along the IF matrix
confirms high PG density in the IF matrix. Expanded IF regions in HYPO compared
with FRESH and ISO conditions were visible in H&E and AB stainings and suggest
increased PG water binding, which is supported by the white lines in the MRI hiRes
images that are similar in width to the IF regions in the H&E and AB stainings.

mid-portion and ECM sample volumes confirmed no significant dif-
ference with T, values of 485 ms versus 506 ms (Fig. 2c) and T, values
0of 0.208 ms versus 0.212 ms (Fig. 2d). The developed experimental
set-up enables consistent ECM model properties, modulation of the
osmoticenvironmentand alignment of ECM fibre orientation (Fig. 2e).
The latter was required especially for reproducible MRI characteriza-
tion. The set-up allows to combine ECM characterization for structure,
mechanics, osmotic environments and MRI relaxation parameters to
investigate theinterplay between osmolality, swelling and water bind-
ing, and their effects on elastic and stress-relaxation properties.

T, and T, mapping of freshly dissected tissue samples reveals
osmolality-tuned tight water binding to the ECM

Toinvestigate how osmotic environments affected ECM hydration and
water binding, T; and T, mapping was performed in vitro. Using the
described experimental set-up, we tested the incubation time required
to reach swelling equilibrium for freshly dissected ECM samples
exposed to hypo-osmolar (HYPO) oriso-osmolar (ISO) solutions, show-
ing that equilibrium was reached after 6 h (Fig. 2f). To ensure equilib-
rium swelling and feasibility of measurement logistics, incubation time
was set to 24 hfor all subsequent experiments (Supplementary Fig. 3).
ECMsamples swelled inboth HYPO and ISO after 24 h (Extended Data
Fig.3). T; increased for HYPO (669 ms) and ISO (651 ms) compared
with FRESH (506 ms) (Fig. 2g). T> remained unchanged in HYPO
(0.197 ms), but it increased in ISO (0.349 ms), compared with FRESH
(0.212 ms) (Fig. 2h), showing different characteristics than T;. However,

results for T; and T; suggest that the water uptake in HYPO was more
strongly bound within the ECM, presumably by PGs, whereasinISO an
increased proportion of more loosely bound water was present. This
increased amount of more strongly bound water in HYPO compared
with ISO suggests enhanced electrostatic effects in the ECM in HYPO.
By contrast, increasing the environmental ion concentration by 27%
and 100% relative to ISO condition did not change T;, T; or swelling
(Extended DataFig. 4a-c). This suggests thatinISO, the proportion of
more loosely bound water was already at a high level and that the
decreasing effect of higher environmental ion concentrations on
water-binding strength had saturated. This observation supported the
experimental design that focused on comparing HYPO and ISO condi-
tions to yield low or high proportions of more loosely bound water in
the ECM, respectively. The pronounced difference in ECM water bind-
ing between the conditions facilitated investigating its role for ECM
structuraland mechanical properties. Theincreasesin T;, T and swell-
ing from FRESH to ISO showed similar characteristics to those observed
intheinvivoscans of CTRL versus PATHO (Fig.1a-cand Extended Data
Fig. 1), suggesting that our ex vivo ECM model with osmotic environ-
ment modulation has the potential to reflect traits of pathological ECM
alterations.

ECM structure is altered by osmotic modulation

To better understand causes of the observed changes in MRI relaxa-
tion parameters thatindicated decreased proportions of more loosely
bound waterin HYPO condition, we analysed the microscopic structure
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Fig. 4| Theion concentration of the osmotic environment regulates the ECM
elastic and stress-relaxation properties of ex vivo Achilles tendon. Mechanical
characterization of ECM samples was performed for FRESH, HYPO and ISO
conditions. a, Elastic modulus E. Pvalues were calculated using two-tailed
Wilcoxon signed-rank tests for n = 8 biological samples. b, The stress-relaxation
behaviouris described by the relaxation of the applied peak stress at amaximum
strain over time, which is shown with representative stress-relaxation curves of
stress normalized (norm.) by the initial stress. ¢, The time until 50% of the peak
stress was released was quantified by 7, 5,. P values were determined using

two-tailed Wilcoxon signed-rank tests for n = 8 biological samples. d, The time
until 35% of the peak stress was released was quantified by 7, ;5. Pvalues were
calculated using two-tailed t-tests for n = 8 biological samples. Box plot
information: box limits show 25th and 75th percentiles, box middle lines show
medians, and whiskers show minimum and maximum values. e, Schematic
illustrating how alterations in ECM swelling and water-binding strength relate to
changes in mechanics (£, 7,s) and MRI relaxation parameters (T;, T3), and
associated relationships between ECM mechanical properties and MRI
parameters.

in representative ECM cross-sections using histological stainings.
Haematoxylin and eosin (H&E) stained collagen ECM in pink and cell
nucleiinblue, and Alcian Blue (AB) stained negatively charged PGs in
blue and ECM in light pink. H&E images showed light lines at tendon
fascicle edges® and were clearly expanded in HYPO, with parts of the
delicate interfascicular (IF) matrix having been flushed away during
the staining process, leaving unstained spaces (Fig. 3, top). ABimages
showedincreased PG density inand around the IF connective tissue, as
expected, compared with the collagen-rich fascicles (Fig. 3, middle).
The expanded PG-richIF regionsin HYPO, visiblein H&E and ABimages,
suggested thatin the less-restricted IF matrix, enhanced electrostatic
repulsion caused the expansion and led to a greater accumulation of
water compared with FRESH and ISO conditions.

To verify this histological finding, we used high-resolution MRI
witha 9.4 T preclinical scanner to obtain non-invasive insightinto the
tissuestructure (Fig. 3,bottom). Light voxels depicted high signal inten-
sities associated with increased amounts of accumulated water. MRI
scans showed white lines with high signal intensity for tissuein HYPO, in
contrastto FRESH and ISO. The whitelinesin HYPO correspondedtoa
width of 70-140 pm and thus were of similar magnitude as the approxi-
mately 100 pm wide expanded IF regions visible in H&E and AB stain-
ings. Taken together, the histological stainings and high-resolution
MRimagesindicate that ECM alterations in HYPO condition are due to
increased water binding and electrostatic effects by PGs.

ECM mechanics are regulated by osmolality-tuned water
binding properties

To understand the effects of the osmolality-tuned water binding and
swelling on elastic and stress-relaxation properties of dissected Achilles
tendon, bulk mechanical properties of ECM samples were quantified.
Theelasticmodulus Eof ECM samples increased from FRESH (136 kPa)
toHYPO (198 kPa) and decreased in ISO (57 kPa) (Fig. 4a). These changes
suggested that decreased proportions of more loosely bound waterin
HYPO (Fig. 2f and h) were associated with higher compressive resist-
ance of ECM samples. By contrast, withincreased proportions of more
loosely bound water in ISO (Fig. 2f and h), we observed decreased E.

The decrease in £ for ISO swelling relative to FRESH condition aligns
with recent findings for spine-disk samples®.

To further analyse the ECM stress-relaxation behaviour, the dis-
sipation of applied stress over time was recorded. Representative
stress-relaxation curves for HYPO and ISO conditions compared
with FRESH condition (resembling physiological tissue more closely)
showed faster and slower decays, respectively, reflecting the influence
of the different osmotic environments on the ECM stress-relaxation
behaviour (Fig. 4b). Subsequently, stress-relaxation properties were
quantified using stress-relaxation half time 7,5, a widely applied
parameter in biomaterial and tissue engineering®. We found a strong
decline in 7,5, from FRESH (>500 s) to HYPO (245 s), while values
remained at similar levels in ISO (>500 s) condition (Fig. 4c). Further
insightinto ECM stress-relaxation behaviour was achieved by using 7, s,
reflecting the early dissipation of applied stress. 7, decreased from
FRESH (76 s) to HYPO (15 s) and, conversely, increased in ISO (156 s)
(Fig. 4d). By contrast, when the environmental ion concentration was
increased by 27% and 100% relative to ISO condition, ECM mechanics
did not change (Extended Data Fig. 4d-f). In these two conditions of
increased ion concentrations, swelling and the proportion of more
loosely bound water were at levels comparable to ISO (Extended Data
Fig.4a-c). Together withthe absence of clear changesin ECM mechan-
ics, these observations support the notion that between HYPO and ISO
conditions, the substantial differencesin ECM mechanics were caused
by changes in electrostatic effects, as indicated by changes in water
binding. These results demonstrate that ECM mechanics were tuned by
environmentalion concentrationwhenthe proportion of moreloosely
bound water in the ECM was altered, suggesting that altered electro-
static properties caused the changes in mechanics. HYPO caused higher
elasticmoduli, whichisin line with previous findings’, as well as faster
stress relaxation compared with ISO.

