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a b s t r a c t 

Recovery of the collagen structure following Achilles tendon rupture is poor, resulting in a high risk for 

re-ruptures. The loading environment during healing affects the mechanical properties of the tendon, 

but the relation between loading regime and healing outcome remains unclear. This is partially due to 

our limited understanding regarding the effects of loading on the micro- and nanostructure of the heal- 

ing tissue. We addressed this through a combination of synchrotron phase-contrast X-ray microtomog- 

raphy and small-angle X-ray scattering tensor tomography (SASTT) to visualize the 3D organization of 

microscale fibers and nanoscale fibrils, respectively. The effect of in vivo loading on these structures was 

characterized in early healing of rat Achilles tendons by comparing full activity with immobilization. Un- 

loading resulted in structural changes that can explain the reported impaired mechanical performance. In 

particular, unloading led to slower tissue regeneration and maturation, with less and more disorganized 

collagen, as well as an increased presence of adipose tissue. This study provides the first application of 

SASTT on soft musculoskeletal tissues and clearly demonstrates its potential to investigate a variety of 

other collagenous tissues. 

Statement of significance 

Currently our understanding of the mechanobiological effects on the recovery of the structural hierarchi- 

cal organization of injured Achilles tendons is limited. We provide insight into how loading affects the 

healing process by using a cutting-edge approach to for the first time characterize the 3D micro- and 

nanostructure of the regenerating collagen. We uncovered that, during early healing, unloading results 

in a delayed and more disorganized regeneration of both fibers (microscale) and fibrils (nanoscale), as 

well as increased presence of adipose tissue. The results set the ground for the development of further 

specialized protocols for tendon recovery. 

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The incidence of acute Achilles tendon ruptures is increasing 

n both athletes and general population [1–3] . There is currently 
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o consensus on optimal mechanical protocol to follow in order 

o facilitate tissue healing after Achilles tendon rupture [4–6] and 

he tendon rarely regains its pre-rupture structure and mechanical 

roperties [ 4 , 7 ]. As a result, the risk of re-rupture is high [8] . De-

pite being widely accepted that the mechanical environment af- 

ects the tendon healing process, details on how the nano- and mi- 

rostructure of the healing tissue are affected by loading are miss- 

ng. 
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Table 1 

Experimental setup. Number of healing tendons used for the three different char- 

acterization techniques per loading group (FL and UL). SASTT and SR-PhC-μCT 

measurements were performed on the same healing tendons, as indicated by ∗ . 

2 intact tendons from the contralateral side (exposed to full loading) were used 

for SASTT measurements; 1 as reference and 1 to assess potential radiation dam- 

age. 

Characterization technique 1 week 2 weeks 3 weeks Intact 

SR-PhC-μCT (3D microstructure) 1∗ – 1∗ –

SASTT (3D nanostructure) 1∗ – 1∗ 2 

SAXS (2D nanostructure) 4 4 4 –

Histology 1∗ – – 1∗
The smallest load bearing unit in tendons is the triple he- 

ix collagen type I molecule, which assembles into fibrils in 

 quarter staggered arrangement. Within fibrils, the collagen 

olecules are arranged at a periodic distance, called d-spacing, 

f approximately 67 nm. At the nanoscale fibrils assemble into 

icrometer-sized fibers. Tendons experience mechanical loading 

s they transfer muscle forces to bone, and this strongly in- 

uences their structure and composition, as well as their me- 

hanical properties [9–12] . The mechanical adaptation in tendons 

tems from mechanosensitive cells (tenocytes) embedded in the 

ollagen matrix, altering their activities such as production, re- 

odeling and signaling in response to their loading environment 

 5 , 13 , 14 ]. 

After tendon rupture, the healing process is characterized by 

n inflammatory phase, followed by a reparative phase, which 

nitially produces a disorganized matrix mostly made of colla- 

en type III. As healing progresses, collagen production gradually 

hifts from type III to type I [4] . Immobilization during healing has 

een shown to impair matrix production and mechanical proper- 

ies [ 4 , 15 , 16 ], whereas excessive loading can result in additional

icrodamage [ 17 , 18 ] and scar-tissue formation [16] . While the ef-

ects of reduced loading during tendon healing have been exten- 

ively studied regarding mechanical properties and cell behaviors, 

ittle is known regarding the effects on spatial and temporal re- 

eneration of the collagen structure at the micro- and nanoscale. 

s mechanical properties of tendons are highly dependent on their 

tructure, further investigation into this mechano-structural rela- 

ionship is crucial. 

Due to the highly periodic arrangement of collagen molecules, 

mall-angle X-ray scattering (SAXS) has become a commonly ap- 

lied technique to study nano-structural characteristics of colla- 

en fibrils [19–24] . While this technique has been widely applied 

o intact tendons and other collagenous tissues, its application 

n healing tendons has been limited. Using 2D SAXS mapping, 

hayyeri et al. [21] found that reduced loading during early heal- 

ng impaired collagen structural and mechanical properties as well 

s tissue maturation. This study emphasized the heterogeneity of 

he healing process and highlighted the need for further spatial 

haracterization in 3D. SAXS tensor tomography (SASTT) was re- 

ently developed for 3D nanostructural characterization of min- 

ralized tissues [ 25 , 26 ]. As it also incorporates signal variability 

n the third dimension, it enables more accurate evaluation of 

nisotropic nanostructures. SASTT was developed and exemplified 

n bone tissue [27] , and has to our knowledge so far only been

sed to study mineralized tissues [28–32] , soft polymers [33] and 

yelinated axons in neural tissue [34] . Thus, it has not previously 

een applied to non-mineralized collagenous tissues such as ten- 

ons. Phase-contrast enhanced synchrotron microtomography (SR- 

hC-μCT) is another emerging technique, which is highly suitable 

or 3D structural characterization of unmineralized tissues at the 

icroscale and has recently been applied to study collagen fibers 

n different soft musculoskeletal tissues such as intact tendons 

 12 , 35-37 ], meniscus [38] , intravertebral discs [39] and articular 

artilage [40] . 

