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Abstract 

Altered hygroscopic properties of the extracellular matrix (ECM), such as related to exudation, are 

characteristic for various pathologies including inflammation in injury, inherent swelling, or proteoglycan 

(PG) dysregulation. Mechanical properties of the ECM are key characteristics of various cell niches, 
capable of defining cell phenotype and fate, or of storing pathological information. Dehydration is known 

to alter ECM mechanics, but the role of the binding of water to the ECM remains unclear. Our data illustrate 
that the proportion of loosely to strongly bound water is a distinctive ECM property that regulates its 

mechanics and they suggest a crucial role of PGs for elastic and viscous characteristics. Osmolality and 

loosely bound water determine dynamic ECM properties. This understanding may pave the ground to 
diagnose related pathological tissue alterations non-invasively using combined MR T1 and T2

* mapping. 

Eventually, the strength of water binding may be utilized as controlled cell-niche property to guide cell 
behavior. 
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Introduction 

The extracellular matrix (ECM) of musculoskeletal tissues has crucial roles in physiology by providing 
stability to organs, scaffolding to cells, and enabling force transmission over long distances. Thereby, the 
ECM defines the physical cues acting on cells and guiding their behavior in vivo. Water is a main 
component of ECM and cells in living tissues (e.g., 62 wt% in tendon 1). It provides diffusivity, hydration 
and swelling pressure due to hygroscopic ECM properties 2. ECM hygroscopic properties are 
predominantly defined by proteoglycans (PGs), which play a key role in regulating tissue water content due 
to their high ion and water retaining capacity. They can generate osmotic pressures in the magnitude of 400 
kPa, which is in the range of peak muscle stresses 3–5. However, injury or diseases can disrupt these ECM 
properties and their function for cells. Various pathologies are characterized by osmotic dysbalances and 
related dysregulations, acute or chronic, of the involved ECM (e.g., deranged PG content or modified water 
binding), which are characteristic for inflammation 6, swelling 7, edema 7,8, some forms of cancer 9–11, and 
scarring 12,13. Within physiological limits, osmotic alterations regulate many essential processes in organs. 
For instance, osmotic pressure can strongly affect soft tissue tension and influence cell behavior 14–17, or 
regulate swelling after injury or infection 7,18. So far, however, it remains unknown how osmotic 
dysregulation affects specifically the viscoelastic material properties of the ECM. Recently, viscoelastic 
properties of the ECM have been identified as being crucial for determining cell phenotype and fate and 
thereby guiding cell behavior (e.g., spreading, migration, differentiation 19–21). Changes of these viscoelastic 
properties may indicate pathological tissue alterations (e.g., scarring, tumor progression 11,21). 

But what defines these viscoelastic tissue properties? In the present study, we investigated if, and how, 
changes in the ion concentration of the local osmotic environment affect water binding in the ECM and 
through this, elastic and viscous characteristics of the ECM in a process distinct from the influence of ECM 
hydration. To this end, an ex vivo ECM model together with an experimental setup that allows to 
deliberately modulate the osmotic environment of a probe were developed and used to characterize the 
mechanical and structural properties of soft tissues, and to perform magnetic resonance imaging (MRI). 
The ex vivo ECM model is based on fresh, excised ovine Achilles tendon tissue, leveraging its organized 
structure to minimize potential confounding effects of diverse fiber directions on characterization 
measurements. Besides water, such tendon material mainly consists of collagen fibers and PGs, which are 
among the most abundant ECM proteins in physiology. Thus, characterization of tendon ECM as a model 
may lead to findings transferable to other tissue types 22. To modulate swelling and water binding, thereby 
yielding distinct characteristics reflective of swelling-related pathologies, ECM samples were exposed to 
defined osmotic environments using ions or macromolecules as osmolytes. To detect changes in swelling 
and water binding non-invasively, we used quantitative MRI mapping to derive tissue relaxation 
parameters. These included T1 and T2

*, which can serve as biomarkers for tissue hydration 23–25 and have 
previously been related to water binding in hydration layers around macromolecules in living tissues 26. We 
used T2

* to detect alterations in the proportion of loosely to strongly bound water 27. To quantify 
viscoelasticity, we employed uniaxial compression 20. Multi-scale structural analysis was performed by 
histological staining, small-angle x-ray scattering (SAXS) and high-resolution MRI. 

We hypothesized that the ion concentration of a local osmotic environment regulates ECM viscoelasticity 
by tuning water binding, and indeed we found this confirmed in mechanical, structural, and MRI 
characterization experiments. We aimed to reflect traits of swelling-related pathologies with the developed 
ex vivo ECM model and experimental setup, which we confirmed in a human case study with clinical in 
vivo MRI scans of a mechano-pathology (Achilles tendinopathy), thereby underscoring the clinical 
implications of our findings. The observed ECM alterations were distinct from effects of ECM dehydration, 
which we substantiated by using macromolecules as osmolytes and detailed structure analysis by SAXS. 
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MR relaxation parameters (T1 and T2
*) allowed to distinguish between distinct swelling-related ECM 

alterations and associated changes in 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 

In vivo scans of swelling-related pathological ECM alterations 

To examine the potential of the employed ultra-short echo-time (UTE) MRI sequence for detecting 
swelling-related pathological ECM alterations, we mapped T1 and T2

* relaxation parameters within a 
clinical case study of in vivo MRI scans of one asymptomatic control subject (CTRL) and one patient 
diagnosed with mid-portion Achilles tendinopathy in their right foot (PATHO), a mechano-pathology 
caused by aberrant loading. For CTRL T1 and T2

* maps in the sagittal plane showed similar values for 
tendon mid-portions of left and right limb (Fig. 1a). In contrast, for PATHO, T1 and T2

* were increased in 
the sagittal plane in the tendinopathic right foot (warmer color, Fig. 1b). Subsequently, T1 and T2

* were 
quantified in tendon mid-portion volumes. T1 was increased for PATHO (left: 959 ms, right: 1300 ms) in 
comparison to CTRL (left: 654 ms, right: 619 ms) (Fig. 1c, top). T2

* was increased particularly in the 
patient’s affected foot (left: 2.6 ms, right: 6.0 ms) in comparison to CTRL (left: 2.2 ms, right: 2.1 ms) (Fig. 
1c, bottom). These values were in line with obersations from parameter maps in the sagittal plane (Fig. 1b). 
Quantification of tendon mid-portion thickness showed increased values in the mid-portion in the patient’s 
affected foot, suggesting tissue swelling (Supplementary Fig. 2). Notably, for the patient, T1 values were 
also increased in the contralateral unaffected foot of the patient, likely due to compensatory gait leading to 
an onset of pathological ECM alterations. 