To verify that observed changes in mechanics were due to ECM
components (for example, PGs) rather than to potential influences
of cells in the tissue (for example, contractile forces), two additional
experiments were performed. Alternating exposure of ECM samples
toHYPO and ISO solutions showed the reversibility of the mechanical
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Fig. 5| Application of osmotic pressure reveals that dehydration induces
distinct ECM alterations compared with modulating osmolality throughion
concentration. a, lllustration of the differences between two types of osmolyte:
ions can diffuse into ECM samples, while high-molecular-weight macromolecules
suchas PEG cannot. Thus, the addition of PEG applies osmotic pressure to an ECM
sample that leads toits dehydration (that is, decreased swelling). b-f, ECM
samples were characterized by swelling (b), elastic modulus £ (c), stress-
relaxation time 7, ¢ (d), T; values (e) and T§ values (f). Pvalues were calculated

using two-tailed t-tests for n = 4 biological samples, exceptin f, whichusedn=3
biological samples for the comparison involving the ISO +100 condition. The
analyses compared conditions with added PEG to their respective reference
condition (thatis, either HYPO or ISO). Box plot information: box limits show
25th and 75th percentiles, box middle lines show medians, and whiskers show
minimum and maximum values. Osmotic pressures of 100 kPaand 200 kPa were
applied by PEG (5,000 molecular weight) concentrations of 8 wt% and 11 wt%,
respectively.

changes (Extended DataFig. 5). Further, ECM samplesinitially used for
MRI characterization (Fig. 2) were subsequently subjected to mechani-
cal characterization 5 days after excision, with storage and incubation
at4 °Cbetween measurements. Mechanical characterization showed
mechanical properties in HYPO and ISO similar to those in ECM sam-
ples already analysed 2 days after excision (Extended Data Fig. 6).
Both experiments suggest that ECM components caused the observed
changesin elastic and stress-relaxation properties.

Alterations in ECM swelling and mechanics can be
distinguished by combined T; and T> mapping

Next, the aforementioned measurement datasets for FRESH, HYPO
and ISO conditions were analysed using Pearson’s rto assess independ-
ent correlations, thereby elucidating the potential to non-invasively
detect alterations in ECM swelling and mechanics based on changes
in MRI and T5. For Ty, a positive correlation was found with swelling
(r=0.64, P=0.001), but not with mechanical parameters £ (r=0.10,
NS) or 7,45 (r=—0.07, NS). For T, correlations were based on the
observed changes in each parameter between FRESH, HYPO and ISO
conditions, denoted by A. AT5did not correlate with Aswelling (r= 0.30,
NS), but instead negatively correlated with AE (r=-0.74, P< 0.0001)
and positively correlated with Az, ¢ (r= 0.76, P<0.0001), contrasting
the correlations of T;. Taken together, these results demonstrate the
potential of combining T; and T to distinguish between alterationsin
ECM swelling and water-binding properties (for example, in patho-
logical ECM alterations) and related changes in ECM mechanical prop-
erties (, To45), as shown schematically in Fig. 4e.

Tissue dehydration leads to different ECM mechanics and
different T, signal

Hyper-osmolar conditions can occur in physiology and pathology,
with one scenario being increased osmotic pressure with effects
similar to tissue dehydration (for example, solid-tumour
environments'>*). To better understand how altered molecular crowd-
ing affects ECM properties compared with altered water-binding
strength, as shown above, ECM samples were subjected to different
concentrations of 5 kDa polyethylene glycol (PEG) macromolecules.
These uncharged macromolecules are expected to exert osmotic

pressure on ECM samples by being unable to diffuse into ECM samples,
in contrast to ions in the solution (Fig. 5a). PEG was added to HYPO
and ISO solutions in concentrations to yield osmotic pressures of
100 kPaand 200 kPa, magnitudes previously shown to be physiolog-
ically relevant (for example, regulating stem cell fate'®). It should
benoted thattheion concentration of the ISO solution was assumed
tohave anequivalent osmotic pressure of 744 kPa. With PEG-induced
osmotic pressures, samples showed signs of dehydration with swell-
ing decreased at 100 kPain HYPO (17%) and at 200 kPa in ISO (34%)
(Fig.5b). Osmotic pressureincreased Fat 200 kPain HYPO (50%) and
at100 kPaand 200 kPainISO (81% and 160%) (Fig. 5¢), with the change
inEinlSOinagreementwith previous studies on tissue dehydration™*,
To6s decreased for 200 kPain HYPO (45%) and for 100 kPaand 200 kPa
inISO (85% and 92%) (Fig. 5d). T, decreased at osmotic pressures of
100 kPaand 200 kPain HYPO (25% and 23%) and in ISO (25% and 30%)
(Fig. 5e), which was in line with its aforementioned correlation with
swelling. T>increased substantially with applied osmotic pressure of
100 kPa and 200 kPa in both HYPO (252% and 266%) and I1SO (252%
and 216%) (Fig. 5f). These increases in T, clearly exceeded the 65%
increase observed when comparing FRESH with ISO (Fig. 2h) that
resulted in strongly decreased E and increased 7, .5 (Fig. 4). InHYPO,
swellingand T, appeared to decrease less at 200 kPa osmotic pressure
than in ISO. This observation was in line with the decreased propor-
tions of loosely bound water in HYPO, relating to higher swelling
pressure within the ECM, and thus to enhanced resistance to the
applied mechanical (as seen with E) or osmotic (as seen with swelling)
compression. The observation that osmotic pressureincreased F and
decreased 7,in HYPO and ISO suggests that water-binding proper-
ties regulate elastic and stress-relaxation properties independently
from (de)hydration, thus involving a different mode of osmolality—
ECMinteraction. The particularly largeincreasein T5in PEG conditions
suggests that combined T, and T, mapping could have the potential
to distinguish ECM alterations caused by applied osmotic pressure
from alterations related to swelling and altered water binding. The
greater change in T; could be caused by effects of dehydration, previ-
ously shown capable of causing collagen fibre contraction and, thus,
tissue contraction®. These findings suggest that osmotic pressure
(or mechanical loading) induced tissue contraction, altered
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Fig. 6| ECM elastic and stress-relaxation properties are regulated by the
efflux of monovalent ions from ECM samples through altered PG ion binding,
while divalentions stay tightly bound. A stepwise ion concentration gradient
between HYPO and ISO was used to investigate changes in ECM samples after

24 hincubation. a-c, Under lower baseline osmolality, we observed a greater
relative increase in incubation solution osmolality normalized to ECM sample
dry weight (showing leakage of ions from ECM samples) (a), and increased elastic
modulus E (b) and faster stress relaxation 7, 45 () of ECM samples. In a-c, solid
linesindicate linear regression of a pair of parameters, dotted lines show the
associated 95% confidence interval error bands, and correlations were evaluated
using two-tailed Spearman’s p for n = 4 biological samples. d,e, Collagen fibre
structure analysis: collagen axial staggering was analysed from 2D SAXS patterns
of Bragg peaks (d) and revealed no shifts in intensity peaks (e). f,g, Analysis of
collagen molecule lateral packing from 2D SAXS patterns (f) revealed a slight
increasein lateral molecule spacing (g) within the range of hydrated collagen

fibrils in HYPO condition, suggesting a slightly higher water uptake between
collagen molecules. The Pvalue was calculated using a two-tailed t-test forn =3
biological samples. lon efflux analysis: to further understand the role of PGs in
the perifibrillar matrix, the diffusion of selected mono- and divalentions from
the ECM samples in HYPO versus ISO environments was investigated forn=3
biological samples. h, Solution osmolality was quantified after 24 h of incubation
(24 h) and compared with baseline (base), showing ion efflux from ECM samples
inHYPO condition. Pvalues were determined using two-tailed t-tests forn=3
biological samples; significance threshold: P < 0.05; NS, not significant.i, After
24 hin HYPO, efflux of the monovalent Na'* and CI" ions was evident, while no
change was observed for divalent Ca* and Mg?* ions. j, After 24 hinISO, Na'* and
CI* ions were present in high concentrations (as expected), while Ca* and Mg?*
ions again showed no efflux, suggesting that these divalent ions remained bound
inside the ECM samples. In plots g-j, whiskers show minimum and maximum
values, and middle lines show medians.

water-binding strength and swelling could be useful to distinguish
different tendon pathologies.