The aim of this study was to characterize the effect of different 

n vivo loading regimes on the 3D structural organization of re- 

enerating rat Achilles tendons. Specifically, we aimed to evaluate 

his effect during the early healing process; 1, 2 and 3 weeks after 

njury. This was achieved through a multimodal approach of us- 

ng SR-PhC-μCT to visualize the collagen fiber organization at the 

icroscale and SASTT as well as 2D SAXS to visualize and quan- 

ify the collagen fibril organization at the nanoscale ( Fig. 1 ). We 

ypothesized that reduced mechanical loading affects organization 

f regenerated collagen units, altering collagen alignment, amount 

nd spatial distribution compared to loaded healing tendons. 
246
. Methods 

.1. Animal experiment 

28 female specific pathogen free Sprague-Dawley rats (10 weeks 

ld, weight 300 ± 20 g, from Janvier, Le Genest-Saint-Isle, France) 

ere used in this study. As previously described [ 17 , 21 ], the right

chilles tendons were transected after removal of the plantaris 

endon and allowed to heal for 1, 2 or 3 weeks. The animals were 

andomly assigned into two groups, as previously described [17] ; 

) full loading (FL) through free cage activity and 2) unloading (UL) 

y injection of Botox into the calf muscles (4 days prior to surgery) 

n combination with joint fixation using a steel orthosis post- 

urgery, and used for three different characterization techniques to 

ssess the micro- and nanoscale structural organization ( Table 1 ). 

he healing Achilles tendons were harvested together with the cal- 

aneal and gastrocnemius soleus muscle complex (calf muscle) as 

reviously described [17] , and stored frozen in phosphate buffered 

olution (PBS). The experiment adhered to the ARRIVE guidelines 

nd to institutional guidelines for care and treatment of laboratory 

nimals and was approved by the Regional Ethics Committee for 

nimal experiments in Linköping, Sweden (ID1424). 

.2. Sample preparation 

To remain structurally stable during the long SASTT measure- 

ents, tendons measured with both SR-PhC-μCT and SASTT were 

hawed and fixed in formalin for 48 h, including the muscle com- 

lex and calcaneal bone. Afterwards, the central part of the ten- 

ons was cut, leaving the full diameter of the callus but not the full 

ength. Kapton tubes (Goodfellow Cambridge Ltd., UK) were sealed 

t the bottom with epoxy and filled with 70 % ethanol. The central 

arts of the tendons were placed in the center of the tubes, which 

ere then sealed at the top by custom made silicon plugs and fur- 

her reinforced with epoxy (Supporting Information, Fig. S1.A). The 

apton tubes were mounted on needles and put in a brass pin, 

ith the top of the intended field of view (FOV) at a mounted 

eight of 35 mm. As an intact reference and for evaluation of ra- 

iation damage during SASTT measurements, two intact contralat- 

ral tendons were also harvested and prepared in the same way. 

or 2D SAXS measurements, tendons including the muscle com- 

lex and calcaneal bone were thawed and placed in pockets made 

f Kapton film (8 μm, 3512, SPEX Sample Prep, USA) filled with 

BS. 

.3. Phase-contrast enhanced synchrotron X-ray microtomography 

.3.1. Measurements 

SR-PhC-μCT measurements were conducted at the X02DA TOM- 

AT beamline at the Swiss Light Source (SLS), Paul Scherrer Insti- 

ute (Villigen, Switzerland) [41] . The projections were acquired us- 

ng a high numerical aperture microscope setup (4x magnification, 
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Fig. 1. Overview of experimental techniques and analysis. A) Healing tendons were measured with SR-PhC-μCT. Fiber orientation at the microscale was determined through 

structure tensor analysis. B) SASTT measurements were performed by mapping the same samples at several rotation and tilt angles. Spherical integral geometric tensor 

tomography (SIGTT) was used to evaluate the fibril orientation from the q-region related to the collagen fibril diameter scattering and the zonal spherical harmonics method 

(ZHTT) was used to evaluate fibril structural parameters from the 3rd collagen fibril peak. C) SAXS 2D mapping measurements were performed on healing tendons. The 3rd 

collagen peak was analyzed for fibril organization and structural parameters. 
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OV of 4.2 mm x 3.5 mm and a pixel size of 1.63 μm). The op-

ical setup was coupled to a 150 μm LuAG:Ce scintillator screen. 

he propagation distance was 150 mm, the X-ray energy was set 

t 15 keV and 2001 projections were acquired over 180 ° of con- 

inuous rotation [35] . The exposure time was 33 ms resulting in 

bout 90 s scans. 3–8 scans were acquired to cover the full sam- 

le volumes. The total radiation dose deposited on the sample was 

stimated to be 26 Gy per scan, resulting in a total dose of 60–

80 Gy depending on the sample. This was achieved through esti- 

ating the absorbed energy by the sample divided by the sample 

ass: 

ose = E · Io · τ · A 

V · ρ · Nproj · Nscans 

here E is the X-ray energy, I0 the photon flux (photons/s), τ the 

xposure time, A the absorption ratio, V the sample volume, ρ the 
247
ass density of the sample Nproj the number of projections and 

scans the number of scans. All projections were corrected with 

ark and flat-field images. The projected density of the sample was 

alculated using the Paganin phase retrieval for homogeneous ob- 

ects [42] . After measurements, tomographic reconstruction of the 

cquired projections was performed using a Fourier based regrid- 

ing algorithm [43] . 

.3.2. Data analysis 

The orientation distribution of collagen fibers at the microscale 

n the healing tendons was determined in 3D by performing a 

tructure tensor analysis as previously described [ 12 , 44 , 45 ] using

n-house Matlab® (R2022a, MathWorks Inc, USA) codes. Two vol- 

mes of approximately 0.3 mm3 were chosen in the central part 

f each tendon. The fibers were thresholded from the background 
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sing the Otsu’s method [46] . The data was smoothed with a 3D 

aussian filter ( σ = 4), and the structure tensor was calculated 

or each component smoothed with a second 3D gaussian filter 

 ρ = 2). The analysis provided numerical information about the 

D fiber orientation distribution in the form of spherical coordi- 

ates. In particular the elevation angle provided information about 

he orientation (and reorientation during healing) of the fiber main 

xes longitudinal to the tendon main axes. 