Mid-portions of Achilles tendon as ex vivo ECM model and experimental setup 

To enable controlled changes of ECM properties, fresh ex vivo mid-portions of Achilles tendons were 
analyzed next. We first compared MR relaxation parameters between whole tendon and dissected ECM 
samples. Fig. 2a shows fresh whole tendon (left) and the associated T1 (middle) and T2

* (right) maps of a 
representative tendon cross-section. T1 and T2

* increased from the enthesis to the calcaneus (bottom). In the 
mid-portion of the tendon, T1 and T2

* remained constant. Subsequently, ECM samples were dissected from 
tendon mid-portions and imaged anew in freshly dissected condition (FRESH) in our 3D printed mounting 
device (Fig. 2b, left). The observed T1 and T2

* (purple, blue) in parameter maps (Fig. 2b, middle and right) 
were similar to those observed for whole tendon mid-portions (Fig. 2a). Quantification of these values in 
whole tendon mid-portion and ECM sample volumes confirmed no significant difference with T1 of 329 
ms versus 314 ms (Fig. 2c) and T2

* of 0.208 ms versus 0.212 ms (Fig. 2d). The developed experimental 
setup enables consistent ECM-model properties, modulation of the osmotic environment, and alignment of 
ECM fiber orientation (Fig. 2e). The latter was required especially for reproducible MRI characterization. 
The setup allows to combine ECM characterization for structure, mechanics, osmotic environments and 
MR relaxation parameters to investigate the interplay between osmolality, swelling and water binding, and 
their effects on viscoelasticity. 

T1 and T2* mapping of freshly dissected tissue samples reveals osmolality-tuned ECM water binding 

To investigate how osmotic environments affected ECM hydration and water binding, T1 and T2
* mapping 

was performed in vitro. Using the described experimental setup, we tested the incubation time required to 
reach swelling equilibrium for freshly dissected ECM samples exposed to hypo-osmolar (HYPO) or iso-
osmolar (ISO) solutions, showing equilibrium was reached after 6 h (Fig. 2f). To ensure equilibrium 
swelling and feasibility of measurement logistics, incubation time was set to 24 h for all subsequent 
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experiments. ECM samples swelled in both HYPO and ISO after 24 h (Supplementary Fig. 5). T1 increased 
for HYPO (410 ms) and ISO (491 ms) compared to FRESH (314 ms) (Fig. 2g). T2

* remained unchanged in 
HYPO (0.197 ms), whereas it increased in ISO (0.349 ms), compared to FRESH (0.212 ms) (Fig. 2h), 
showing characteristics different to T1. However, results for T1 and T2

* suggest that water uptake in HYPO 
was strongly bound within the ECM, presumably by PGs, whereas in ISO an increased proportion of loosely 
bound water was present. In contrast, increasing environmental ion concentration from ISO by 26% and 
100% did not change T1, T2

* or swelling compared to ISO (Supplementary Fig. 6a–c). This suggests that in 
ISO strongly bound water was already at a low level and that the decreasing effect on water-binding strength 
by higher environmental ion concentrations had saturated. This observation supported the experimental 
design focusing on the comparison between HYPO and ISO conditions to yield low or high proportions of 
loosely to strongly bound water, respectively. The pronounced difference in water binding between the 
conditions facilitated investigating their effects on ECM structural and mechanical properties. The increases 
of T1, T2

* and swelling from FRESH to ISO showed similar characteristics to those observed in the in vivo 
scans of CTRL versus PATHO (Fig. 1a–c, Supplementary Fig. 2), suggesting that our ex vivo ECM model 
with osmotic environment modulation has the potential to reflect traits of pathological ECM alterations. 

ECM structure is altered by osmotic modulation 

To better understand causes of observed changes in MR relaxation parameters that indicated increased 
proportions of strongly bound water in HYPO condition, we analyzed the microscopic structure in 
representative ECM cross sections using H&E and AB histological stainings. H&E images showed light 
lines at tendon fascicle edges 28 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). AB images showed increased PG density in and around the IF connective tissue, as expected, 
compared to the collagen-rich fascicles (Fig. 3, middle). The expanded PG-rich IF regions in HYPO, visible 
in H&E and AB, suggested that PGs bound more water compared to FRESH and ISO conditions. 

To verify this histological finding, we used MRI high resolution imaging with a 9.4 T scanner to obtain 
non-invasive insight into the tissue structure (Fig. 3, bottom). Light voxels depicted high signal intensities 
associated with increased amounts of water. MRI scans showed white lines with high signal intensity for 
tissue in HYPO, contrasting FRESH and ISO, which corresponded to a width of 70–140 µm and thus were 
of similar magnitude as the approximately 100 µm wide expanded IF regions in H&E and AB stainings. 
Taken together, the histological stainings and high resolution MR images indicate that ECM alterations in 
HYPO condition are due to increased water binding by PGs. 

ECM mechanics are regulated by osmolality-tuned water binding 

To understand the effects of the osmolality-tuned water binding and swelling on viscoelasticity of dissected 
Achilles tendon, bulk mechanical properties of ECM samples were quantified. The elastic modulus 𝐸 of 
ECM samples increased from FRESH (136 kPa) to HYPO (198 kPa) and decreased in ISO (57 kPa) 
condition (Fig. 4a). These changes suggested that increased amounts of strongly bound water in HYPO led 
to higher compressive resistance of ECM samples. In contrast, increased amounts of loosely bound water 
in ISO (Fig. 2d and f), showed decreased 𝐸. Such decrease in 𝐸 for iso-osmolar swelling is in line with 
recent findings for spine-disk samples 29. 

To further analyze the ECM stress-relaxation behavior, the dissipation of applied stress over time was 
recorded. Representative stress relaxation curves of HYPO and ISO conditions in comparison to FRESH 
condition (resembling physiological tissue more closely), showed faster and slower decays, respectively, 
reflecting the influence of the different osmotic environments (Fig. 4b). Subsequently, stress relaxation 
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properties were quantified using stress relaxation half time t!.#!, a widely applied parameter in biomaterial 
and tissue engineering 20. We found a strong decline from FRESH (483 s) to HYPO (245 s), while values 
remained at similar levels in ISO (483 s) condition (Fig. 4c). Further insight into ECM stress-relaxation 
behavior was achieved by using t!.$#, reflecting the early dissipation of applied stress. t!.$# decreased from 
FRESH (76 s) to HYPO (15 s) and, in contrast, increased in ISO (156 s) condition (Fig. 4d). In contrast, 
when the environmental ion concentration was increased by 26% and 100% relative to ISO condition, ECM 
mechanics did not change compared to ISO condition (Supplementary Fig. 6d–f). In these two conditions 
of increased ion concentrations, swelling and water-binding strength were at levels comparable to ISO 
(Supplementary Fig. 6a–c). Together with the absence of clear changes in ECM mechanics, these 
observations support the notion that changes in water binding caused the significant differences in ECM 
mechanics between HYPO and ISO conditions. These results demonstrate that environmental ion 
concentrations tuned ECM mechanics by altering the proportion of loosely to strongly bound water, with 
HYPO leading to higher elastic moduli and faster stress relaxation compared to ISO.  

To verify that observed changes in mechanics were due to ECM components (e.g., PGs) and not potential 
influences of cells in the tissue (e.g., contractile forces), two additional experiments were performed. 
Alternating exposure of ECM samples to HYPO and ISO solutions showed the reversibility of 
viscoelasticity changes (Supplementary Fig. 7). Further, ECM samples used initially for MRI 
characterization (Fig. 2) were then also characterized mechanically, five days after excision, with storage 
and incubation between measurements at 4 °C. Mechanical characterization showed viscoelastic properties 
in HYPO and ISO conditions similar to those in ECM samples already analyzed two days after excision 
(Supplementary Fig. 8). Both experiments suggest that ECM components caused the observed changes in 
viscoelasticity. 

