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Abstract

Hydrogels that provide mechanical support and sustainedly release therapeutics have been used 

to treat tendon injuries. However, most hydrogels are insufficiently tough, release drugs in bursts, 

and require cell infiltration or suturing to integrate with surrounding tissue. Here, we report that a 

hydrogel serving as a high-capacity drug depot and combining a dissipative tough matrix on one 

side and a chitosan adhesive surface on the other side supports tendon gliding and strong adhesion 

(larger than 1,000 J/m2) to tendon on opposite surfaces of the hydrogel, as we show with porcine 

and human tendon preparations during cyclic-friction loadings. The hydrogel is biocompatible, 

strongly adheres to patellar, supraspinatus and Achilles tendons of live rats, boosted healing 

and reduced scar formation in a rat model of Achilles-tendon rupture, and sustainedly released 

the corticosteroid triamcinolone acetonide in a rat model of patellar tendon injury, reducing 

inflammation, modulating chemokine secretion, recruiting tendon stem and progenitor cells, and 

promoting macrophage polarization to the M2 phenotype. Hydrogels with ‘Janus’ surfaces and 

sustained-drug-release functionality could be designed for a range of biomedical applications.
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Tendon injuries throughout the human body are common, and often accompanied by 

tissue inflammation and degeneration; these injuries are also recognized complications 

following bone fracture fixation1–5. Although many new surgical, rehabilitation, graft, and 

drug therapeutics have been proposed6–10, with some taken to market10–12, failed tendon 

healing and persistent pain remain significant unmet medical needs. New biomaterial-based 

therapies may address these unmet needs by providing mechanical support and effective 

spatial and temporal targeted delivery of drug therapeutics to tendon tissue13,14. Use 

of hydrogels may be particularly appealing due to their general biocompatibility with 

surrounding tissues, the tunability of their physical properties, and their ability to serve as 

a depot for drug delivery. However, hydrogels typically exhibit poor mechanical toughness 

and adhesive properties, and rely on cell infiltration or suturing to integrate with surrounding 

tissue, and frequently exhibit burst release of drugs15.

To promote tendon healing via mechanical support and local delivery of drug therapeutics, 

hydrogels should be placed and remain near the relevant anatomical site. If used for spatial 

and temporal targeted delivery of therapeutics, hydrogels are considered to reduce potential 

systemic toxicity and side effects16 commonly associated to orally delivered medications 

such as NSAIDs17–20 and promote local drug retention and extended dosing intervals 

following injection of drugs such as corticosteroids21 22–24. However, physical distortion 

by movement following injection or implantation of hydrogels can lead to displacement and 

mechanical fragmentation10,25. Adhesion of hydrogels to tissue was suggested to circumvent 

some of the limitations of classical hydrogels26. Adhesive hydrogels may facilitate the 

diffusion of a drug from the hydrogel drug depot to the target tissue rather than to the 

surrounding tissue by increasing the direct contact surface and by reducing the diffusion 

barrier. Adhesive hydrogels may thus offer an intriguing concept for locally restricted 

and sustained drug delivery system for the therapy of tendon injuries. Tissue adhesives 

approved for medical use such as fibrin glues (TISSEEL) and cross-linked polyethylene 

glycols (COSEAL) may be used as adhesive hydrogels, but their adhesive strength is low26. 

Cyanoacrylates (Dermabond) are tissue adhesives with high mechanical strength27, however 

they are cytotoxic to tendon derived cells28, incompatible with wet tissue surfaces26, may 

chemically react with encapsulated drugs during setting, and form rigid connections upon 

contact with water26. The importance of augmenting tendon gliding following repair has 

prompted active research, as a common limitation of healing is fibrotic scar formation, 

presumably caused by high friction between the healing tendon and surrounding tissues29,30. 

Furthermore, to protect tendons from tendon injury following bone fracture fixation (e.g., 

volar plate fixation of distal radius fractures31,32), adhesive hydrogels should also support 

tendon gliding33–35.