Diffusion of monovalent ions regulates ECM elastic and
stress-relaxation properties through PGs

To elucidate how environmental ion concentrations regulate water
binding and, consequently, elastic and stress-relaxation properties,
we used distinct osmotic concentrations ranging from HYPO to ISO
conditions. We observed anincrease in the normalized ion efflux from
ECMsamples with decreasing baseline osmolality (Fig. 6a), reflected by
their negative correlation (p =—0.90, P<0.0001). To verify that the ion
effluxes wererelated to changes in elastic and stress-relaxation proper-
ties, ECM mechanics were characterized after incubation. With decreas-
ingbaseline osmolality, increasing £ (Fig. 6b) and decreasing 7, ¢ (Fig. 6¢)
were quantified, reflected by anegative correlation for £ (p = -0.94, P<
0.0001) and a positive correlation for 7, (0 = 0.89, P< 0.0001).

To distinguish between potential effects of collagen fibre con-
traction owing to osmotically induced structural alterations in ECM
mechanics in HYPO versus ISO conditions, SAXS was used. The axial
staggering of tropomolecules in collagen fibrils results in a periodic
pattern of stripes with higher (overlap) and lower (gap) molecule

density that can be imaged by transmission electron microscopy or
SAXS***, The collagen axial staggering was evaluated by analysing the
two-dimensional (2D) SAXS patterns, which showed several orders of
Bragg peaks (Fig. 6d). The nthgpositions (n=1,3,5...) canbe converted
toD =2mn/q,, where Dis theintermittent distance (-67 nm) inside the
collagen fibrils as indicated by gap and overlap zones. Analysis of the
peak positions of signal intensities in the g space showed no relevant
shift of peak positions between the HYPO and ISO conditions (Fig. 6e).
The absence of arelevant shift between the peaks shows that collagen
fibrils were not shortened, suggesting no induced tensile stresses by
axially contracting collagen fibres that may have affected ECM mechan-
ics®. This observation contrasts with the effects of dehydration (for
example, owing to PEG-induced osmotic pressure), which were previ-
ously reported to cause collagen contraction®. Further, the lateral
packing of collagen molecules was analysed from 2D SAXS patterns
(Fig. 6f) and revealed a slightly increased spacing in HYPO compared
with ISO (Fig. 6g). This indicates a somewhat higher water content in
fibrils subjected to HYPO condition.

PGsresideinthe perifibrillar matrix around collagen fibre bundles,
causingthemto separate fromeachother. Tounderstand the role of PGs
inregulating ECM mechanics, we investigated the diffusion of ions out
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of ECM samples next. Comparing HYPO versusISO, first, the ion efflux
was measured in terms of osmolality change after incubation (24 h) and
withrespect to baseline (base) solutions. Osmolality increased onlyin
HYPO, suggesting ion efflux from ECM samples (Fig. 6h). By contrast,
there was no change in osmolality after incubation in ISO. Monova-
lent and divalent cations can bind to the negative charges of PGs and
modulate electrostatic effects, such as repulsion®**, For example, Na™*
can shield electrostatic effects of PGs, and Ca** can form interchain
cross-links between PGs. Subsequently, we measured concentrations
of selected ions (that is, Na'*, CI'", K™, Ca** and Mg?") in HYPO and ISO
solutions after 24 h of ECM sample incubation (HYPO,,,, and ISO,,;).
From solution ion concentrations, we aimed to detect potential ion
efflux and thus alterations inside ECM samples. Notably, baseline solu-
tions were deionized water (HYPO) and physiological saline solution
without Ca** and Mg?* (ISO). InHYPO,,;, concentrations of monovalent
ionsNa", CI" and K" were increased, while divalentions Ca** and Mg**
remained at very low concentrations (Fig. 6i). This observation sug-
gests that divalent cations mostly remained inside the ECM owing to
the higher strength of divalent ion bonds, as expected based on the
tight binding found in divalent ions binding to charged surfaces”, in
contrast to monovalent cations diffusing out. In ISO,,;,, Na'*, CI'and
K" were overall at comparably high concentrations (Fig. 6j), which
was expected as the baseline ISO solution contained these ions. Inter-
estingly, divalent ions Ca** and Mg* remained at very low concentra-
tions in1S0,,, as well. The low concentrations of Ca®* and Mg** inboth
HYPO,,,andISO,,, solutions suggest that their tighter divalent bonds
inside the ECM prevented their efflux, despite the abundantly available
monovalent cations, such as Na', that could have replaced bonds of
divalentions, such as Ca".

Discussion

Inflammation or injury of atissue causes swelling and associated alter-
ations in ECM properties, as observed in tendinopathy. In this work,
tendon swelling was selected as amodel to investigate related changes
in ECM biophysical properties and methods to detect such changes
non-invasively. While clear differences between healthy and inflamed
tendon can be captured with MRI (Fig. 1), little was known about the
physical causes thatresultin the substantial differential alterationsin
T,and T5. Our systematic study of dissected tissues exposed to defined
osmotic environments provides highly valuable insights concerning
fundamental ECM properties, thereby enabling amore advanced inter-
pretation of MRI scans. Our data show how osmotic environments
differentially regulate ECM swelling, water binding (Fig. 2) and mechan-
ics (Fig.4). Our findings also unravel therole of the perifibrillar matrix,
namely PGs (Fig. 6), and its electrostatic propertiesin regulating water
binding and ECM elastic and stress-relaxation properties. We have
shownthat the environmentalion concentration regulates water bind-
ing, and that the proportion of more loosely bound water in the ECM
playsacrucial rolein ECM elasticity and stress relaxation (Fig. 4). Our
exvivo ECMmodel and experimental set-up with osmotic environment
modulationenabled parallel characterization of mechanical properties
and MRI relaxation parameters (Fig. 2). Therein, we used a
well-controlled ECM model based on fresh biological tissue instead of
artificial materials to mimic anin vivo setting more accurately, which
was supported by anin vivo case study comparing a patient to a healthy
control subject. We presented an approach for non-invasive detection
of the observed ECM alterations using combined T; and T> mapping,
and identified their independent correlations with ECM biophysical
properties, including swelling, elasticity and stress relaxation. Fur-
thermore, we demonstrated the collagen-independent role of PGs in
ECMelastic and stress-relaxation properties (Fig. 6), and that environ-
mention concentration and osmotic pressure regulate ECM mechan-
icsdifferently (Fig. 5). We believe that our findings may help to advance
methods for non-invasive detection of local ECM alterations in pathol-
ogies involving dysregulations of osmotic environments, PGs in the

perifibrillar matrix, swelling and water binding, as well as the develop-
ment of synthetic biomaterial-based therapies.

The observed increased elastic modulus and enhanced stress
relaxation of ECM samplesin conditions withincreased water-binding
strengthisaparticularlyimportant finding as stress-relaxation proper-
ties of physiological, viscoelastic ECM were previously identified as a
crucial driver for cell-matrix interactions (for example, stem cell fate
decisioninregeneration)?-*>. On the contrary, decreased stress relaxa-
tion, observed in conditions with decreased water-binding strength,
was previously related to pathological ECM degeneration®**° and may
also be related to dysregulated water binding (that is, electrostatic)
properties. The elastic modulus was previously found to regulate the
abovementioned governing cell functions*, and its various roles in
physiology continue to be investigated. In the context of HYPO envi-
ronments, a recent study reported that osmotic changes influence
cell-fate decision in regeneration using viscoelastic ECM-mimicking
hydrogels'®. However, that study did not consider potential effects of
decreased environmentalion concentration on ECM stress-relaxation
properties, although enhanced stress relaxation could have stimulated
cells similarly®.