Alterations in ECM swelling and viscoelasticity can be distinguished by combined T1 and T2
* mapping 

Next, the aforementioned measurement datasets were analyzed for independent correlations to elucidate the 
potential to non-invasively detect alterations in ECM swelling and viscoelasticity based on changes in MRI 
T1 and T2

*. Correlations were based on observed changes of each parameter between FRESH, HYPO and 

ISO conditions, denoted by D. For DT1, a positive correlation was found with Dswelling (r=0.84), but not 

with viscoelastic parameters D𝐸 (r=-0.05) or Dt!.$# (r=-0.06) (Fig. 5a–c). In contrast, DT2
* did not correlate 

with Dswelling (r=0.30), but instead negatively correlated with D𝐸 (r=-0.74) and positively correlated with 

Dt!.$# (r=0.76) (Fig. 5d–f). The used MR relaxation parameters have been used previously as markers for 
disease and regeneration. These independent correlations demonstrate the potential of combining T1 and 
T2

* to distinguish between alterations in ECM swelling and water binding (e.g. in pathological ECM 
alterations) and related changes of ECM viscoelasticity (e.g., 𝐸, t!.$#), as schematically shown in Fig. 5g. 
As another, potentially more user-friendly, way to gain information about the characteristics of ECM 
alterations from T1 and T2

* measurements, we defined the parameter SwellChar to integrate the relationship 

of the MR-parameter changes: SwellChar = DT1^(DT2
*). The application of SwellChar to the present data 

set yielded two Q1–Q3 value ranges: [0.77–1.3] and [1.6–2.5]. Q1 and Q3 related to distinct swelling 
characteristics of high and low proportions of strongly bound water, respectively, with correspondingly 
increased or decreased viscoelasticity (Fig. 5h). Thus, SwellChar enabled the interpretation of combined T1 
and T2

* measurements regarding their meaning for ECM biophysical properties using only one read-out. 

Tissue dehydration leads to different ECM mechanics and different T2
* signal 

Hyper-osmolar conditions can occur in physiology and pathology, with one scenario being increased 
osmotic pressure with effects similar to tissue dehydration (e.g. solid-tumor environments 11,30). To better 
understand how altered molecular crowding affects ECM properties in comparison to altered water-binding 
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strength, as shown above, ECM samples were subjected to different concentrations of macromolecules 
(PEG). These uncharged macromolecules exert osmotic pressure on ECM samples as they are unable to 
diffuse into ECM samples, in contrast to ions in the solution (Fig. 6a). PEG was added to HYPO and ISO 
solutions in concentrations to yield osmotic pressures of 100 and 200 kPa, magnitudes shown previously to 
be physiologically relevant (e.g., regulating stem cell fate 16,17). It should be noted that the ion concentration 
of ISO solution had an equivalent osmotic pressure of 744 kPa. With PEG-induced osmotic pressures, 
samples showed effects of dehydration with swelling decreased for 100 and 200 kPa in HYPO (17%, 27%) 
and for 200 kPa in ISO (34%) (Fig. 6b). Osmotic pressures of 200 kPa increased 𝐸 in ISO (160%) (Fig. 
6c), with the change of 𝐸 in ISO in line with previous studies on tissue dehydration 14,29. t!.$# decreased for 
200 kPa in HYPO (45%) and for 100 and 200 kPa in ISO (85%, 92%) (Fig. 6d). T1 decreased for osmotic 
pressure of 100 kPa in HYPO (13%), and for both pressures in ISO (19%, 25%) (Fig. 6e), which was in 
line with its aforementioned correlation with swelling (Fig. 5a). T2

* increased substantially with applied 
osmotic pressure in both HYPO (252%, 266%) and ISO (252%, 216%) (Fig. 6f). These increases in T2

* 
clearly exceeded the 65% increase observed when comparing FRESH to ISO (Fig. 2f) that resulted in 
clearly decreased viscoelasticity (Fig. 4). In HYPO, swelling and T1 appeared to decrease less at 200 kPa 
osmotic pressure than in ISO. This was in line with increased amounts of strongly bound water in HYPO 
leading 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 observations that osmotic 
pressure increased viscoelasticity in HYPO and ISO suggests that water binding regulates viscoelasticity 
independently from (de)hydration, thus involving a different mode of osmolality-ECM interaction. The 
particularly large increase in T2

* in PEG conditions suggests that combined T1 and T2
* 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 T2

* could be caused by effects of dehydration, 
previously shown capable of causing collagen-fiber contraction and, thus, tissue contraction 14. These 
findings are significant, as understanding the differential effects of osmotic pressure (or mechanical 
loading)-induced tissue contraction, altered water-binding strength, and swelling could potentially be useful 
for distinguishing different tendon pathologies. 

Diffusion of monovalent ions regulates ECM viscoelasticity through proteoglycans (PGs) 

To elucidate how environmental ion concentrations regulate water binding and, consequently, 
viscoelasticity, we first used a stepwise osmotic gradient between HYPO and ISO conditions. 
Measurements revealed an increasing normalized ion efflux from ECM samples with decreasing baseline 
osmolality (Fig. 7a), reflected by their negative correlation (r=-0.90). To verify that the ion effluxes were 
related to viscoelasticity changes, ECM mechanics were characterized after incubation. Viscoelasticity was 
found to increase with decreasing baseline osmolality (Fig. 7b–c), reflected by a negative correlation for 𝐸 
(r=-0.94) and a positive correlation for t!.$# (r=0.89). 

To distinguish between potential effects of collagen fiber contraction due to osmotically induced structural 
alterations in ECM viscoelasticity 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 (TEM) or SAXS 31,32. The 
collagen axial staggering was evaluated by analyzing the two-dimensional (2D) SAXS patterns which 
showed several orders of Bragg peaks (Fig. 7d). The n-th q positions (n = 1, 3, 5… ) can be converted to D 
= 2πn/qn, where D is the intermittent distance (~67 nm) inside the collagen fibrils as indicated by gap and 
overlap zones. Analysis of the peak positions of signal intensities in the q space showed no relevant shift 
of peak positions between the two conditions (Fig. 7e). The absence of a relevant shift between the peaks 
shows that collagen fibers did not contract, suggesting no induced tensile stresses by axially contracting 
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collagen fibers that may have affected ECM mechanics 14. Further, the lateral packing of collagen molecules 
was analyzed from 2D SAXS patterns (Fig. 7f) and revealed a slightly increased spacing in HYPO compar-
ed to ISO (Fig. 7g). This indicates a somewhat higher water content in fibrils subjected to HYPO condition. 