.4. Small-angle X-ray scattering tensor tomography 

.4.1. Measurements 

SASTT measurements were performed at the coherent small- 

ngle X-ray scattering beamline (cSAXS) at the Swiss Light Source 

SLS), Paul Scherrer Institute (PSI), Switzerland. The Kapton tubes 

ontaining the central part of the tendon callus were mounted on 

 goniometer connected to a stage which could move in the two 

lanes perpendicular to the beam ( x,y ) and aligned to the center 

f rotation ( Fig. 1 .A ii, Supporting Information, Figure S1). Mea- 

urements were conducted using a photon energy of 12.4 keV and 

cattering patterns were recorded using a Pilatus 2 M detector 

1475 ×1679 pixels2 , pixel size 172 ×172 μm2 [47] ) at a sample to 

etector distance of ∼7.1 m, providing a q -range of approximately 

.02 to 1.45 nm−1 . The tendons were mapped in x and y using 

 beam and step size of 150 ×150 μm2 with an exposure time of 

0 ms at 6 equally spaced tilt angles α between 0 and 45 ° in the 

 -plane (direction of the beam) and at rotation angles β around 

he y -axis ( Fig. 1 .A ii). At α = 0 °, β was equally spaced between

 and 180 ° and at α � = 0 ° between 0 and 360 ° To ensure equal

ngular sampling independent of tilt angle, the number of projec- 

ions acquired at α � = 0 ° were reduced by a factor of cos( α) [ 25 , 26 ].

he sample to detector distance and beam center were determined 

sing a silver behenate powder standard. A beamstop was used 

o block the directly transmitted beam and the beam flux ( ∼2e10 

hotons/s) was measured using a glassy carbon standard specimen 

48] . In order to avoid saturation of the detector, the incoming flux 

as reduced by reducing the gap of the upstream slits, placed at 

bout 12 m from the source, and by detuning the undulator gap. 

 diode measuring sample transmission mounted on the beam- 

top failed during part of the experiment and was therefore only 

orking for one tendon. The individual experimental parameters 

or each tendon are provided in the Supporting Information (Table 

1). 

.4.2. Radiation damage 

To evaluate the effect of radiation dose, a measurement of 400 

epeated SAXS exposures with an exposure time of 30 ms in one 

pot was conducted on an intact tendon, representing a total ex- 

osure time of 12 s. During this exposure, no systematic effects on 

he collagen structural parameters were found (Supporting Infor- 

ation, Fig. S2.A). The total dose during this test was estimated as 

reviously described [24] , by dividing the absorbed energy in the 

xposed volume with the sample mass: 

ose = E · Io · τ · A 

�x �y �z · ρ · N 

here E is the X-ray energy, I0 the photon flux (photons/s), τ the 

xposure time, A the absorption ratio (1-transmission) normalized 

y air, �x �y �z the scattering volume (beam area × sample thick- 

ess), ρ the mass density of the sample (1120 kg/m3 [49] ) and N 

he number of exposures. The dose rate on this sample was found 

o be approximately 390 Gy/s, resulting in a dose per exposure and 

otal dose during the test of 12 Gy and 4.7 kGy, respectively. 

Additionally, the total dose during the SASTT measurements 

as estimated similarly on the healing tendon with transmission 
248
ata. For this, we considered the total absorption of the entire il- 

uminated sample within the first projection, the full sample vol- 

me and N as the total number of projections. The dose rate on 

his sample was found to be approximately 174 Gy/s, resulting in 

 dose per projection and total dose during the SASTT measure- 

ent of 5 Gy and 1.5 kGy, respectively. One projection at α = 0 °, 
= 0 ° was conducted in-between each tilt angle per measurement 

nd afterwards compared for potential radiation induced changes, 

ut no substantial changes were identified (Supporting Informa- 

ion, Fig. S2.B). 

.4.3. Data analysis 

The beam stop, dead or over-exposed pixels and gaps between 

etector modules were masked away from all scattering patterns. 

he scattering patterns were divided into 16 segments and inte- 

rated using the cSAXS Matlab® (R2021a, MatchWorks Inc, USA) 

ackage [50] . All projections were visually inspected for poten- 

ial artefacts, due to e.g. beam loss, and if so, excluded from the 

ataset. Since transmission correction is crucial to properly inter- 

ret scattering data from samples with density variations, a pro- 

edure to simulate transmission data was developed based on the 

ample which had transmission measurements (see Supporting In- 

ormation, Methods). The simulated transmission produced sub- 

tantially more accurate reconstructions compared to no transmis- 

ion correction, especially within the callus (Supporting Informa- 

ion, Fig. S3). 

To evaluate fibril orientation, the 2D scattering projections were 

ligned in the range q = 0.07 – 0.085 nm−1 related to the first col- 

agen fibril diameter scattering shoulder ( Fig. 1 .B) using an iterative 

lignment method [51] . Following alignment and transmission cor- 

ection of the 2D scattering projections, the reciprocal space map 

n each voxel was reconstructed as band-limited functions on the 

nit sphere in a representation of even-degree spherical harmonic 

asis functions Y m � up to �max = 6 and m ≤ |�| , using the recently 

eveloped method spherical integral geometric tensor tomography 

SIGTT) [52] with the software package MUMOTT [53] . To evaluate 

he quality of the reconstructions, the 2D intensity, orientation and 

egree of orientation were visually compared between the mea- 

ured and synthetic projections. As described in further detail by 

ielsen et al. [52] , the synthetic projections were calculated from 

he reconstruction by computing the X-ray transform for each re- 

onstructed coefficient across all measurements, and then mapping 

hose coefficients to the detector segment measured at each rota- 

ion and tilt angle. The isotropic component (symmetric scattering 

ntensity), main orientation of the collagen fibrils and their rela- 

ive anisotropy were extracted from the reconstructed reciprocal 

pace map per voxel. The relative anisotropy was estimated as the 

tandard deviation of the reciprocal space map amplitude over the 

phere, normalized by the mean amplitude. 