Here we describe a tough adhesive hydrogel, termed Janus Tough Adhesive (JTA), with 

tissue adherent versus tissue gliding properties on opposing surfaces to serve as a high-

capacity depot for drug delivery to tendon (Fig. 1). High mechanical toughness of the JTA 

was achieved using a dual interpenetrating hydrogel network that combines the ability of 

alginate hydrogels to dissipate energy through dissociation of ionic bonds with a highly 

elastic covalently cross-linked acrylamide hydrogel that can distribute stresses throughout 

the network36,37. Adhesion to tissue was achieved by unilateral coupling of the amine 

rich bridging polymer chitosan to the dissipative alginate acrylamide hydrogel26. It was 
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hypothesized that the JTA would simultaneously provide mechanical tissue integrity and 

controlled spatial and temporal drug delivery for the treatment or prevention of tendon 

injury.

Results

JTA adheres strongly to tendons while simultaneously supporting tissue gliding ex vivo.

The adhesion strength of the JTA to tendon was first investigated. Bovine tendon samples 

were prepared by cutting tissues into thin tendon planks using a cryotome (Fig. 2a). After 

applying the positively charged bridging polymer chitosan to one surface of the tough 

dissipative alginate acrylamide hydrogel (Fig. 2b) and bringing this surface into contact 

with tendon, the chitosan diffused into the tough hydrogel and tendon surfaces rapidly (Fig. 

2c,d) and generated strong adhesion (Fig. 2e; Supplementary Movie 1). The adhesion energy 

increased over time, exceeding the fibrin glue TISSEEL within one minute of application 

(Fig. 2f). Adhesion energy in the swollen state after 24h incubation in DMEM at 37°C was 

not significantly different than pre-swelling (Supplementary Fig. 1; Supplementary Movie 

2).

As a step towards translational application to anatomically larger tendons, the versatility of 

the JTA was explored in a porcine in situ model. The JTA adhered strongly to porcine 

patellar tendon, flexor tendon, and Achilles tendon (Fig. 2g,h) even in the presence 

of blood (Supplementary Movies 3–5). Adhesion was generated rapidly, and the JTA 

conformed well to tissue surfaces. The JTA demonstrated superior adhesion energy to 

tendon in bloody environments, as may be present during orthopaedic surgeries, compared 

to cyanoacrylate (Dermabond) and hemostatic mesh (SurgiCel) (Figs. 2i,j; Supplementary 

Fig.2; Supplementary Movie 3).

Because the JTA was adherent to tissue on only one side, we tested the ability of the 

opposite non-adherent side of the JTA to support tendon gliding. Friction testing revealed 

that the non-adherent surface demonstrated very low coefficients of friction (μk) when in 

contact with adjacent tissue, even below the value of tissue on tissue contact over hundreds 

of cyclic loadings that mimic in vivo loading (Fig. 3a–d; Supplementary Movie 6). In 

tendon-tendon friction tests, damage to the epitenon was present by the end of the test, 

unlike JTA-tendon groups. The ability of the JTA to support gliding was next examined in 

human cadaveric wrists in situ when used as a protective barrier over the flexor pollicis 

longus (Fig. 3e; Supplementary Fig.3a,b). Here, the JTA withstood friction as it glided over 

the volar plate and passed through the transverse carpal ligaments. The JTA adhered well to 

the flexor pollicis longus and withstood gliding over the volar plate into the transverse carpal 

ligaments (Supplementary Fig.3c; Supplementary Movie 7).

JTA is biocompatible and promotes tendon healing.

To evaluate the performance of the JTA in vivo, rats with full thickness, partial width 

excisional injuries made to the central midsubstance of their patellar tendons, or left 

uninjured, were either treated with the JTA or left untreated (Fig. 4a). The thickness of 

the JTA was assessed to evaluate any potential swelling or degradation applying serial high 
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frequency ultrasound imaging (Fig. 4b; Supplementary Movie 8). No changes were observed 

in JTA thickness over the 3-week observation period.