To understand the role of PGs, that reside in the perifibrillar matrix around collagen, in regulating the 
observed changes of ECM viscoelasticity, the diffusion of ions out of ECM samples was investigated next. 
Comparing HYPO versus ISO, first the ion efflux was measured in terms of osmolality change after 
incubation (24h) and with respect to baseline (base) solutions. Osmolality increased only in HYPO, 
suggesting ion efflux from ECM samples (Fig. 7h). In contrast, there was no change in after incubation in 
ISO. Monovalent and divalent cations can bind to negatively charged PGs and affect their function and 
charge density 33. For example, Na1+ can neutralize PG negative charge and Ca2+ can form inter-chain cross-
links between PGs. Subsequently, we measured concentrations of selected ions, Na1+, Cl1-, K1+, Ca2+ and 
Mg2+, in HYPO and ISO solutions after 24 h of ECM sample incubation (HYPO24h, ISO24h). From solution 
ion concentrations, we aimed to detect potential ion efflux and thus, alterations inside ECM samples. 
Notably, base solutions were deionized water (HYPO) and physiological saline solution without Ca2+ and 
Mg2+ (ISO). In HYPO24h, concentrations of monovalent ions Na1+, Cl1- and K1+ were increased, while 
divalent ions Ca2+ and Mg2+ were at very low concentrations (Fig. 7i). This suggests that divalent cations 
mostly remained inside the ECM due to the higher strength of divalent ion bonds, in contrast to monovalent 
cations diffusing out. In ISO24h, Na1+, Cl1- and K1+ were overall at comparably high concentrations (Fig. 7j), 
which was expected as the baseline solution, ISO, contained these ions. Interestingly, also in ISO divalent 
ions Ca2+ and Mg2+ remained at very low levels. The low concentrations of Ca2+ and Mg2+ in both HYPO24h 
and ISO24h solutions suggest that their tighter divalent bonds inside the ECM prevented their efflux. This is 
despite the abundantly available monovalent cations, such as Na1+, that could have replaced bonds of 
divalent ions, such Ca2+. 

Discussion 

Inflammation or injury of the ECM causes swelling and associated alterations of tissue properties. In this 
work, pathological alterations of Achilles tendon were selected as a model 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 is known about the physical 
causes that result in the significant differential alterations of T1 and T2

*.  Our systematic study of dissected 
tissues exposed to defined osmotic environments provides highly valuable insights by improving the 
understanding of fundamental ECM properties, thereby enabling a more advanced interpretation of MRI 
scans. Our data show how osmotic environments differentially regulate ECM swelling, water binding (Fig. 
2) and viscoelasticity (Fig. 4), and unravels the role of the perifibrillar matrix, namely PGs (Fig. 7), for 
regulating water binding and ECM mechanics. We have shown that the environmental ion concentration 
regulates water binding, and that the state of this water binding plays a crucial role in ECM elasticity and 
stress relaxation (Fig. 4). Our ex vivo ECM model and experimental setup with osmotic environment 
modulation enabled parallel characterization of mechanical properties and MR relaxation parameters (Fig. 
2). Therein, we used a well-controlled ECM model based on fresh biological tissue instead of artificial 
material to mimic an in vivo setting more accurately, which was supported by an in vivo case study 
comparing a healthy control subject to a patient. We presented a novel approach for non-invasive detection 
of observed ECM alterations using combined T1 and T2

* mapping, and identified their independent 
correlations with ECM biophysical properties, including swelling, elasticity, and stress relaxation. Further, 
we demonstrated the collagen-independent role of PGs in ECM viscoelastic properties (Fig. 7), and that 
environment ion concentration and osmotic pressure regulate ECM viscoelasticity differently (Fig. 6). We 
believe our findings may help to advance methods for non-invasive detection of local ECM alterations in 
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pathologies involving dysregulations of osmotic environments, PGs in the perifibrillar matrix, swelling and 
water binding, as well as synthetic biomaterial-based therapeutic approaches. 

The observed increased viscoelasticity of ECM samples in conditions with increased proportions of strongly 
bound water is a particularly important finding as stress-relaxation properties of physiological, viscoelastic 
ECM were previously identified as a crucial driver for cell-matrix interactions (e.g., stem cell fate decision 
in regeneration) 20,21. On the contrary, decreased stress relaxation, observed in conditions with decreased 
water binding, was previously related to pathological ECM degeneration 34–36, and may also be related to 
dysregulated water binding. The elastic modulus was already found to regulate the abovementioned 
governing cell functions 37, and its various roles in physiology continue to be investigated. In the context 
of hypo-osmolar environments, a recent study by Lee et al. reported that these environments regulate cell-
fate decision in regeneration using viscoelastic ECM-mimicking hydrogels 17. However, they did not 
consider potential effects of decreased environmental ion concentration on ECM viscoelasticity, although 
faster relaxation could have stimulated cells similarly 17. 

To understand the causes of the presented strong alterations in ECM mechanics observed for altered 
environmental ion concentration (i.e., HYPO versus ISO), common paradigms might have considered 
influences of load-bearing collagen fibers (i.e., osmotic-pressure induced tensile stress 14) or cells, either 
actively (e.g., contractile forces 38) or passively (e.g., protein-phosphorylating cytosolic enzymes 39). 
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 line with a 
previous study showing that collagen fibers in aqueous solutions relax to maximum length at zero and low 
ion concentrations 40. Cellular influences were considered negligible as storage and incubation conditions 
(i.e., 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 (dH2O) and ISO solutions, likely leaving cells apoptotic. Further, cells would not be able to cause 
the observed strong changes in ECM mechanics even in ideal culture conditions 38. 

By investigating the diffusion of selected ions that can affect PG function, the role of PGs in ECM 
viscoelasticity was shown (Fig. 7). Ion efflux from ECM samples correlated with viscoelasticity alterations. 
A significant efflux of monovalent cations, such as Na1+, in low osmolality (i.e., HYPO) condition 
suggested more negatively charged PGs, leading to an increased proportion of strongly bound water in the 
perifibrillar PG-matrix 33. The negative charge of PGs is generated predominantly by their numerous 
subunits, chondroitin-sulfate (CS) chains, and an increased negative charge was previously found to result 
in stacking of CS chains due to electrostatic repelling effects 33. In contrast, measurements of divalent 
cations suggested that Ca2+ ions, for example, stayed bound inside ECM samples where these can form 
dynamic inter-chain cross links between PGs 33, which can affect ECM viscoelasticity 20. Our data suggest 
that in conditions of increased PG negative charge (e.g., HYPO), electrostatic repelling effects between 
PGs act as steric hindrance and increase the flexibility of dynamic Ca2+ inter-chain crosslinks, which 
consequently increases ECM stress relaxation under mechanical load 20 (Fig. 8). Further, the data suggest 
that increased proportions of strongly bound water results in increased swelling pressure 2 and, 
consequently, increased compressive resistance of the ECM. 

Dynamic microscopic ECM properties, particularly viscoelasticity, have gained considerable attention 
recently in tissue engineering for enabling cells to actively remodel their surroundings and expand the range 
of more established macroscopic ECM properties, such as load-bearing fiber structures that provide stability 
and scaffolding functions 21,41. In this context, viscoelasticity is often considered to be regulated by the 
extent of covalent crosslinking in the matrix. Hygroscopic properties have been considered mainly as a 
prerequisite to yield a hydrated fiber network for mimicking natural ECM (e.g., with hydrogels) 41. 
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However, the presented results highlight the role of the perifibrillar (PG-rich) matrix to regulate ECM 
viscoelasticity. In this context, we propose that the PGs’ function as key regulator of ECM water binding 
may expand the list of mechanobiological cues for cell-matrix interactions (e.g., mechanics, fiber structure, 
porosity, topography). Disease modeling of pathologies involving dysregulations of PG function, osmotic 
environments or swelling can be potentially improved using ECM-mimicking materials that allow to 
modulate water-binding strength. Such an approach may enable to investigate its potential role in 
misguiding cell behavior in pathology and identify novel therapeutic targets. 