Tounderstand the causes of the strong alterations in ECM mechan-
icsobserved for altered environmental ion concentration (thatis, HYPO
versus ISO), common paradigms might have considered influences of
load-bearing collagen fibres (thatis, osmotic pressure-induced tensile
stress®) or cells, either actively (for example, contractile forces*) or
passively (for example, protein-phosphorylating cytosolic enzymes*®).
However, SAXS analyses of collagen molecule axial staggering and
lateral packing revealed that collagen likely did not contribute to the
observed alterations in ECM mechanics. This finding was in agree-
ment with that from a previous study showing that collagen fibres
in aqueous solutions relax to maximum length at zero and low ion
concentrations**. Cellular influences were considered negligible as
storage and incubation conditions (thatis, low temperatures, without
nutrients) likely rendered cells apoptotic or inactive, and impaired
efficient enzyme function. Moreover, differences in ECM mechanics
were maintained after alternating exposure to HYPO (dH,0) and ISO
solutions, likely leaving cells apoptotic. Further, cells would not be
able to cause the observed strong changes in ECM mechanics evenin
ideal culture conditions*. In line with this notion, a previous study on
mineralized tissue reported that increased amounts of bound water
enhanced bone mechanical properties, such as toughness, with the
underlying mechanism being cell-independent®.

By investigating the diffusion of selected ions that can affect PG
function, the role of PGs in ECM elastic and stress-relaxation prop-
erties was shown (Fig. 6). lon efflux from ECM samples correlated
with alterations in elastic modulus and stress relaxation. A notable
efflux of monovalent cations, such as Na, in low osmolality (that is,
HYPO) conditionincreased negative charge effects by PGs, leading to
adecreased proportion of more loosely bound water in the perifibrillar
PG matrix>**. The negative charge of PGs is generated predominantly
by their numerous subunits, such as chondroitin sulfate (CS) chains?,
and increased negative charge effects were previously reported to
result in stacking of CS chains owing to electrostatic repulsion’®. By
contrast, measurements of divalent cations suggested that Ca* ions,
for example, stayed bound inside ECM samples where these can form
transient non-covalent interchain cross-links between the negatively
charged PGs*, which can affect ECM stress-relaxation properties?.
Our data suggest that in conditions of increased PG negative charge
effects (for example, HYPO), electrostatic repulsion between PGs
causes increased steric hindrance and increases the flexibility of the
dynamic interchain cross-links by physical ion bridges (for example,
by Ca*"), which consequently increases ECM stress relaxation under
mechanical load” (Fig. 7). Further, the data suggest thatincreased elec-
trostatic repulsion between PG negative charges results in increased
compressiveresistance of the ECM samples. This notionis supported by
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Fig.7 | Proposed mechanism how PGs regulate ECM elastic and stress-
relaxation material properties, revealed by modulating the ion concentration
of the osmotic environment. Compared with ISO, the proportion of more
loosely bound water in the ECM was lower in HYPO conditions. lon diffusion
experiments suggest increased negative charge effects of PGs owing to leakage
of monovalent cations from the ECM that would otherwise shield electrostatic
effects of negatively charged PGs, while divalentions stay tightly bound,
suggesting that they form physical bridges between negatively charged PGs
(transient interchain cross-linking). Electrostatic repulsion forces (two-headed

(i) Increased electrostatic repulsion
increases compressive resistance

blue arrows) acting between the more negatively charged PG subunits (for
example, CS chains) canlead to CS chain stacking and thus increased distancing
and enlarged PGs. (i) This increased distancing can cause faster slipping of
dynamic interchain cross-links (for example, ionic bridges/bonds by Ca*")
between PGs under load. (ii) ECM network with more negatively charged PGs,
thereby binding more water strongly, increases the compressive resistance
(one-headed blue arrows) of the ECM under load owing to increased electrostatic
repulsion between PGs.

the analysed efflux of counterionsin HYPO (Fig. 6h,i) and theincreased
water-binding strength (Fig. 2f,h), and in line with a previous study
reporting the relevant contribution of electrostatic properties to the
elasticmodulus in cartilage®.

Dynamic microscopic ECM properties, particularly
stress-relaxation mechanical characteristics, have gained consid-
erable attention recently in tissue engineering for enabling cells to
actively remodel their surroundings and instructing fate decisions
in cell niches?**. These ECM properties expand the range of more
established structural ECM properties, such as load-bearing (collagen)
fibre structures that provide stability and scaffolding functions**°.
ECM stress-relaxation properties are often considered to be regu-
lated by the extent of covalent cross-linking in a matrix. Hygroscopic
properties have been considered mainly as a prerequisite to yield a
hydrated fibre network for mimicking natural ECM (for example, with
hydrogels)*. However, the results presented here emphasize the role
of the perifibrillar (PG-rich) matrix in directly regulating ECM stress
relaxation. In this context, we propose that the function of PGs as key
regulators of ECM water binding and electrostatic properties may
expand thelist of mechanobiological cues for cell-matrix interactions
(for example, mechanics, fibre structure, porosity and topography).
The water-binding function of PGs, or glycosaminoglycans, is gov-
erned by negatively charged groups’, such as sulfate groups, which are
dysregulated in several pathologies. Examples include perineuronal
nets in Alzheimer’s disease**%, the disorganization of collagen fibril
spacing in macular corneal dystrophy**°, and pro-inflammatory or
anti-inflammatory effects***. The link between altered sulfation (and
thus charge) properties and ECM mechanics has been understudied.
Disease modelling of pathologiesinvolving dysregulations of PG func-
tion, osmotic environments or swelling can be potentially improved
using ECM-mimicking materials that allow to modulate water-binding
strength, or polyelectrolyte, properties. In addition, the water-binding
properties of the ECM (for example, charged groups) could also be
actively modulated by cells residing in the ECM". Such perspectives
could open up new avenues for investigating the role of water bind-
ingin (mis)guiding cell behaviour and for potentially identifying new
therapeutic targets.

While MRI allows to distinguish inflamed ECM (for example, in
tendinopathy) from healthy ECM, itis difficult to non-invasively detect
associated mechanical changes. Understanding the local mechanical
competence of the tissue could help to unravel the causes for poor
tendon healing outcomes that many patients experience. A previous
study on healthy Achilles tendon investigated changes in hydration
after physical activity with MRI using the off-resonance saturation
ratio, and reported aloss of free water molecules and decreased tendon
volume® but did not measure tissue mechanical properties. In the
high-resolution MR images (Fig. 3), striation patterns of fascicle edges
were clearly visible in HYPO owing to the expanded IF matrix, which
was not the casein FRESH and ISO where striations were barely visible
ornotvisibleatall. Inthe quantification of MRI relaxation parameters
using whole-body MRIscanners, we observed higher T valuesin Achil-
les tendon from in vivo human scans compared with ex vivo ovine
scans. This difference is likely attributable to technical aspects of
imaging (for example, potential overestimation of T in the in vivo
tendon owing to sparse echo sampling) and differences in tendon
composition and/or structure influenced by mechanical
loading-induced tissue adaptations®~’. In addition, this difference
could be driven by the tissue region from which T was quantified: in
thein vivo scans, all three bands (subtendons) of the human Achilles
tendon®’, including the separating loose connective tissue, were
imaged;inthe ex vivo scans, ECM samples excised from only one band
(gastrocnemius, without surrounding loose connective tissue) were
analysed. Possible differences in trace elements, such as iron, might
also influence T; values in tendon®**. Notably, the MRl scans of the
exvivo ECM samples were performed at room temperature and would
likely yield higher values for the relaxation parametersin tissuesin vivo
at body temperature (Extended Data Fig. 7). Our findings allow an
improved interpretation of MRI data using combined T; and T; map-
ping, leveraging a link between PG water binding and ECM swelling
and mechanics (E, 7, ). For example, in our in vivo case study (Fig. 1),
MRI of the patient’s pathological Achilles tendon could be interpreted
assevere swelling with compromised mechanical properties, indicat-
ing altered tissue composition and impaired functionality. The
patient’s contralateral and presumably healthy Achilles tendonshowed
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Fig. 8| Summary illustrating the potential of combined T, and T; mapping for
improving diagnostics in swelling-associated ECM changes. The ECM
alterations in MRIand ECM biophysical parameters between the in vitro
conditions, HYPO versus FRESH (left), ISO versus FRESH (middle) and ISO + PEG
versus ISO (right), are shown. The results of the in vitro study show how
combined MRI T; and T mapping could potentially be used to provide additional
insight into ECM changes in swelling/dehydration, water binding/collagen fibres,

elastic modulus and stress-relaxation properties. Understanding the biophysical
meaning of such changes in characteristic MRI parameters could eventually
enable the detection of alterations in mechanical or structural tissue properties
and lead toimproved diagnostics and clinical decision-making. Top panel:
characteristic changes in MRI T; and T; caused by specific osmotic modulation.
Bottom panel: alterations in ECM biophysical properties related to the
characteristic MRI parameter changes.