After 3-weeks, the patellar tendons were harvested, imaged axially using ultrasound, and 

prepared for mechanical testing or used for histology (Supplementary Fig.4; 5a). Tendon 

injury, but not application of the JTA, increased tendon cross sectional area (Supplementary 

Fig.5b). Also, injury decreased tendon echogenicity, indicative of reduced collagen packing 

or organization (Fig. 4d)38. The JTA improved impaired relaxation of injured tendons 

(Fig. 4c), but did not affect the elastic tendon mechanics, dynamic modulus (Fig. 4e) and 

linear modulus of naive and injured tendons. Tendon injury, as expected, impacted these 

elastic properties of tendon mechanics (Supplementary Fig.5d). The toe modulus, percent 

relaxation, and tan(δ) were not affected by JTA or injury (Supplementary Fig.5c,e,f). In 

agreement with mechanical data, injury, but not JTA implantation, was found to affect the 

tendon cellularity and shape (Fig. 4g,h).

Unlike the patellar tendon, the rotator cuff presents additional adhesive attachment 

challenges, but remains a primary type of tendon injury requiring surgical intervention39. 

Mechanical support of the bone-tendon interface (i.e., enthesis) is critical to support healing 

of rotator cuff tendon injury. Because tendon and bone differ greatly in composition, 

structure, and mechanics, the periosteal surface of bone was first assessed ex vivo for 

adhesion of the JTA (Supplementary Fig.6a,b; Supplementary Movie 9). An in vivo study 

was thus conducted in a rat rotator cuff model40 to evaluate adhesion of JTA to the 

enthesis of both naive and injured supraspinatus tendon following partial tenotomy (Fig. 

4i; Supplementary Fig.6c). Here, the footprint of the JTA was expanded to cover the enthesis 

and pass under the acromion for additional structural support. Following implantation, serial 

magnetic resonance imaging (MRI) was applied to evaluate the anatomical position of the 

JTA over time and to assess inflammatory tissue response to the JTA (T2-weighted images). 

MRI analysis confirmed that placement of the JTA was maintained throughout the duration 

of the study as animals resumed cage activity (Fig. 4j). MRI and subsequent tissue histology 

also demonstrated the lack of overt tissue inflammation in response to JTA implantation 

(Supplementary Fig.6d,e). Surgery and JTA implantation had a minimal, non-significant 

impact on the animal body weights (Supplementary Fig.7). Results suggest that the JTA is 

well tolerated following implantation in the anatomically and functionally complex rotator 

cuff compartment.

To examine whether the JTA could augment tendon repair, the effect of tendon repair with 

and without JTA implantation was investigated in an Achilles tendon rupture model (Fig. 

4k). JTAs remained in place over the injury site throughout the duration of their 3-week 

implantation (Fig. 4l; Supplementary Fig.8a) and resulted in a 25% reduction in tissue 

formation compared to repaired only treatment (Fig. 4m). However, no differences in the 

dynamic modulus or tanδ at 4% strain were detected (Supplementary Fig.8b,c).

The biocompatibility of the JTA was further confirmed in vitro by placing tendon derived 

cells in contact with the JTA; cells maintained high viability (>95%) following incubation 

with JTA (Supplementary Fig.9).
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JTA enables high drug loading and sustained drug release in silico and in vitro.

The delivery of the corticosteroid, triamcinolone acetonide (CORT)41, was used as a model 

drug to examine drug loading and release from the JTA. First, the diffusion of CORT 

through the JTA was examined using a Franz cell (Fig. 5a). The JTA substantially slowed 

diffusion of CORT compared to the JTA-supporting PVDF membrane only (Fig. 5b). 

Computational modeling was used to calculate the diffusion constant of CORT through the 

JTA (D=16 μm2/s), which was substantially lower than that through a PVDF membrane 

(D=305 μm2/s)42. The tough hydrogels were loaded up to 25000x the solubility limit 

of CORT43 (Fig. 5c). Drug loading was accomplished by adding a CORT microcrystal 

suspension to the high viscosity alginate acrylamide hydrogel prior to crosslinking. 