While MRI allows to distinguish inflamed ECM (e.g., tendinopathy) from healthy ECM, it is 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. 
Our findings allow an improved interpretation of MRI data, leveraging a link between PG water binding 
and viscoelasticity and independent correlations of T1 and T2

* with swelling and viscoelasticity, 
respectively. For example, in our in vivo case study (Fig. 1), MRI of the patient’s pathological Achilles 
tendon could be interpreted as severe swelling with decreased viscoelastic properties, indicating altered 
tissue composition and impaired functionality. The patient’s contralateral and presumably healthy Achilles 
tendon showed an increase in T1 only, suggesting an onset of pathological alteration characterized by first 
inflammatory swelling, caused by cytokine-mediated exudation. Viscoelasticity, and thus functionality and 
tissue composition, appears maintained. Such insight could support orthopedic surgeons in prescribing a 
suitable therapeutic approach for the patient, for instance, personalized physiotherapy addressing 
compensatory gait mechanics that may have led to the pathological tissue alterations in the unaffected 
contralateral foot due to aberrant loading patterns. Another example is the improvement of surgical 
interventions for degenerated or ruptured Achilles tendon. To date, it is 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 could facilitate better monitoring of healing progress after surgery 
and help recognize and categorize impaired tissue regeneration earlier. This could allow for improved 
clinical decision making, before significant tissue degeneration adapting physiotherapy protocols, or 
deciding for corrective surgery, before significant tissue degeneration when intervention success rates may 
be greater. Furthermore, we showed clearly distinguishable characteristics in MRI for osmotic pressure 
(PEG) induced ECM dehydration compared to altered water binding (i.e., HYPO versus ISO). This may 
support the use combined T1 and T2

* mapping for identifying disease-specific tissue degeneration. For 
instance, previous studies have shown that expanding solid tumors compress and dehydrate surrounding 
soft tissue 11,30. ECM water binding and other biophysical properties (e.g., swelling, mechanics) are 
important markers in various pathologies (e.g., viscoelasticity in glioblastoma 35, hypertension 36, 
intervertebral disc 34; fluid accumulation in lung inflammation 6, swelling 7, edema 7,8) and in regeneration 
(e.g., return to sport after surgery, personalized therapy, judging therapy impact). 

This work demonstrates the crucial role of water binding for elastic and viscous characteristics of the 
extracellular matrix. Osmotic environments were shown to modulate the ECM water-binding properties 
and suggest an important role of proteoglycans to regulate proportions of loosely to strongly bound water 
in tendon tissue. Our investigations revealed independent correlations of MRI T1 and T2

* with ECM 
swelling and viscoelasticity, respectively, showing the potential of their combined application to 
discriminate pathological tissue alterations related to dysregulated swelling, water binding or osmotic 
environments. Future work should investigate this potential with ex vivo tissue probes of pathologically 
degenerated tissue and in vivo scans from a larger cohort of patients. Shedding light on the interplay 
between water binding and mechanics may lead to novel tissue engineering strategies involving 
biomaterials that enable controlling their hygroscopic properties as one dynamic microscopic design 
parameter. 
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Materials and methods 

The part of this work involving human participants was approved by the Ethics Board of the Charité – 
Universitätsmedizin Berlin (EA2/088/16). All subjects provided written informed consent. For the ex vivo 
analyses, tissue samples were harvested from animals after euthanasia in compliance with the ethical 
guidelines of legal, local animal rights protection authorities (Landesamt für Gesundheit und Soziales 
Berlin). To keep the number of animals to a minimum, the samples were taken from other research projects 
but with no relationship that would affect tissue properties of the samples (G0424/17, G0210/18). 

In vivo scans 

In vivo imaging was performed with a clinical 3 T whole-body MRI scanner (MAGNETOM Vida, Siemens 
Healthineers) using a 16-channel measurement coil for foot and ankle scans as commonly used in clinical 
application (Foot/Ankle 16, Siemens Healthineers). Imaging was performed separately for each foot in two 
individuals: one healthy asymptomatic control subject (male, 34 y) without known pathologies (CTRL) and 
one patient (female, 53 y) with mid-portion Achilles tendinopathy (PATHO) diagnosed by a Senior 
Consultant (S.T.) for surgery (Supplementary Fig. 1a). The same UTE imaging sequence, described in more 
detail below, was used for the in vivo and ex vivo measurements, with five flip angles ranging from 5° to 
24° for VFA based T1 mapping and three echoes from 0.1 to 4.8 ms TE for T2

* mapping. The UTE sequence 
was optimized for image acquisition of tendon tissue, potentially resulting in erroneous T2

* values for non-
tendon tissues with transverse relaxation times clearly longer than 5 ms. Fewer echoes were selected 
compared to the ex vivo acquisition to reduce acquisition time and patient discomfort. Both acquisitions 
used spatial resolution of 1.2 x 1.2 x 3.5 mm³ and acquisition bandwidth of 1076 Hz/pixel, with a TR of 12 
ms for T1-related and 8 ms for T2

*-related data acquisition. Analysis was performed as for the ex vivo study. 

Ex vivo ECM model 

Fresh Achilles tendons were excised from 16 healthy sheep (Merino, female, 4+ y). The tissue samples 
were subdivided into different experiments, as displayed in Supplementary Fig. 1b. To avoid dehydration, 
tendons were enveloped in plastic wrap, placed in a moist environment immediately after excision, and 
stored at 4 °C until dissection and testing. A moist environment was established by placing each tendon in 
a sealed 50 ml polypropylene centrifuge tube with water-moistened cotton gauze at the conical tip of the 
tubes. Achilles tendon consists 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 due to its mostly 
elongated cylindrical shape, allowing for similar ECM sample sizes and better tissue handling during 
characterization (e.g., fiber direction for MRI, and parallel planes for mechanical characterization). Tendon 
samples from the contralateral limbs were assumed to have comparable tissue properties to the ipsilateral 
limbs. To avoid cartilaginous or calcified structures near the enthesis, diverse fiber directions in the 
transition from mid-tendon to enthesis, or myofibrous structures near the muscle, only the mid-portion of a 
tendon was used. The tendon mid-portion was defined between ~2.5 cm to ~5 cm distal to the enthesis. 
Each tendon mid-portion was then dissected cross-sectionally into six to eight cylindrical ECM samples of 
~3 mm thickness. The tendon mid-portion’s elongated shape, ordered structure, and consistent tissue 
properties allowed the variability of ECM structure and components to be minimized. ECM samples were 
characterized at room temperature and in fresh condition as MR relaxation parameters can be affected by 
freeze-thawing 42 or fixation 43. 

Osmotic environment modulation 

Mechanical and MRI characterizations were performed directly after dissection (i.e., FRESH condition) 
and again after swelling in different osmotic environments for 24 h, as depicted in Supplementary Fig. 3. 
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For exposure to different osmotic environments, a 15 ml tube containing 8 ECM samples carried by 3D 
printed poly(chitosan-g-lactic acid) (PCLA) 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 a sample (i.e., the ion concentration of the bath solution), the hypo-
osmolar environment was established with deionized water (HYPO) and the iso-osmolar environment with 
physiological saline solution without Ca2+ and Mg2+ (ISO) (D8537, Sigma-Aldrich) with a pH value ~7. 
For hyper-osmolar environments, osmolality was either increased by saline concentration for higher ion 
concentration, or by adding macromolecules for dehydration of ECM samples by osmotic pressure. For 
higher ion concentration, saline concentrations were increased by 26% and 100% (double ISO osmolality). 
Van’t Hoff’s equation was used to determine the osmotic pressure in pascals 𝜋 = 𝑐𝑅𝑇, with c, R and T 
representing the osmolar concentration of the solute, the gas constant, and the absolute temperature, 
respectively. Accordingly, ion concentration increases by 26% and 100% corresponded to osmotic pressure 
increases of ~200 kPa and ~744 kPa, respectively. For dehydration, we added 5 kDa polyethylene glycol 
(PEG) molecules (06679; Sigma-Aldrich Inc.), which cannot diffuse into the samples, to the swelling 
solutions, and thus apply osmotic pressure 14. For PEG in aqueous solutions, osmotic pressure was 
calculated as previously described 44: PEG concentrations of 91 g/L and 125 g/L yielded osmotic pressures 
of ~100 kPa and ~200 kPa, respectively. 