anincreasein T;only, suggesting pathological alteration characterized
first by inflammatory swelling caused by cytokine-mediated exuda-
tion. Mechanical properties, and thus tissue functionality and com-
position, appeared maintained. Such insight could support
orthopaedic surgeonsin prescribing asuitable therapeuticapproach
to the patient, for instance, through personalized physiotherapy
addressing compensatory gait mechanics and aberrant loading pat-
terns that may have led to the pathological tissue alterations in the
unaffected contralateral foot. Another potential application is the
improvement of surgical interventions for degenerated or ruptured
Achillestendon. Sofar, itis not well understood why for some patients
healing of sutured ends of a tendon leads to scarring or non-union,
accompanied by diminished mechanics and functionality. Our data
couldfacilitate monitoring of healing progress after surgery, and help
recognize and categorize impaired tissue regeneration earlier. This
could allow forimproved clinical decision-making before substantial
tissue degeneration, when intervention success rates may be greater,
by adapting physiotherapy protocols or opting for corrective surgery.
Possibly, our data could also facilitate an enhanced detection of dys-
regulated ECM properties in oedema®’. Furthermore, we showed
clearly distinguishable characteristics in MRI for osmotic pressure
(PEG) induced ECM dehydration compared with altered water binding
(thatis, HYPO versus ISO). For instance, previous studies have shown
that expanding solid tumours compress and dehydrate surrounding
soft tissue'>*>, The relationships between changes in MRI T; and T
parameters and alterationsin ECM biophysical properties presented
in this work are summarized in Fig. 8. The schematic overview may
supportthe use of our findings to eventually detect alterationsin ECM
biophysical properties associated with tissue regeneration or
disease-specific degeneration using combined T; and T; mapping; the
underlying MRI data are summarized in Extended Data Fig. 8. ECM
water binding and other biophysical properties (for example, swelling
and mechanics) are important markers in various pathologies (for

example, viscoelasticity in glioblastoma?®, hypertension*® and
intervertebral disk®®; fluid accumulation in lung inflammation’, swell-
ing®and oedema®’) and in regeneration (for example, return to sport
after surgery, personalized therapy and judging therapy impact).
Intrinsic to exploiting model systems are their limitations. Qur
ex vivo model is only addressing a limited number of parameters,
such as swelling and water bindingin relation to mechanical proper-
ties, and not the full set of potential ECM alterations that may occur
duringin vivo pathological degenerations. Indeed, the ex vivo ECM
model was artificially modified inits biophysical properties by tuning
the swelling and water binding (that is, electrostatic) properties via
environmental osmolality. These inherent osmotic, or electrostatic,
properties of the ECM are mainly governed by negative charges of
PGs, which are established, for example, on CS by fixed ionic carboxyl
and sulfate groups. In pathological ECM alterations, a disturbed col-
lagen fibre network is frequently reported, but also dysregulations
of PG sulfation have been found in various pathologies****. However,
altered PG charge effects have rarely been related to ECM mechanics,
despite the high relevance of ECM elastic and stress-relaxation prop-
erties for cell-matrix interactions in regeneration” or disease®*°°,
Another example of altered osmotic properties in more complex
pathological tissue degeneration is osteoarthritis, where collagen
fibresinthe cartilage fibre-composite matrix are degraded, leading
toreducedrestriction of the water-attracting PGs. The resulting tis-
sue swelling can lead to decreased fixed charge densities when the
same number of PGs are located in aninflated ECM volume, resulting
in equivalent osmolality changes of 150 mOsm (ref. 67). This may
represent a parallel to the substantial swelling (-75% volume increase)
reportedin Achilles tendinopathy together with decreased mechani-
cal properties®, and to the swelling and diminished mechanics in
ISO versus FRESH condition in our ECM model (Fig. 4). Moreover,
increasing the electrostatic effects in our ECM model by an osmo-
lality decrease of 150 mOsm relative to ISO condition resulted in
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substantial changesin elastic and stress-relaxation properties (Fig. 6).
This observationis consistent witha previously reported relationship
between PG concentration (that s, fixed charge density) and elastic
modulus®. Further work is required to better understand how the
complexity of altered ECM composition and structures, and also
cellular contributions, link to altered osmotic properties and to
quantitative MRI parameters.

Thiswork demonstrates the crucial role of water-binding features
for elastic and stress-relaxation characteristics of the ECM. Osmotic
environments were shown to modulate the ECM water-binding proper-
ties and suggest an important role of PGs to regulate proportions of
more loosely bound water intendon tissue. Our investigations revealed
independent correlations of MRI T; and T, with ECM swelling, as well
aselasticand stress-relaxation properties, demonstrating the potential
of their combined application to discriminate pathological tissue
alterationsrelated to dysregulated swelling, water binding or osmotic
environments. Future work should investigate this potential applica-
tion with ex vivo tissue probes of pathologically degenerated tissue
andinvivoscansfromalarger cohort of patients, as well asthe reasons
for differences in T values between MRI scans of ex vivo animal and
in vivo human tissue. Shedding light on the interplay between water
binding and ECM mechanics may lead to new tissue engineering strate-
giesinvolving biomaterials with controllable hygroscopic properties
as one dynamic microscopic design parameter.

Methods

The part of this work involving human participants was approved by the
Ethics Board of the Charité - Universitdtsmedizin Berlin (EA2/088/16).
Allsubjects provided writteninformed consent. For the ex vivo analy-
ses, tissue samples were collected from animals after euthanasia in
compliance with the ethical guidelines of legal, local animal rights
protection authorities (Landesamt fiir Gesundheit und Soziales Berlin).
To keep the number of animals to aminimum, the samples were taken
from other research projects but with norelationship that would affect
tissue properties of the samples (G0424/17 and G0210/18).

Invivo scans

In vivo imaging was performed with a clinical 3 T whole-body MRI
scanner (MAGNETOM Vida, software XA20A, Siemens Healthineers)
using a16-channel measurement coil for foot and ankle scans as com-
monly used in clinical application (Foot/Ankle 16, Siemens Health-
ineers). Imaging was performed separately for each foot in three
individuals: one healthy asymptomatic control subject (male, 34 years
old) without known pathologies (CTRL), and two patients (female,
53 years old; male, 48 years old) with mid-portion Achilles tendinopa-
thy (PATHO) diagnosed by a senior consultant for surgery (S.T.) (Sup-
plementary Fig. 1a). The same UTE imaging sequence (described in
more detail below) was used for thein vivo and ex vivo measurements,
with five flip angles ranging between 5° and 24° for variable flip angle
(VFA)-based T, mapping and three echoes with echo times (TE) ranging
from 0.1 msto 4.8 msfor T; mapping. The UTE sequence was optimized
forimage acquisition of tendon tissue, potentially resultingin errone-
ous T;values for non-tendon tissues with transverse relaxation times
clearly longer than 5 ms. Fewer echoes were selected compared with
the ex vivo acquisition to reduce acquisition time and patient discom-
fort. Both acquisitions used spatial resolution of 1.2 x 1.2 x 3.5 mm?,
rectangular hard-pulse excitation with 100 ps pulse duration and
acquisition bandwidth of 1,076 Hz per pixel, with a repetition time
(TR) of 12 ms for T, -related and 8 ms for T;-related data acquisitions.
Data analysis and T, correction for relaxation during the radio fre-
quency pulse were performed as in the ex vivo analysis. For one patient
(male, 48 yearsold), the foot with tendinopathy was scanned addition-
ally with standard clinical T, -weighted and proton density
(PD)-weighted sequences for comparison with UTE sequence results
(Extended Data Fig. 2).