To evaluate fibril structural parameters, the 2D scattering pro- 

ections were aligned in the range q = 0.26 – 0.31 nm−1 related to 

he third collagen fibril axial scattering peak ( Fig. 1 .B), using an 

terative alignment method [51] . To reconstruct one-dimensional 

cattering intensity curves as a function of q in each voxel, the 

onal spherical harmonic (ZHTT) method [ 25 , 26 , 29 ] was used with

he band-limit set to �max = 0 in 32 linearly spaced q-bins, yield- 

ng an isotropic ( i.e. , orientationally independent) spherical func- 

ion. In order to improve the signal-to-noise ratio, the 2D scatter- 

ng projections were down-sampled spatially by a factor of 2 in 

ach scanning direction prior to reconstruction. The third collagen 

cattering peak in the I(q) curves was fitted with a Gaussian. From 

he peak fit, the peak position (fibril d-spacing), peak area (rela- 

ive fibril amount) and peak FWHM (dispersion in axial stagger of 

ollagen fibrils) were estimated using in-house Matlab® (R2021a, 

athWorks Inc, USA) codes [ 21 , 54 ]. To obtain the d-spacing and

xial stagger dispersion, the peak position and FWHM were con- 
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erted from reciprocal space (q, nm−1 ) to real space (D, nm). De- 

ails on postprocessing after both reconstruction methods can be 

ound in the Methods section in Supporting Information. 

.5. Small-angle X-ray scattering 

.5.1. Measurements 

2D SAXS mapping measurements were carried out at the co- 

erent small-angle X-ray scattering beamline (cSAXS) at the Swiss 

ight Source (SLS), Paul Scherrer Institute (PSI), Switzerland. The 

amples were placed on a metal grid mounted on a motorized 

tage which could move in the two planes perpendicular to the 

eam. SAXS measurements were conducted using a beam energy 

f 12.4 keV and scattering patterns were recorded using a Pilatus 

 M detector (1475 ×1679 pixels2 , pixel size 172 ×172 μm2 [47] ) at 

 sample to detector distance of ∼7.1 m, providing a q -range of ap-

roximately 0.02 to 1.45 nm−1 . The samples were scanned using 

 beam and step size of 50 ×40 μm2 (horizontal x vertical) and an 

xposure time of 30 ms. The sample to detector distance and beam 

enter were determined using a silver behenate powder standard. 

he beam was focused on to the sample and a beamstop was used 

o block the directly transmitted beam. The beam flux was mea- 

ured ( ∼2.5e11 photons/s) using a glassy carbon standard speci- 

en [48] . A diode mounted on the beamstop recorded the sample 

ransmission, which was used to correct the scattering signal. 

.5.2. Data analysis 

The beam stop, dead or over-exposed pixels and gaps between 

etector modules were masked away from all scattering patterns. 

he scattering patterns were divided into 16 segments and inte- 

rated using the cSAXS Matlab® (R2021a, MatchWorks Inc, USA) 

ackage [50] . The predominant orientation of the collagen fibrils 

as determined from the 16 integrated angular increments in the 

ange q = 0.276 – 0.306 nm−1 , and the degree of orientation was 

stimated as the ratio between the area under the anisotropic 

eaks in the I( θ ) curves compared to the total scattering [55] . The

(q) scattering curves used to extract collagen structural parame- 

ers were obtained in the range q = 0.05 – 1.45 nm−1 by radial in- 

egration over 360 ° using in-house Matlab® (R2021a, MatchWorks 

nc, USA) codes [ 21 , 54 ]. A Gaussian curve was fitted to the third

ollagen scattering peak and fibril d-spacing (peak fit position), 

elative amount (peak fit area) and axial stagger dispersion (peak 

t FWHM) were extracted. All collagen parameters were masked 

ased on a minimum peak area to remove background pixels. 

For further analysis, two tendons (from UL group; 1 w and 2 w) 

ere excluded as their measured FOV unfortunately did not cover 

he region of interest. Area analysis was conducted in the callus 

nd stumps. For the callus analysis, an average was estimated for 

ll collagen structural parameters within a square region in the 

enter of the callus between the stumps, with equal sides of half 

he sample-specific stump-to-stump distance. For the stump analy- 

is, if stumps were present within the scan, representative regions 

ere chosen primarily from the proximal stump, when possible, 

therwise the distal. Vertical profiles were obtained between the 

tumps and averaged over a width of half the stump-to-stump 

istance. All profiles were normalized by the distance between 

tumps before averaging, resulting in profiles ranging from 0 (distal 

tump) to 1 (proximal stump). Horizontal profiles were obtained 

rom the extent of callus present within the scan. All profiles were 

veraged over a height of half the stump-to-stump distance and 

hen aligned to the central position of the stumps before averag- 

ng within groups. As the size of the callus varied over time points 

nd loading groups, the measured regions were not standardized 

ut instead averaged across ± 2 mm from the center of the callus 

etween the stumps. 
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.5.3. Histology 

For Masson-Goldner histological staining, samples were dehy- 

rated in a series of ethanol solutions and embedded in paraf- 

n. Longitudinal sections (5 μm thick) were cut. Sections were de- 

araffinized and then rehydrated in an opposite graded series of 

thanol. Sections were stained with Weigert’s hematoxylin iron so- 

ution (5 min) followed by azophloxin staining for 10 min. Samples 

ere washed in 1 % acetic acid and placed in acid orange G solu- 

ion (1 min). They were then rinsed in 1 % acetic acid, and stained

ith light green (2 min), then rinsed again in 1 % acetic acid fol- 

owed by dehydration and xylene clearing and mounting. Imaging 

as performed with an Olympus BX43 light microscope. 