MRI UTE imaging for T1 and T2
* mapping 

MRI scans to characterize ECM samples in FRESH condition were performed after 3 days of storage, and 
subsequently, after 24 h exposure to different osmotic environments. To avoid dehydration of ECM samples 
in FRESH condition during the MRI scans taking 1 to 3 hours, water-moistened gauze was placed in the 
bottom of a sealed 15 ml tube carrying a PCLA inlay without contact to ECM samples (Supplementary Fig. 
4). The 3D printed PCLA inlays served as a mounting device to hold ECM samples in parallel contactless 
positions (Fig. 2b) 45. For MR data acquisition, multiple tubes containing all ECM samples at a given time 
point were measured simultaneously by adjacent and parallel positioning 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 Prisma, 
Siemens Healthineers). Samples were placed with the fiber orientation parallel to the main magnetic field 
to reduce the influence of magic angle effects on T2

* relaxation times 46. To mitigate the problem of rapid 
signal decay of tendon tissue, an in-house developed 3D UTE imaging sequence was used 47. To estimate 
longitudinal T1 relaxation times, repeated 3D UTE acquisitions were performed using the variable flip angle 
(VFA) technique 48, with eight different excitation flip angles between 5° and 39°, an echo-time (TE) of 
0.150 ms and a repetition time (TR) of 5.5 ms. The transverse relaxation time T2

* was estimated by acquiring 
eight gradient-recalled echoes at different TEs between 0.150 ms and 3.0 ms by combining echo-train 
shifting 49 and multiple gradient refocused echoes within each readout train 50 and using a constant flip 
angle of 8° with TR of 6.0 ms. Other acquisition parameters were identical for both T1 and T2

*: isotropic 
spatial resolution 0.8 x 0.8 x 0.8 mm³, 941 Hz/pixel acquisition bandwidth and two averages for improved 
signal-to-noise ratio. Images were reconstructed offline in Matlab (The MathWorks) using re-gridding with 
iterative sampling density compensation and an optimized kernel 51. Data analysis and non-linear curve 
fitting to estimate relaxation parameters were also performed in Matlab. After calculating relaxation 
parameter maps, circular/elliptical regions of interest (ROI) were drawn manually in the central transverse 
slice of each disk. The T1 and T2

* relaxation times extracted from all voxels were averaged for each ROI. 

Swelling measurements 

Gravimetric swelling was measured using a calibrated balance with 0.001 g accuracy (LC621S, Sartorius). 
The fresh mass of a sample was measured immediately after sample dissection. For swelling curves, 
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swelling was recorded for 28 h with repeated measurements of five samples per condition (i.e., HYPO and 
ISO) from one animal. For the swollen state measurement, excess fluid was removed by gently patting the 
lower edge of the ECM samples onto a sheet of paper. Swelling was defined as 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔	(%) =
	(𝑚%&'(()* −𝑚+,)%-) 𝑚+,)%-⁄  . 

Histological analysis of tissue organization 

Representative samples from FRESH, HYPO and ISO conditions were embedded in fresh freezing 
compound (Tissue-Tek® O.C.T.™ Sakura) and frozen in liquid nitrogen-cooled isopentane (Carl Roth, 
Germany). Subsequently, frozen samples were stored at -80 °C until cryo sectioning. Samples were 
sectioned at 7 µm thickness and sections were placed onto glass slides (SuperFrost Ultra Plus, Menzel-
Gläser). Histological analysis was performed by hematoxylin eosin (H&E) and Alcian blue (AB) staining. 
Imaging was performed using bright field microscopy at 20X magnification. 

MRI high resolution structural imaging 

High-resolution structural imaging was performed on representative ECM samples first in FRESH and then 
again after 24 h swelling in HYPO and ISO conditions using a 9.4 T MR small animal scanner (BioSpec 
USR 94/20, Bruker) with a horizontal bore of 20 cm, gradient system of 660 mT/m and ParaVision 6.0.1 
operating software (BioSpin, Bruker). In addition, a vendor 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 
a vendor supplied 2D multi-slice Cartesian gradient-echo sequence with 70 x 70 µm² in-plane spatial 
resolution, 3.1 ms TE, 1200 ms TR, 8 averages, 75° excitation flip angle, 100 kHz acquisition bandwidth, 
32 slices with a thickness of 200 µm and a total acquisition time of 35 minutes. Voxels with high signal 
intensity (light color) corresponded to regions in the tissue with increased water accumulation. 

Biomechanical testing 

ECM viscoelastic 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) 2. 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 fiber orientation to minimize effects of 
fiber tensile loading and focus on effects of PG-dominated water-binding on ECM viscoelasticity. At 
maximum compression, the stamp position was held constant to record the stress relaxation. The cross-
sectional area of a sample was measured from images acquired with a 1200 dpi resolution with a digital 
scanner (1200 dpi, Perfection V200, Epson) using ImageJ software. The maximum compression was 
limited to 15% strain of tissue sample height 20, which is in the range of strains typically exerted by cells 
on their surrounding ECM 52. The elastic modulus 𝐸 was calculated from the slope of a 5% interval of the 
linear region of the stress strain curve. The stress relaxation behavior was quantified with 𝜏!.#! and 𝜏!.$# 
which were defined by the time until 50% and 35%, respectively, of the peak stress at maximum 
compression was released. The testing protocol restricted the recording of stress relaxation times to 500 s, 
as it was previously shown that t!.#! ≥ 500 s of viscoelastic ECM affects cell-matrix interactions similar to 
(non-relaxing) elastic ECM 20. Considering that cells sense and respond to fast ECM stress relaxation 
properties when applying traction forces at ~s and ~min timescales 53, we introduced t!.$# to analyze the 
early stress relaxation behavior. t!.#! was reported to facilitate relating the results to those of other studies 
as it is a frequently used read-out in the biomaterials and tissue engineering community 20. 

Osmotic gradient and ion diffusion measurements 
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ECM samples were dissected as described above from fresh Achilles tendons that were excised from five 
healthy sheep (male, 3 y) immediately after euthanasia at a local abattoir. Four tendons from two of the 
animals were used for osmotic gradient studies. Defined hypo-osmolar conditions were achieved by diluting 
saline solution used for ISO condition with deionized water in 25% increments. Osmolality was measured 
using a freezing-point osmometer (OSMOMAT Auto, Gonotec). ECM samples were exposed individually 
to the solutions in 2 ml tubes for 24 h and at the same sample to fluid volume ratio as described above. 
Subsequently, solution osmolality was measured again to determine osmolality changes due to ion efflux 
from samples. Viscoelasticity was quantified using uniaxial compression, as described above. ECM 
samples were freeze-dried to measure their dry weight and normalize changes in solution osmolality and 
obtain normalized ion efflux. For ion diffusion measurements, ECM samples were dissected from the other 
three animals as described above and subsequently, exposed to HYPO and ISO solutions. Solution 
osmolality was measured at baseline before (base) and after 24 h exposure (24h) of the ECM samples. To 
measure the efflux of selected monovalent and divalent ions from ECM samples, HYPO and ISO solutions 
were analyzed after 24 h. Ion concentrations were quantified using the ion selective electrode method for 
Na, Cl and K and photometric assay for Ca and Mg. 