Ex vivo ECM model

Fresh Achilles tendons were excised from 16 healthy sheep (Merino,
female, 4+yearsold). The tissue samples were subdivided into different
experiments, as shownin Supplementary Fig. 1b. To avoid dehydration,
tendons were enveloped in plastic wrap, placed inamoist environment
immediately after excisionand stored at 4 °Cuntil dissectionand test-
ing. A moist environment was established by placing each tendon in
asealed 50 ml polypropylene centrifuge tube with water-moistened
cottongauze at the conicaltip of the tubes. An excised Achilles tendon
consisted of two distinct bands of fibrous tissue connecting each of
the gastrocnemius and soleus muscles via the enthesis to the bone.
The gastrocnemius band was used owing to its mostly elongated cylin-
drical shape, allowing for similar ECM sample sizes and better tissue
handling during characterization (for example, fibre direction for MRI
and parallel planes for mechanical characterization). Tendon samples
fromthe contralateral limbs were assumed to have comparable tissue
properties to the ipsilateral limbs. To avoid cartilaginous or calcified
structures near the enthesis, diverse fibre directions in the transition
frommid-tendon to enthesis, or myofibrous structures near the mus-
cle, only themid-portion of atendon was used. The tendon mid-portion
was defined between ~2.5 cmand -5 cm proximal to the enthesis. Each
tendon mid-portion was then dissected cross-sectionally into six to
eight cylindrical ECM samples of ~3 mm thickness and ~6.2 mm diam-
eter. The elongated shape, ordered structure and consistent tissue
properties of the tendon mid-portion allowed the variability of ECM
structure and components to be minimized. The PG concentration of
ECM samples was quantified with ~0.1% of tendon dry weight using
a DMMB assay (280560-N, AMSBIO) after tissue digestion by papain
(280560-TDK, AMSBIO), which was in a similar range as previously
reported for rabbit Achilles tendon®. As MRl relaxation parameters
can be affected by freeze-thawing’ or fixation”, ECM samples were
characterized in FRESH condition or after incubation of fresh ECM
samples in different ion buffers. All ECM sample characterizations
were carried out at room temperature.

Osmotic environment modulation

Mechanical and MRI characterizations were performed directly after
dissection (that is, FRESH condition) and again after swelling in dif-
ferent osmotic environments for 24 h, as depicted in Supplementary
Fig. 3. For exposure to different osmotic environments, a 15 ml tube
containing 8 ECM samples held by 3D-printed polylactic acid (PLA)
inlays that allowed contactless sample positioning and unconfined
swelling (Fig. 2b) was filled with 13 ml of the respective solution. To tune
ECM properties through the osmotic environment of asample (thatis,
theion concentration of the bath solution), the HYPO environment was
established with deionized water and the ISO environment with physi-
ological saline solution without Ca*" and Mg?* (D8537, Sigma-Aldrich)
with a pH value ~7. For hyper-osmolar environments, osmolality was
either increased by adjusting the saline concentration for higher ion
concentrations or by adding macromolecules for dehydration of ECM
samples by osmotic pressure. For higherion concentration, saline con-
centrations were increased by 27% and 100% (double ISO osmolality).
Van't Hoff’s equation was used to determine the osmotic pressure in
pascals = cRT, with ¢, Rand Trepresenting the osmolar concentration
of the solute (van’t Hoff factor of osmotically active particles times
molar concentration of the dissolved salt), the gas constant and the
absolute temperature, respectively. For these calculations, we used the
simplifying assumption that theion concentrationin ISO solution was
comparableto that ofisotonic 0.9% NaCl saline solution, which resulted
in an approximate equivalent osmotic pressure of -744 kPa. Accord-
ingly, increasesinion concentration by 27%and 100% corresponded to
osmotic pressureincreases of ~200 kPaand ~744 kPa, respectively. For
dehydration, 5 kDa PEG molecules (06679, Sigma-Aldrich), expected to
be unable to diffuseinto the ECM samples, were added to the swelling
solutions, thereby applying osmotic pressure”. For PEG in aqueous
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solutions, osmotic pressure was calculated using a nonlinear rela-
tion as described by Money’>. Accordingly, PEG concentrations of
91gl'and125 g1 'yielded osmotic pressures of ~100 kPaand -200 kPa,
respectively.

MRI UTE imaging for T, and T; mapping

MRI scans to characterize ECM samples in FRESH condition were
performed after 3 days of storage and, subsequently, after 24 h expo-
sure to different osmotic environments. To avoid dehydration of ECM
samples in FRESH condition during the MRI scans taking 1-3 h,
water-moistened gauze was placed in the bottom of a sealed 15 ml tube
carryingaPLAinlay without contact to ECM samples (Extended Data
Fig.9). The3D-printed PLA inlays served asamounting device to hold
ECMsamples in parallel contactless positions” (Fig. 2b). For MRI data
acquisition, multiple tubes containing all ECM samples at a given time
point were measured simultaneously by adjacent and parallel position-
ing of tubes, which were wrapped between the two elements of a
16-channel flexible measurement coil (Variety, NORAS MRI Products).
Measurements were performed with a clinical 3 T whole-body MRI
scanner (MAGNETOM PrismaFit, software VE11B and XA30A, Siemens
Healthineers).Samples were placed with the fibre orientation parallel
to the main magnetic field to reduce the influence of magic angle
effects on T relaxation times”™. To mitigate the problem of rapid signal
decay of tendon tissue, an in-house developed 3D UTE imaging
sequence was used”. To estimate longitudinal T, relaxation times,
repeated 3D UTE acquisitions were performed using the VFA tech-
nique’ with eight different excitation flip angles between 5° and 39°;
rectangular hard-pulse excitation with 260 ps pulse duration; a TE of
0.150 ms; and a TR of 5.5 ms. To account for relaxation during the radio
frequency pulse, amodified Ernst equation was used to fit T, from the
VFA data”. The transverse relaxation time T was estimated by acquir-
ing eight gradient-recalled echoes at different TEs between 0.150 ms
and 3.0 ms by combining echo-train shifting”® and multiple gradient
refocused echoes within eachreadout train’ and using a constant flip
angle of 8° with a TR of 6.0 ms. Other acquisition parameters were
identical for both T, and T5: isotropic spatial resolution of
0.8 x 0.8 x 0.8 mm?, acquisition bandwidth of 941 Hz per pixel and two
averages for improved signal-to-noise ratio. Images were recon-
structed offline in MATLAB (The MathWorks) version R2019b using
re-gridding with iterative sampling density compensation and an
optimized kernel®°. Owing to limited signal-to-noise ratio and signal
decay sampling, only mono-exponential fitting of T, was performed.
While bi-exponential fitting of T> decay curves offers the potential to
distinguish between more loosely and more strongly bound water®,
the ex vivo MRI scans did not reveal any bi-component signal
(Extended Data Fig. 10). Data analysis and nonlinear curve fitting to
estimate relaxation parameters were also performed in MATLAB. After
calculating relaxation parameter maps, circular/elliptical regions of
interest were drawn manually in the central transverse slice of each
disk. The T, and T; relaxation times extracted from all voxels were
averaged for each region of interest. PD mapping®> was not performed
as it requires several correction factors and calibration scans for
quantificationin combination withappropriate UTE-based sequences
that can cope with the rapid signal decay and were not available at the
time of the study.

Swelling measurements

Gravimetric swelling was measured using a calibrated balance (LC621S,
Sartorius). The fresh mass of a sample was measured immediately
after sample dissection. For swelling curves, swelling was recorded
for 28 h with repeated measurements of five samples per condition
(thatis, HYPO and ISO) from one animal. For the swollen state measure-
ments, excess fluid was removed by gently patting the lower edge of the
ECM samples onto a sheet of paper. Swelling was defined as swelling
(%) = (Mgyotien = Miresn)/ Miregh-

Histological analysis of tissue organization

Representative ECM samples from FRESH, HYPO and ISO conditions
wereembedded infresh freezing compound (Tissue-Tek O.C.T., Sakura)
and frozen in liquid nitrogen-cooled isopentane (Carl Roth). Subse-
quently, frozen samples were stored at —80 °C until cryo-sectioning.
Samples were sectioned at 7 um thickness and sections were placed
onto glass slides (SuperFrost Ultra Plus, Menzel-Gliser). Histological
analysis was performed by H&E and AB stainings. Imaging was per-
formed using bright-field microscopy at 20x magnification.