.5.4. Statistics 

Mean, standard deviation (SD) and 95 % confidence inter- 

als (CI) were calculated from 2D SAXS measurements. Two-way 

NOVA for unbalanced design was used in the callus and stump 

egions for the 2D analysis to test the effect of in vivo loading 

cheme (FL vs UL) and healing time (1, 2, 3 weeks). Multiple com- 

arison post-hoc test was conducted when appropriate. 

. Results 

.1. 3D organization of healing tendon tissue at the micro- and 

anoscale 

UL healing tendon calluses had smaller diameters than FL ten- 

ons ( Figs. 2 and 3 ). Data obtained by SR-PhC-μCT showed gen- 

rally less collagenous material at the microscale (newly formed 

bers) in UL tendons at both investigated time points ( Fig. 2 .A, 

ight grey). Instead of collagen fibers, a large part of the callus vol- 

me in UL tendons consisted of adipose tissue extending asym- 

etrically on one side of the callus and in between growing fibers 

 Fig. 2 .A, black spheres, Supporting Information, Fig. S4-S5). In FL 

endons adipose tissue was mainly present as a thin layer on one 

ide of the callus and between forming fibers ( Fig. 2 .A-B). At 3

eeks of healing, fiber regeneration was still confined to a small 

egion in UL tendons, whereas in FL tendons fiber formation oc- 

urred in multiple islands surrounded by adipose tissue and vas- 

ularization ( Fig. 2 .A-B). 

The stumps were only included in the FOV in UL tendons, as 

L tendons generally have shorter stump-to-stump distance com- 

ared to FL tendons ( Fig. 2 and Fig. 3 .A, asterisks). In these UL

endons, integration between the stump and callus tissue was ob- 

erved ( Fig. 2 .C, Supporting Information Video S1). These findings 

ere confirmed by histology (Supporting Information, Fig. S4–6). 

fter 1 week, integration was minor and only occurred on the side 

f the stump. By 3 weeks, the bridging between stump and cal- 

us tissues was more substantial as the fibers at the border of the 

tump were integrated with the surrounding healing tissue, be- 

oming less dense and oriented ( Fig. 2 .C, arrowheads). However, a 

harp transition between stump and healing tissue was still visible 

n the upper side of the stump, at the transection surface ( Fig. 2 .C,

rrows). 

Nanoscale data obtained by SASTT also showed that UL tendons 

ad less collagenous material, as the volumes exhibiting scattering 

ignal from collagen fibrils were smaller. UL tendons had a more 

olded organization between the stumps, with some parts of the 

ewly formed fibrils being oriented perpendicularly to the long 

xis of the tendon ( Fig. 3 .A, Supporting Information Video S2). Ad- 

itionally, UL tendons exhibited low scattering intensities ( Fig. 3 .B- 

), which had not increased after 3 weeks as in FL tendons. All 

ealing tendons were however within a similar range of scattering 

ntensity as the intact reference. The d-spacing and axial stagger 

ispersion within the healing tissue remained similar throughout 

ealing time for the UL tendons, while they increased between 1 
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Fig. 2. Visualization of microscale organization of healing tendons by SR-PhC-μCT. A) Central longitudinal views of healing tendons at 1 and 3 weeks exposed to full loading 

(FL) or unloading (UL), showing the microscale organization of the collagen fibers, adipose tissue and blood vessels. Intact stumps are visible (∗) in the UL tendons. B) 

Compartments of forming fibers (∗), blood vessels (v) and adipose tissue within (arrowheads) and on the side (arrows) of the 3 weeks FL healing tendon. C) Signs of 

integration of the stump with surrounding callus tissue in the 3 weeks UL healing tendon, occurring at one lateral side of the stump (arrowheads), but not on the upper 

side on the stumps (arrows). A calcified deposit was present in the lower stump (triangle). 
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nd 3 weeks of healing in FL tendons ( Fig. 3 .C). However, neither

L nor FL tendons reached the same d-spacing as the intact ten- 

on of 66.6 ± 0.5 nm ( Fig. 3 .C, Supporting Information Fig. S7), 

nd both had higher axial stagger dispersion compared to the in- 

act tendon. 

Both fibers and fibrils in UL healing tendons as observed by 

R-PhC-μCT and SASTT respectively, were less longitudinally ori- 

nted along the tendon main axis and more disorganized com- 

ared to the FL tendons ( Fig. 4 ), with UL tendons exhibiting a

ider spread in fiber and fibril orientations. After 1 week of heal- 

ng, the spatially averaged reciprocal space maps within the cal- 

us sub-volumes contained multiple intensity maxima ( Fig. 4 .B), 

hich is a sign of multiple fibril orientations being present within 

he probed volume. As healing progressed to 3 weeks, both fibers 

nd fibrils became more homogeneously organized and aligned in 

oth UL and FL tendons. The fiber angular distribution narrowed 

 Fig. 4 .C) and the intensity distribution of the averaged recipro- 

al space maps moved towards only one intensity maxima, i.e. 

ne predominant fibril orientation ( Fig. 4 .B), approaching the ring- 

ike intensity distribution observed in the intact tendon (Support- 

ng Information, Fig. S7.C). The average fibril alignment within the 

allus tissue did, however, not increase in unloaded tendons af- 

er 3 weeks as in fully loaded, and neither of the healing ten- 

ons reached the alignment of the intact tendon during this time 

 Fig. 4 .C). After 3 weeks of healing, fiber and fibril organization in

he UL tendon had reached an organization resembling that of the 

L tendon at 1 week. 