Collagen fiber contraction analysis 

The SAXS measurements were performed with a Bruker Nanostar 2 using a 2D Vantec-2000 maintenance-
free detector at a wavelength of 1.5418 Å (Cu Kα). The focal spot size of the beam was 115 µm and the 
sample-detector distance 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 use for ion diffusion measurements, as described above, 
and assumed to have comparable tissue properties. 

Statistical analysis and plotting 

To analyze swelling over time, two-way analysis of variance (ANOVA) with Tukey’s multiple comparison 
test was used. To analyze differences between a reference condition and a modulated condition, two-tailed 
paired t-test was used if values were normally distributed (e.g., for FRESH versus ISO, HYPO versus ISO, 
versus ISO+100); otherwise, Wilcoxon matched-pairs signed rank test was used. Correlations between 
variables were computed with the Pearson correlation coefficient r; for experiments with less than eight 
ECM samples per condition, Spearman r was used. To analyze differences in SwellChar, two-tailed 
unpaired t-test was used. Statistical significance was set at p<0.05 and different p values were indicated by 
*, **, *** and **** for p<0.05, p<0.01, p<0.001 and p<0.0001, respectively. In box plots, box limits show 
25th and 75th percentiles, box middle lines show medians, and whiskers show minimum and maximum 
values. Bar plots show mean + / - standard deviation. Plots of simple linear regression show 95% confidence 
intervals as dotted black lines. Statistical analysis was performed with GraphPad Prism (version 8.3.0). 

Data availability 

The data supporting the presented findings are included in the main text of this paper as well as its 
supplementary information section. For research purposes and upon reasonable request, the corresponding 
author can provide all raw and analyzed datasets. 

Code availability 

The code used to analyze mechanical and MRI data in Matlab can be provided by the corresponding 
author upon reasonable request. 
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Figures 

 

Fig. 1 | In vivo MRI scans of Achilles tendons showing swelling-related alterations in T1 and T2*. Case study of 

clinical MRI scans of a, asymptomatic control subject (CTRL) versus b, patient (PATHO) with a diagnosed mechano-

pathology, mid-portion Achilles tendinopathy, in their right limb (n=1) with representative parameter maps of sagittal 

planes of T1 (top row) and T2* (bottom row). c, Quantification of T1 (top) and T2* (bottom) in the mid-portions of left 

and right Achilles tendons. 
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Fig. 2 | Physical ex vivo characterization of dissected Achilles tendon tissue showing that MRI T1 and T2* detect 

osmotic environment-induced ECM alterations related to water binding. a, Representative image of Achilles 

tendon, T1 and T2* maps of whole tendons. b, Left: Customized 3D printed sample mounting device enabled aligned 

ECM sample positioning and controlled exposure to different osmotic environments for multiple samples; right: 

representative T1 and T2* maps of ECM samples in fresh (FRESH) condition. FRESH condition c, T1 and d, T2* values 
in mid-portions of whole tendons versus dissected ECM samples revealed no significant differences. e, The developed 

ex vivo ECM model and experimental setup enabling to tune ECM properties by modulating the osmotic environment 

(e.g., by ion concentration). Other parameters of the ECM model (ex vivo ECM model), incubation condition (osmotic 

environment modulation) and sample positioning (fiber 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. g, T1 and h, T2* values of 

ECM samples in FRESH condition and after 24 h swelling in HYPO or ISO solution showed differences in water 

uptake characteristics depending on osmotic environment. 
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Fig. 3 | ECM stains of dissected mid-plane Achilles tendon cross sections showing structural alterations due 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 (top row) haematoxylin 

and eosin (H&E), showing collagen ECM in pink and cell nuclei as blue dots, and (middle row) Alcian blue (AB), 

showing proteoglycans in blue and cell nuclei in red, are presented. (MRI hiRes, bottom row) High resolution MR 

images were acquired using a 9.4 T scanner, showing white lines with increased signal intensities (blue arrows), 

indicating an increased amounts of accumulated water in the ECM. In AB images, increased blue staining in and along 

the intrafascicular (IF) matrix confirms high PG density in the IF matrix. Expanded IF regions in HYPO compared to 

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 MRI hiRes images that are similar in width to the IF regions in the H&E and AB 

stainings. 
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Fig. 4 | The ion concentration of the osmotic environment regulates the Achilles tendon ECM viscoelasticity ex 

vivo. Mechanical characterization of ECM samples was performed for FRESH, HYPO and ISO conditions. a, Elastic 

modulus 𝐸. The stress relaxation behavior is described by the relaxation of the applied peak stress at a maximum strain 

over time, which is shown with b, representative stress relaxation curves and quantified by c, t!.#! and d, t!.$#, 

showing the time until 50% and 35%, respectively, of the peak stress was released. 
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Fig. 5 | Combined MRI T1 and T2* mapping reveal independent correlations that allow to distinguish between 

high and low water binding in swelling ECM and associated viscoelastic properties. Correlations based on 

observed changes, denoted by D, of each parameter between different conditions were quantified by Pearson r and 

shown for DT1 with a, Dswelling, b, D𝐸 and c, Dt!.$#, and for DT2* with d, Dswelling, e, D𝐸 and b, Dt!.$#. g, Schematic 

illustrating the identified relationships between ECM swelling and water-binding strength to the clinically applicable 

MR relaxation parameters T1 and T2*, and how their characteristic alterations offer insight into ECM viscoelastic 

properties 𝐸 and t!.$#. h, The definition of the read-out SwellChar allowed to distinguish between cases of high and 

low proportions of strongly bound water and associated changes in viscoelasticity for the present dataset using only 

one read-out parameter. Value ranges [Q1–Q3] for SwellChar were found to be related to the distinct characteristics of 

water-binding strength and viscoelastic properties. 
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Fig. 6 | Application of osmotic pressure shows that dehydration-caused ECM alterations are different from 

effects of ion concentration tuned osmolality. a, Illustration of the differences between two types of osmolytes: ions 

can diffuse into ECM samples (Ions), while high molecular weight polyethylene glycol (PEG) cannot. Thus, added 
PEG applies osmotic pressure to an ECM sample which leads to its dehydration (i.e., decreased swelling). ECM 

samples were characterized by b, swelling, c, elastic modulus 𝐸, d, stress relaxation time t!.$#, e, T1 and f, T2* values. 