MRI high-resolution structural imaging

High-resolution structuralimaging was performed on representative
ECMsamples firstin FRESH and then again after 24 h swellingin HYPO
andISO conditions usinga9.4 TMRIsmall animal scanner (BioSpec USR
94/20, Bruker) with a horizontal bore of 20 cm, a gradient system of
660 mT m™and ParaVision 6.0.1 operating software (BioSpin, Bruker).
Inaddition, avendor-supplied two-channel quadrature cryoprobe was
used to optimize the signal-to-noise ratio. Samples were deliberately
oriented along the magic angle using a custom 3D-printed laboratory
tube insert with planes angled at 54.7°. Images were acquired using
avendor-supplied 2D multi-slice Cartesian gradient-echo sequence
with 70 x 70 pm?in-plane spatial resolution; 3.1 ms TE; 1,200 ms TR; 8
averages; 75° excitation flip angle; 100 kHz acquisition bandwidth; 32
sliceswith athickness of 200 pm; and a total acquisition time of 35 min.
Voxels with high signal intensity (light colour) corresponded to tissue
regions with increased water accumulation.

Biomechanical testing

ECM elastic and stress-relaxation properties were quantified by
elastic modulus and stress-relaxation time by uniaxial unconfined
compression (TestBench LM1 system, BOSE) using a 250 g load cell
(Model 31 Low, Honeywell). The compression step was conducted
with minimal pre-load, at 0.016 mm s™ and to a maximum strain of
15% along the longitudinal axis of the cylindrical samples. A sample
was characterized only once. The loading direction was aligned with
the overall ECM fibre orientation to minimize effects of fibre tensile
loading and focus on effects of PG-dominated water binding on ECM
elastic and stress-relaxation properties. At maximum compression,
the stamp position was held constant to record the stress relaxa-
tion. The cross-sectional area of asample was measured from images
acquired witha1,200 dpiresolution with adigital scanner (Perfection
V200, Epson) using ImageJ version1.54f. The maximum compression
was limited to 15% strain of tissue sample height®, which is in the
range of strains typically exerted by cells on their surrounding ECM®,
The elastic modulus £ was calculated from the slope of a 5% interval
of the linear region of the stress-strain curve. The stress-relaxation
behaviour was quantified with 7,5, and 7, ¢s, which were defined by
the time until 50% and 35%, respectively, of the peak stress at maxi-
mum compression was released. The testing protocol restricted the
recording of stress-relaxation times to 500 s, as it was previously
shown that ECM stress-relaxation properties of 7,5, > 500 s affect
cell-matrix interactions similar to slow-relaxing, predominantly
elastic ECM?. Considering that cells sense and respond to fast ECM
stress-relaxation properties when applying traction forces at time-
scales of seconds and minutes®, we introduced 7, to analyse the
early stress-relaxation behaviour. 7, s, was reported to facilitate relat-
ing our results of changes in ECM stress relaxation to those of other
studiesasitis afrequently used readoutin the biomaterials and tissue
engineering community?.

Osmotic gradient and ion diffusion measurements

ECM samples were dissected as described above from fresh Achilles
tendons that were excised from five healthy sheep (male, 3 years old)
immediately after euthanasia at a local abattoir. Four tendons from
two of the animals were used for osmotic gradient studies. Defined
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HYPO conditions were achieved by diluting saline solution used for
ISO condition with deionized water in 25% increments. Osmolality was
measured using afreezing-point osmometer (OSMOMAT Auto, Gono-
tec). ECM samples were exposed individually to the solutions in 2 ml
tubesfor24 hand at the same sample to fluid volume ratio as described
above. Subsequently, solution osmolality was measured again to deter-
mine osmolality changes owing toion efflux from samples. Elastic and
stress-relaxation properties were quantified using uniaxial compres-
sion, as described above. ECM samples were freeze-dried to measure
their dry weight, normalize changes in solution osmolality and obtain
normalized ion efflux. Forion diffusion measurements, ECM samples
were dissected from the other three animals as described above and
were subsequently exposed to HYPO and ISO solutions. Solution osmo-
lality was measured at baseline before (base) and after 24 h exposure
(24 h) of the ECM samples. To measure the efflux of selected mono-
valent and divalent ions from ECM samples, HYPO and ISO solutions
were analysed after 24 h.lon concentrations were quantified using the
ion-selective electrode method for Na*, CI' and K" and photometric
assay for Ca®* and Mg*".

Collagen fibre contraction analysis

The SAXS measurements were performed with a Bruker Nanostar 2
using a 2D Vantec-2000 maintenance-free detector at a wavelength
0f 1.5418 A (Cu Ka). The focal spot size of the beam was 115 pm and
the sample-detector distance was 28.10 cm. We measured the SAXS
signal for three samples per condition at five randomly chosen points
per condition. ECM samples were dissected from tendons of three
animals. These were the contralateral tendons from the animals used
for ion diffusion measurements, as described above, and assumed to
have comparable tissue properties.

Statistical analysis and plotting

Statistical significance was set at P < 0.05; P values indicating
non-significant differences were indicated by NS (P> 0.05). Values
inbrackets in the paper represent the mean of quantified values for a
given condition. Statistical analyses were performed using GraphPad
Prism (version 9.5.1).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The maindatasupporting the resultsin this study are available within
the paper and its Supplementary Information. The raw and analysed
datasets generated during the study are available for research purposes
fromthe corresponding author onreasonable request. Source dataare
provided with this paper.
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Extended Data Fig. 1| Comparison of tendon thickness along the Achilles
tendon computed from in vivo scans between an asymptomatic control
subject (CTRL) and a patient (PATHO) with diagnosed mid-portion Achilles
tendinopathy. Tendon thickness was quantified by the longest axisin a
cross-section (LA). LA was greater for the patient in both the lower (low mid) and

upper part (upper mid) of the tendon mid-portion, particularly on their right foot
with the diagnosed tendinopathy. Greater tendon thickness on the patient’s left
foot may have been aresult of abnormal loading due to pain avoidance gait. Bar
plots show asingle value for each region of interest from n=1Achilles tendons.
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Extended Data Fig. 2| MRI scans performed in vivo on a patient shows the
gained insightinto tissue properties by the UTE sequences compared with
standard clinical imaging sequences for tendon. A patient (male, 48 years old)
with diagnosed mid-portion Achilles tendinopathy was scanned. MR images
obtained from scans with standard clinical a, PD-weighted and b, T,-weighted

PATHO - symptomatic AT CTRL - asymptomatic AT

1300

sequences for the symptomatic Achilles tendon (PATHO - symptomatic AT).

¢, T,and T> maps of the Achilles tendon obtained from MRI scans using UTE
sequences for both the symptomatic foot of the patient (PATHO - symptomatic
AT) and the asymptomatic contralateral foot of the patient (CTRL -

asymptomatic AT).
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Extended Data Fig. 3 | Swelling after 24 h exposure of ECM samples to HYPO
and ISO solutions compared with samples in FRESH condition. Measurements
were carried out in parallel with MRl and mechanical characterization.
Quantification revealed water uptake of 18 + 3.6% in HYPO and 31 + 5.0% in ISO

HYPO ISO

conditions after 24 h. Pvalues were determined using two-tailed ¢-tests for
n=_8biological samples. Box plot information: box limits show 25" and 75"
percentiles, box middle lines show medians, and whiskers show minimumand
maximum values.
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Extended DataFig. 4| Hyper-osmolar environments with osmolalityincreased  p, T, valuesc, T; values, d, elastic modulus £, and stress relaxation time e, T, 5, and
by higher ion concentrationshowed alarge proportion of morelooselybound  f ¢ Statistical analyses were performed in a, ¢, and d, using one-way ANOVA

water in the ECM, similar to ISO condition. Swelling, water binding, and with Tukey’s multiple comparisons tests, and inb, e, and f, using Kruskal-Wallis
mechanics were notsignificantly affected, even by double ISO osmolality. tests with Dunn’s multiple comparison tests. The analyses were conducted for
Triangle symbols indicate conditions with increased ion buffer concentration n=4biological samples, exceptin ¢, which used n = 3 biological samples for
compared with ISO conditions (circles). These results support the design of the comparisons involving the condition of 1.27-fold osmolality of ISO. Significance
exvivo ECM model and experimental set-up, whichused HYPO and ISO threshold: P< 0.05. Box plot information: box limits show 25" and 75"
conditions as extreme comparisons of low and high proportions of moreloosely  percentiles, box middle lines show medians, and whiskers show minimum and
bound water, respectively. ECM samples were characterized by a, swelling, maximum values.
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Extended Data Fig. 5| Exposure of ECM samples to alternating osmolality
indicates reversibility of mechanical changes. a, Elastic modulus £, b, stress
relaxation time 1, 5o and ¢, swelling; left: samples after incubation for 8 hin HYPO
orISO; right: samples initially subjected to swelling in one osmolality (HYPO or
1SO) and then exposed to the other osmotic condition for another 16 h. Statistical
analyses were performed using two-tailed t-tests, except in b, where two-tailed