.2. 2D organization of healing tendon tissue at the nanoscale 

Initially at one week of healing, most collagen parameters in 

he callus were similar for UL and FL tendons ( Fig. 5 and Fig. 6 .A).
250
s healing progressed, the increase in fibril d-spacing was delayed 

n UL tendons compared to FL, and consequently was substantially 

ower after 2 and 3 weeks of healing in UL compared to FL tendons 

 Fig. 6 .A i). UL tendons had a more localized presence of high fib-

il content, compared to FL tendons in which the fibrils were more 

omogenously distributed ( Fig. 5 .B). However, the average amount 

f fibrils in the center of the callus was similar between the two 

roups and both showed a slightly higher fibril content towards 

he posterior part of the callus ( Fig. 5 .B, left side). Initially, axial

tagger dispersion was lower in the callus of UL tendons, but af- 

er 3 weeks the values were comparable to those of FL tendons 

 Fig. 5 .C and Fig. 6 .A iii). Unloading resulted in localized regions

ith higher degree of orientation, but otherwise no clear differ- 

nces from FL tendons in orientation and degree of orientation 

ere found within the callus ( Fig. 5 .D-E and Fig. 6 .A iv). 

Profile analysis showed structural differences between FL and 

L healing tendons which were most pronounced at 2 weeks of 

ealing in the case of all the considered parameters. Fibril d- 

pacing was higher towards the stumps in both groups, being low- 

st in the center of the callus ( Fig. 6 .B i). As the healing progressed,

owever, the vertical distribution became more homogenous. Both 

roups initially had a homogenous horizontal distribution across 

he callus, but as healing progressed, the d-spacing increased to- 

ards the core. This increase was delayed in UL compared to FL 

endons ( Fig. 6 .C i). In UL tendons, the vertical distribution of col- 

agen content was similar across the callus, whereas it was higher 

lose to the stumps in FL tendons, being the highest towards the 

istal stump ( Fig. 6 .B ii). UL tendons had generally higher fibril 

ontent in the callus core at all healing time points ( Fig. 6 .C, ii),

hereas FL tendons progressed from having less to more content 

ithin the core and ultimately after 3 weeks of healing a homoge- 
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Fig. 3. Visualization and quantification of nanoscale organization of healing tendons by SASTT. A) Glyph render at a longitudinal central cut plane of healing tendons at 1 

and 3 weeks exposed to full loading (FL) or unloading (UL) during healing, reconstructed using SIGTT (band-limit 	 ≤ 6), showing the main orientation (glyph direction), 

mean scattering intensity (glyph size) and relative anisotropy (STD, color scale) of the nanoscale collagen fibrils. Intact stumps were visible (∗) in UL healing tendons. B) 

Mean scattering intensity (color scale) from the three central cut planes. Colormaps were provided by colorcet.com [56] . C) Histograms of normalized distributions of mean 

scattering (symmetric) intensity, fibril d-spacing, amount (area) and axial stagger dispersion (FWHM) within the healing tissue compared to the intact tendon reference. 
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ous horizontal distribution across the callus. Initially, the axial 

tagger dispersion was also larger close to the stumps, becoming 

ore vertically homogenous as healing progressed in both groups 

 Fig. 6 .B iii). This change was delayed in UL compared to FL ten-

ons. UL tendons showed different horizontal trends in axial stag- 

er dispersion at different weeks, whereas the FL distribution re- 

ained relatively homogenous across the callus ( Fig. 6 .C iii). 

UL tendons exhibited a significantly shorter distance be- 

ween stumps compared to FL tendons ( Fig. 5 ). However, the 

istance between the stumps decreased with healing time in 

oth groups (FL: 6.0 ± 1.4 mm → 4.6 ± 1.2 mm; UL: 

.0 ± 1.0 mm → 0.8 ± 0.3 mm). As opposed to FL tendons, the 

tumps within UL tendons remained clearly distinguishable from 

he surrounding callus in all analyzed collagen parameters ( Fig. 5 ). 

ithin the stumps, changes in d-spacing in UL tendons were mi- 

or, whereas in FL tendons the d-spacing decreased over time, 

pproaching the same values as seen in the callus at 3 weeks 
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 Fig. 5 .A and Fig. 6 .A i). No clear change in axial stagger disper-

ion was observed in the stumps of UL tendons, whereas it became 

ore homogenous and increasingly similar to the callus in the FL 

tumps over time. There was no difference in fibril content within 

he stumps of neither group. The degree of orientation within the 

tumps of UL tendons remained high, whereas those of FL tendons 

ecame more similar to the callus. 

. Discussion 

In this study, the effect of the in vivo loading environment dur- 

ng rat Achilles tendon healing was thoroughly characterized us- 

ng a multimodal and multiscale approach. To our knowledge, this 

tudy is the first using SASTT to probe soft collagenous tissues and 

hus provides proof of concept for future investigations in not only 

endons, but other non-mineralized collagenous tissues as well. 

urthermore, this study demonstrated the sensitivity of SASTT as 
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Fig. 4. 3D fiber and fibril orientations in healing tendons by SR-PhC-μCT and SASTT. A) Representative longitudinal 2D slices from a fiber rich volume within the callus, 

showing the fibers and their orientations (colormap) at the microscale as well as 3D histograms of azimuth ( θ , transverse plane) and elevation angles ( φ, longitudinal plane) 

for one of the sub-volumes for each group. B) 3D intensity distribution of spatially averaged reciprocal space maps related to fibril scattering from sub-volumes within the 

central callus region. Colormaps were provided by colorcet.com [56] . C) Normalized histogram of the fiber elevation angle as well as normalized distribution of relative 

anisotropy of fibrils. 
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 non-destructive technique to detect collagen fibril amount and 

tructural organization in soft collagenous tissues. 