Osmotic pressures of 100 and 200 kPa were applied by PEG (5,000 molecular weight) concentrations of 8 and 11 

wt%, respectively. 
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Fig. 7 | ECM viscoelasticity is regulated by the efflux of monovalent ions from ECM samples through affecting 

PG ion binding. A stepwise ion concentration gradient between HYPO and ISO was used to investigate changes to 

ECM samples after 24 h incubation. With increasingly hypo-osmolar conditions, we measured a, increased osmolality 

of the incubation solutions normalized by ECM sample dry weight (showing leakage of ions from ECM samples), b, 

increased elastic modulus 𝐸, and c, faster stress relaxation t!.$# of ECM samples. Collagen axial staggering was 

analyzed from d, 2D SAXS patterns of Bragg peaks and revealed e, no shifts in intensity peaks. Analysis of collagen 

molecule lateral packing from f, 2D SAXS patterns revealed a slight increase of g, lateral molecule spacing within the 

range of hydrated collagen fibrils in HYPO condition, suggesting a slightly higher water uptake between collagen 

molecules. To further understand the role of PGs in the perifibrillar matrix, the diffusion of selected mono and divalent 

ions from the ECM samples in HYPO versus ISO environments was investigated. h, Solution osmolality pre- and 

post-incubation of ECM samples showed ion efflux in HYPO condition. i, After 24 h in HYPO, efflux of the 

monovalent Na and Cl ion was evident, while no change was observed for divalent Ca and Mg ions. j, After 24 h in 

ISO, Na and Cl were present in high concentrations, as expected, while Ca and Mg ions showed no efflux either, 

suggesting that these divalent ions remained bound inside the ECM samples.  
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Fig. 8 | Proposed mechanism how PGs regulate ECM viscoelastic material properties, revealed by modulating 

the osmotic environment ion concentration. Compared to ISO, the proportion of loosely to strongly bound water in 

the ECM was higher in HYPO conditions. Ion diffusion experiments suggest increased negative charge of PGs due to 

leakage of cations from the ECM that would otherwise bind to the negatively charged PGs. Electrostatic repelling 

forces (two-headed blue arrows) acting between the more negatively charged PG subunits (e.g., chondroitin sulfate 

(CS) chains) can lead to CS chain stacking and thus increased distancing and enlarged PGs. i) The increased distancing 

can cause faster slipping of ionic (e.g., Ca2+) bonds between PGs under load. ii) ECM with more negatively charged 

PGs, binding more water strongly, increase the compressive resistance (one-headed blue arrows) of the ECM network 

under load. 
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Supplementary information 

 

 

Supplementary Fig. 1 | Test subjects and ex vivo tissue used within the study. a, In vivo MRI scans were performed 
on two human subjects, including one asymptomatic control subject (CTRL, male, 34 y) and one patient (PATHO, 

female, 53 y) diagnosed with mid-portion Achilles tendinopathy. b, A total of 42 Achilles tendons from 21 sheep were 

used for the ex vivo model studies. Ex vivo tendons of 16 animals were excised from 4+ year old healthy female 

sheep, for osmotic gradient, ion diffusion and SAXS experiments, tendons of five animals were excised from 3+ year 

old healthy male sheep. Mid-portion Achilles tendon tissue properties of the male sheep were considered comparable 

with those of the female sheep. For each experiment, the number of tendons and animals used are listed together with 

the topic or conditions of the experiment and the quantified parameters. The quantified parameters were gravimetric 

swelling m, elastic modulus 𝐸, characteristic stress relaxation times t!.$# and t!.#!, MR relaxation parameters T1 and 

T2*, and independent correlations (correlat.). Structural analysis was performed using histology and high-resolution 

MRI. 
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Supplementary Fig. 2 | Tendon size along the Achilles tendons computed from in vivo scans of an asymptomatic 

control subject (CTRL) compared with a patient (PATHO) with diagnosed mid-portion Achilles tendinopathy. 

Tendon size (i.e., thickness), quantified by the longest axis in a cross section (LA), was increased for the patient’s 

tendon mid-portion and particularly on their right foot, where the tendinopathy was diagnosed. Increased tendon 

thickness on the patient’s left foot may have been a result of abnormal loading due to pain avoidance gait. 
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Supplementary Fig. 3 | Overview of the quantification study on the effects of different osmotic environments 

on ECM properties. The flowchart describes how samples were dissected from 16 Achilles tendons from 8 animals 

and subsequently divided into the 3 conditions of fresh state (FRESH), hypo-osmolar swelling (HYPO) and iso-

osmolar swelling (ISO). Left: tendons used for mechanical characterization for viscoelasticity (E, t% &⁄ ) and swelling 

(m). Right: contralateral tendons of each animal, assumed to have comparable tissue properties as ipsilateral tendons, 

and used for MRI UTE characterization for T1 and T2* (whole tendons and dissected samples) and subsequent 

mechanical characterization for verification. If the alignment of a sample had significantly changed in the MRI scan 

(e.g., was strongly tilted), which was visible in the resulting parameter maps, its measured MRI values were excluded 
from analysis as the clearly altered fiber direction could affect the measured relaxation parameters (i.e., magic angle 

effects can affect T2* relaxation times 46). 
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Supplementary Fig. 4 | Testing whether a moist environment in sealed tubes can prevent ECM sample 

dehydration for several hours to enable MRI scans of tendon in the fresh state. Mass of samples held in constant 

position by a 3D printed mounting device for 5 h in a sealed 15 ml tube with soaked gauze at the bottom of the tube 

normalized to the fresh condition weight (FRESH). Per condition, four samples from one animal were tested. Each 

samples was measured repeatedly: in the FRESH condition and after 5h in a sealed tube. 
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Supplementary Fig. 5 | Swelling after 24 h exposure of ECM samples to hypo-osmolar (HYPO) and iso-osmolar 

(ISO) solutions compared with samples in fresh condition (FRESH). Measurements were carried out in parallel to 

MRI and mechanical quantification. Quantification revealed water uptake of 18 ± 3.6% in HYPO and 31 ± 5.0% in 

ISO conditions. 
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Supplementary Fig. 6 | Hyper-osmolar environments with osmolality increased by higher ion concentration 

showed a large proportion of loosely bound water in ECM in ISO condition (280 mOsm/kg). Both swelling and 

water binding as well as mechanics were not significantly affected, even by double ISO osmolality. This supports the 
design of the ex vivo ECM model and experimental setup, which used HYPO and ISO conditions as extreme 

comparisons of low and high proportions of loosely bound water, respectively. ECM samples were characterized by 

a, swelling, b, T1 and c, T2*, d, elastic modulus 𝐸, e, stress relaxation time t!.#! and f, t!.$#. 
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Supplementary Fig. 7 | Exposure of ECM samples to alternating osmolality indicates reversibility of mechanical 

changes. a, Elastic modulus 𝐸, b, stress relaxation half time t% &⁄  and c, swelling; left: samples after incubation for 8 

h in hypo-osmolar (HYPO) or iso-osmolar (ISO), right: samples initially subjected to swelling in one osmolality 

(HYPO or ISO) and then exposed to the other osmotic condition for another 16 h. 
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Supplementary Fig. 8 | Mechanical characterization after MRI analysis to verify the reproducibility and 

stability of ex vivo ECM tuning by changes of the osmotic environment ion concentration. Additional mechanical 

characterization of the contralateral tendons after MRI scans (MRI) shows the reproducibility of the experiments, as 

no significant differences were observed in comparison to the mechanical characterization of the ipsilateral tendons. 

This was tested for both for hypo-osmolar (HYPO) and iso-osmolar (ISO) swelling conditions, and proves the stability 
of the effect even at day 5 after tissue excision. The 5 days comprised 3 days of storage at 4°C and 2 days of incubation 

with one MRI scan in between. a, Elastic modulus 𝐸 and b, stress relaxation half time t% &⁄ . 

 