Mann-Withney test was used for the comparison between ISO + HYPO and

HYPO +ISO. The analyses were conducted for n = 4 biological samples, exceptin
¢, which used n =3 biological samples for the comparison involving the condition
HYPO +IS0. Box plot information: box limits show 25" and 75" percentiles, box
middle lines show medians, and whiskers show minimum and maximum values.
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Extended Data Fig. 6 | Mechanical characterization after MRI analysis to
verify the reproducibility and stability of ex vivo ECM tuning by changes

in the osmotic environmention concentration. Additional mechanical
characterization of the contralateral tendons after MRIscans (post MRI) shows
the reproducibility of the experiments, as no significant differences were
observed compared with the mechanical characterization of the ipsilateral
tendons. This was tested for both HYPO and ISO swelling conditions, and
proves the stability of the effect even at day 5 after tissue excision. The 5 days

0

b NS NS
1 1
1 =S PP
@ 400] L 1
: .
& 200 o0
L]
0

HYPO HYPO ISO ISO
post MRI post MRI

between excision and measurement comprised 3 days of storage at 4 °Cand

2 days of incubation with one MRIscanin between. a, Elastic modulus £andb,
stress relaxation half time T, 5,. Statistical analyses were performed forn =8
biological samples using two-tailed ¢-tests to compare HYPO and HYPO-post
MRI conditions, and two-tailed Wilcoxon signed-rank tests to compare ISO and
ISO-post MRI conditions. Box plot information: box limits show 25™ and 75™
percentiles, box middle lines show medians, and whiskers show minimumand
maximum values.
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Extended Data Fig. 7| Temperature-dependence of T,and T; relaxation times values (right) were influenced by the temperature, showing increases at higher
inex vivo ovine Achilles tendon. Two fresh ex vivo ovine Achilles tendons were temperatures. Notably, the MRIscans of the ex vivo ECM samples in this study were
wrapped in a heating pack, and MRI scans were repeated as the temperatureinside ~ arried outatroom temperature to better relate to other characterizations (for
the heating pack was monitored while cooling down. Both T, values (left) and T; example, mechanical, SAXS), which were also performed at room temperature.
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Extended DataFig. 8 | Overview of MRIT,and T; values for the cases presented
in the figure summarizing the findings of the study. MRI parameters mapped in
FRESH, HYPO, ISO, and ISO-PEG conditions for a, T, values and b, T values. The
I1SO + PEG condition shown here includes samples of both 100 kPa and 200 kPa
osmotic pressure applied by PEG to ECM samples in ISO solution. Dotted lines
indicate the mean value of T, or T inan in vitro case. Value ranges from first to

third quartile [Q,-Q;] are presented for each condition and MRI parameter.
Pvalues were calculated using Brown-Forsythe and Welch ANOVA tests with
Dunnett’s T3 multiple comparisons tests. Analyses were conducted in a, for
n=8-12biological samples, andinb, for n = 7-12 biological samples. Box plot
information: box limits show 25" and 75" percentiles, box middle lines show
medians, and whiskers show minimum and maximum values.
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Extended Data Fig. 9| Testing whether amoist environment in sealed tubes samples dissected from one tendon were tested. Each sample was measured
can prevent dehydration of ECM samples for several hours, thereby enabling twice: in the FRESH condition and after five hoursin asealed tube (5 h). Bar plots
MRI scans of tendonin the fresh state. Mass of samples held in constant position ~ show mean +s.d. The Pvalue was determined using a two-tailed t-test forn = 4
by a3D-printed mounting device for 5 hinasealed 15 ml tube with soaked gauze samples; significance threshold: P < 0.05; NS, not significant.

atthe bottom of the tube normalized to the mass in FRESH condition. Four
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Extended Data Fig. 10 | Signal decay curves in ovine ex vivo Achilles tendon
samplesinfresh condition. Two Achilles tendons, excised from one animal, were
stored under conditions avoiding dehydration, as described in the Methods
section, and heated to body temperature (-37 °C, using heat pads) for the scans.
Decay curves of two tissue samples are shown by orange and blue solid lines,
respectively, connecting the normalized signal intensity measured at different

echo times (filled circles). For echo times beyond 1.5 ms, the signal intensity of
the samples dropped below 10%, remaining at a level comparable to image noise.
Red lines show a mono-exponential fit. The decay curves closely align witha
mono-exponential model, with no indication of bi-component signal
characteristics. T5 of the ex vivo samples was quantified as 0.55 ms.
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Data collection  No specific software was used for data collection besides the work-system-specific software included in the used MRI scanners (MAGNETOM
Vida, software XA20A, Siemens Healthineers; MAGNETOM Prisma, software VE11B and XA30A, Siemens Healthineers; BioSpec USR 94/20,
software ParaVision 6.0.1, Bruker) and in the mechanical characterization system (TestBench LM1 system, software WinTest version 7, BOSE).

Data analysis Mechanical and MRI data were analysed using MATLAB (The MathWorks) versi-n R2019b and Python version 3.9. Images were analysed using
the ImageJ version 1.54f. Statistical analyses were performed using GraphPad Prism version 9.5.1.
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Reporting on sex and gender Three human participants were included in the study (two male and one female). The findings were considered irrespective
of a participant's sex. Sex was self-reported. No identifiable data were reported. No sex-and-gender-based analyses were
performed ,as pathological tissue alterations related to the considered pathology (tendinopathy) were expected to be
independent of sex or gender in the context of this study.

Reporting on race, ethnicity, or Not relevant to the study.
other socially relevant

groupings

Population characteristics One healthy asymptomatic control participant (male, 34 years old) without known pathologies, two patients (female, 53
years old; male, 48 years old) with mid-portion Achilles.

Recruitment Participants were recruited through the involved clinician (Senior Consultant for surgery).

Ethics oversight Ethics Board of the Charité — Universitatsmedizin Berlin.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size The study was performed with 44 fresh Achilles tendons harvested from 22 sheep right after euthanasia (Supplementary Fig. 1). Eight tendons
were used for the main part of the study,and multiple tissue probes of a tendon were used per condition tested. With this, high measurement
realiability was achieved. Subsequent focus experiments built up on the established setup and main part of the study, and employed a lower
number of tendons.

Data exclusions  Tissue samples were placed in a custom-made mounting device to hold a sample in position during incubation and the MRI scans. However, if
a sample would have tilted (e.g., during MRI scan preparation), measured MRI T2* values for the tilted sample would be excluded as T2* can
be affected by altered fibre alignment.

Replication in vivo human MRI scans (Fig. 1, Supplementary Fig. 3) were performed within a case study of one healthy control participant and two
patients. For the main part of the study (Figs. 2—4), MRI, mechanical and swelling measurements were performed on ECM samples dissected
from tendons of eight animals; eight ECM samples were used per tendon and experimental condition. Representative tissue-structure images
were produced with histological stainings and high resolution MRI on ECM samples of two animals of the set. Extending the main part of the
study, detailed aspects were investigated (Figs. 5,6) using the established experimental setup and ECM samples from three to four tendons.

Randomization  For the study, ex vivo tissue of adult sheep was used to ensure comparable tissue-property conditions. From each Achilles tendon mid-
portion, multiple tissue probes were dissected and assigned randomly to different incubation conditions.

Blinding Blinding was not required for the performed study on ex vivo tissue probes. Measurements were performed using measurement systems that
provide objective and discrete values. Tissue preparation and measurements were carried out according to defined protocols. Analysis was
performed using standardized software protocols to achieve objective and discrete read-outs, irrespective of the user of the software.
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Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For the ex vivo analyses, tissue samples were harvested from animals after euthanasia. To keep the number of animals to a
minimum, the samples were taken from other research projects but with no relationship that would affect the tissue properties of
the samples (G0424/17, G0210/18).

Wild animals The study did not involve wild animals.

Reporting on sex The sex of the animals was not considered to be relevant to the purpose of this study, as only physiological tissue of animals, without
relevant pathology, was collected.

Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight In compliance with the ethical guidelines of legal, local animal rights protection authorities (Landesamt fir Gesundheit und Soziales
Berlin).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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