To capture the highly spatially heterogeneous regeneration of 

ollagen during Achilles tendon healing, the micro- and nanos- 

ructure of the tendon tissues were probed using a combination 

f cutting-edge high-resolution synchrotron techniques. The results 

rovided insight into the complex 3D internal collagen fiber and 
252
bril formation during early tendon healing, showing that reduced 

oading strongly impacts the newly formed collagen. Reduced in 

ivo loading resulted in less collagen formation and delayed align- 

ent both at the fibril and fiber level, as well as reduced stump- 

o-stump distance ( Fig. 7 ). The collagen network became more ho- 

ogeneously organized and aligned along the tendon main axes in 

oth groups as healing progressed, although unloaded tendons did 
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Fig. 5. 2D visualization of nanoscale organization of healing tendon tissue by SAXS. Longitudinal projections of healing tendons exposed to full loading (FL) or unloading 

(UL) for 1, 2 or 3 weeks of healing. Representative sample maps of A) fibril d-spacing, (∗ = stumps, c = calcaneal bone), B) fibril amount (peak area), C) axial stagger 

dispersion (peak FWHM), D) anisotropic scattering (brightness) combined with main orientation (color) (white lines = stumps, arrowhead = calcified deposits) and E) 

degree of orientation (red lines = stumps, arrowheads = calcified deposits). 
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ot reach the same organization as in fully loaded tendons. At 3 

eeks the structural organization of unloaded tendons resembled 

he one observed in the 1 week fully loaded tendon showing that 

nloading delays collagen production and alignment but does not 

revent this process. The structural changes observed in this study 

re most likely one of the reasons behind the impaired mechani- 

al properties due to immobilization reported in previous studies 

f tendon healing [ 4 , 15 , 16 , 21 ]. 

Comparisons with 2D SAXS and SR-PhC-μCT revealed that 

ASTT can accurately capture the distribution, organization and 

tructure of the collagen fibrils in tendons. Furthermore, this study 

emonstrates that SASTT is sensitive enough to accurately cap- 

ure this even as early as at 1 week of tendon healing, at which

oint the newly formed collagen fibrils are very few, immature 

nd highly disorganized. In general, however, the 2D orientation 

aps are more difficult to interpret than the 3D data. For exam- 

le, in some regions of the stumps the fibrils were expected to all 

e oriented along the main axes of the stumps but instead exhibit 

lmost perpendicular orientations. One reason behind this could 

e that 2D measurements cannot differentiate among the different 

lanes as the recorded scattering signal is an average of all struc- 

ures across the whole sample thickness. As a result, the potential 

nisotropy in the third dimension is lost or smeared out. Addition- 

lly, Achilles tendons are composed of 3 sub-tendons which twist 

long the axes and have slightly different orientations (Support- 

ng Information, Fig. S7) [57] , which 2D SAXS cannot distinguish 

eading to an average signal that can change with small spatial 

istances. Thus, SASTT is not only a powerful tool when studying 

ineralized tissues [28–32] but also proved to be a reliable option 

hen studying collagen-rich non-mineralized tissues with complex 

rchitectures. SASTT requires minimal invasive sample preparation 

hich enables further complementary investigations or processing 
253
f the same samples, while still providing an extensive character- 

zation of the tissue across the entire 3D object. In this study, the 

imited sample preparation allowed us to image them in liquid in- 

tead of introducing further risk of damage by embedding them. 

SASTT and SR-PhC-μCT provided complementary insight into 

he complex hierarchical 3D structure of Achilles tendons, allowing 

o probe in the same samples how the healing proceeds at fibril 

evel and fiber level, respectively. SASTT provided quantitative in- 

ormation about the collagen fibril formation and its organization 

t nanoscale. SR-PhC-μCT imaging further enabled us to interpret 

ome of the information provided by SASTT, such as the presence 

f adipose tissue in regions where no collagen fibrils were detected 

y SASTT, mineralized deposits at the lower stump periphery and 

tump integration with the surrounding callus tissue at the fiber 

evel. The stump integration and the presence of adipose tissue 

ere also confirmed by histology (Supporting Information, Fig. S5- 

6). All together this multimodal approach offers a better under- 

tanding of the process by which fibrils and fibers form and reori- 

nt during tendon healing and how this is affected by mechanical 

timulation or lack of it. 

Delayed formation and maturation of the healing tissue in un- 

oaded tendons were observed as consistently less collagenous tis- 

ue within the callus at all time points compared to fully loaded 

endons, as well as a reduced fibril d-spacing and axial stagger 

ispersion. Similar effects have been observed from partially re- 

uced loading of tendons by Botox injections, studied by 2D SAXS 

nd histology [21] . Normal cage activity during rat Achilles ten- 

on healing, has previously been studied by other 2D techniques, 

howing that collagen does not form with the same structural pa- 

ameters as intact tissue, but that it matures throughout the heal- 

ng process. For instance, it has been observed that at the newly 

ormed microscale fibers are thinner than the fibers in the stump 
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Fig. 6. 2D quantification of collagen fibrils in the healing tendon by SAXS. A) Average fibril degree of orientation (i), d-spacing (ii), amount (peak area, iii) and axial stagger 

dispersion (peak FWHM, iv) in the center of the callus (dots) and stumps (triangles). Statistically significant differences ( p < 0.05) are indicated as shown in the legend. B) 

Vertical callus profiles (normalized to the distance between stumps) and C) horizontal callus profiles (absolute distances) of the fibril structural parameters. 

Fig. 7. Schematic representation of the main observations found during early Achilles tendon healing. Summary of findings observed in A) fully loaded (FL) and B) unloaded 

(UL) tendons. Reduced in vivo loading during the early healing process of 1 to 3 weeks resulted in a more disorganized collagen network. Additionally, it led to a shorter 

distance between the stumps and smaller callus size with less collagen formation and a higher presence of adipose tissue. Independent of loading scheme, both fiber and 

fibril alignment as well as amount increased over 3 weeks of healing. Compared to full loading, unloading resulted in a delayed maturation of callus fibril properties, as well 

as no remodeling within the stumps during the investigated time period of 3 weeks. 
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nd that the random initial collagen network becomes more or- 

anized as healing progresses [ 58 , 59 ]. These observations are well 

n line with the findings in the current study. We saw that struc- 

ural maturation also occurs at the nanoscale, as the d-spacing 

f newly formed fibrils is initially smaller than in intact tissue, 

nd that it increases during the healing process. Furthermore, 

he collagen structure became more aligned with healing time at 

oth fiber and fibril levels independently of the loading regime 

n vivo . 

Unloading in vivo seems to result in delayed remodeling of the 

emaining tendon stumps. At the microscale, some indications of 

ridging between the stumps and the callus tissue were observed 

n unloaded tendons and the process seemed to advance from 

light interconnection on the sides at 1 week to conspicuous inte- 

ration between stump and callus in all directions by 3 weeks. The 

ridging between callus and stump tissue was also observed in his- 

ology (Supporting Information Fig. S5–6). However, fiber bridging 

oes not seem to occur simultaneously as fibril remodeling of the 

tumps. In fact, all fibril structural parameters within the stumps of 

nloaded tendons remained clearly distinct from the surrounding 

allus with no substantial changes during the healing time investi- 

ated. Whereas in fully loaded tendons, fibril structural parameters 

n the stump approached the values of the maturing callus and the 

allus-stump borders became less distinguishable over time. This 

ndicates that not only is the callus fibril structure maturing to- 

ards intact values, but that the fibrils within the stumps also 

ndergo structural changes, with the fibrils potentially being bro- 

en down and reorganized. Our study only extended to 3 weeks 

ost-transection, and in the unloaded tendons the stump remodel- 

ng might start later. Thus, further investigation is needed to better 

lucidate this process at later time points. 

The results of this study indicate that the new collagen for- 

ation seems to start close to the stumps, particularly on the 

ides where a higher fibril amount was observed, to then progress 

uring healing into the callus and bridging the gap in-between 

he stumps. Integration of the stumps with the healing callus tis- 

ue primarily at the sides was also clearly observed at the fiber 

evel by SR-PhC-μCT and histology. This succession of events during 

chilles tendon healing is similar to the one observed in a study by 

asaki et al. [58] , where electron microscopy revealed thicker fibers 

round the stump which formed an axial arrangement from the 

ides and into the core region, whereas thinner, more randomly or- 

anized fibers in the callus instead progressed from the core to the 

uter layer. These observations of collagen formation starting in 

he core of the central callus region is further supported by recent 

istological studies using a murine flexor tendon healing model 

 60 , 61 ]. In the current study, a spatial preference of the collagen

ormation towards the posterior side of the callus was also found, 

ndependently of the loading regime. Data from SR-PhC-μCT indi- 

ate that this asymmetry could be associated with the presence of 

dipose tissue, which were mostly localized on the anterior side 

f the callus. The posterior regions with higher fibril amount were 

lso characterized by larger d-spacing and higher degrees of orien- 

ation. However, a different trend was found in a previous study by 

ur group [21] , where the collagen formation was found to initiate 

t the periphery of the callus, to then progress into its core. Even 

f this trend differs from the one observed in the current study 

s well as by Sasaki et al. [58] , it is consistent with what we ob-

erved in the regions closer to the stumps. In the study by Khayy- 

ri et al. [21] , 2D SAXS maps were acquired approximately in the 

id-region of the healing callus and did not contain any stumps. 

onsequently, in case the data was acquired closer to the stumps 

he trends would be consistent between studies. Moreover, the rats 

sed in the study by Khayyeri et al. [21] were older (16 weeks) and

rom a different breeder, which may have an impact on the results 

nd lead to differences between our studies. 
N
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Although SASTT has many advantages, there are also drawbacks 

ith the technique. The main disadvantage of SASTT is the very 

ong measurement times, which were 15–20 h in this study com- 

ared to 20 min for 2D SAXS measurements (Supporting Informa- 

ion, Table S1). Therefore, as the allocated time provided by syn- 

hrotrons is highly limited, SASTT studies generally have a low 

ample number. The scanning time is determined by the target 

esolution which is inversely proportional to the sample size. How- 

ver, the total exposure time (excluding overhead) is currently sub- 

tantially less than the total SASTT measurement time. In the cur- 

ent study, the total exposure time was 4–6 h, which only ac- 

ounted for one third of the total measurement times. The main 

eason behind these long measurements are the limitations of de- 

ectors, scanning and rotation stages, and their implementation in 

he motor controls, which can be improved in the future and thus 

here is potential to substantially reduce measurement times. With 

ASTT we imaged the entire width of the healing callus, which re- 

tricted the spatial resolution that we could achieve. To accom- 

odate for the low sample number and resolution imaged with 

ASTT, 2D SAXS with 3 times higher resolution was performed on 

n increased number of samples. The long measurement times of 

ASTT requires a higher demand on sample stability, which was 

olved in this study by fixing the samples and imaging them in liq- 

id to avoid dehydration. Long measurement times and increased 

xposure also lead to higher risk for radiation damage. However, 

ur radiation damage test prior to the experiment as well as our 

omparison between projections before measurements, in-between 

ilts and after the measurements, showed similar X-ray signal and 

etrieved fibril structural parameters (Supporting Information, Fig. 

2), indicating no signs of radiation damage. One disadvantage in 

his study was the lack of transmission measurements due to the 

ailure of the diode mounted on the beam stop which measures 

his. Transmission correction is crucial, especially in samples with 

igh spatial variations in density. However, to improve this we con- 

ucted transmission correction (albeit simulated) which substan- 

ially improved the outcome, especially within the callus where the 

ignal is low (Supporting Information, Fig. S3), highlighting the im- 

ortance of acquiring transmission signals during SASTT measure- 

ents. 

. Conclusion 

This study represents a proof of concept for future nanostruc- 

ural investigations using SASTT in non-mineralized collagenous 

issues. Furthermore, we provide insights on how reduced in vivo 

oading affects the fiber and fibril formation and maturation during 

arly Achilles tendon healing. The structural differences observed 

n this study not only provide the foundation for future studies in 

his direction, but also stress the need for investigations on how 

tructural changes on the micro- and nanoscale affect the mechan- 

cal response of the healing tendon. 
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