Although the CORT was micronized (Supplementary Fig.10a), the particles formed larger 

aggregates in the JTA at high loading (size >150μm2) (Fig. 5d; Supplementary Fig.10b). The 

addition of CORT turned the color of the JTA from clear to white (Supplementary Fig.10c). 

Finite element (FE) simulations were performed to model the release of CORT from the 

JTA under well mixed conditions (Fig. 5e). As expected, the model predicted sequential 

dissolution of drug particles in turn starting from the periphery, leading to a sustained 

dissolution-controlled CORT release from the system (Fig. 5e–g; Supplementary Movie 10). 

The model predictions agreed with experimental observation of release from JTA, with 

drug release extending for 2–10 days in a manner dependent on the initial CORT loading 

(Fig. 5h). Notably, the JTA loaded with CORT at 4-times the polymer content (500mg/ml) 

still maintained its mechanical and adhesive properties (Fig. 5j,i; Supplementary Fig.10d). 

Regardless of CORT loading, the viability of tendon derived cells exposed to CORT-loaded 

JTA remained high in vitro (Supplementary Fig.11d).

JTA adherent to tendon provides sustained CORT release in vivo.

To investigate whether CORT-loaded JTA could provide sustained release in vivo, studies 

in the rat model of patellar tendon injury were conducted (Fig. 6a; Supplementary Fig.8). 

Serial in-life high frequency ultrasound (HFUS) analysis revealed that the JTA remained 

in place adjacent to the patellar tendon for at least two weeks (Fig. 6c, Supplementary 

Fig.12a; Supplementary Movie 11), and maintained placement was confirmed by histology 

post-mortem (Supplementary Fig.12b). Quantification of CORT in serum confirmed that the 

sustained release observed in vitro also occurred through one-week in vivo (Fig. 6b). Next, 

a depot JTA system was utilized in which the cylindrical interior depot maintained a high 

CORT concentration (100mg/ml), flanked and topped by a blank hydrogel (Supplementary 

Fig.9a). The blank JTA cover was used to further support a smaller JTA containing CORT 

that effectively reduced the net dose of CORT while maintaining a high drug loading 

and adhesion to tendon (Fig. 6j; Extended Data Fig.1). The high drug loading resulted in 

extended drug dissolution time and drug release. The JTA was also well tolerated in the rat 

patellar tendon model in vivo (Extended Data Fig.1b,c). JTA+CORT significantly decreased 

endogenous corticosterone levels in serum at day 2 post-implantation (Extended Data 

Fig.1d). JTA and JTA+CORT had immune modulatory effects and significantly decreased 

the serum chemokine GRO-α at day 2 post–injury (Extended Data Fig.2a). JTA+CORT also 

increased the serum chemokine RANTES at day 14 post-injury (Extended Data Fig.2b) The 

JTA itself reduced the level of vascularity, in early healing, and JTA+CORT further reduced 

vascularity at day 3 post-implantation (Fig. 6d,e; Supplementary Movie 12).
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Two-weeks post injury, patellar tendons were harvested and evaluated for their morphology, 

echogenicity, and biomechanical properties (viscoelastic, dynamic, and quasi-static). Injured 

tendons had decreased echogenicity and elevated mechanical relaxation compared to 

uninjured tendons (Fig. 6f,g). In contrast, injured patellar tendons receiving JTA or 

JTA+CORT were not statistically different than uninjured tendons (Fig. 6f,g). As expected, 

injury decreased the dynamic modulus regardless of JTA implantation or CORT delivery 

(Fig. 6h).

Full length images were acquired of the patellar tendon to carefully isolate the 

midstance with (Fig. 7a) or without (Fig. 7b) injury. Tendon injury significantly increased 

tendon cellularity, which was further elevated in groups receiving JTA+CORT (Fig. 

7c). JTA+CORT had immune modulatory effects as demonstrated by elevation of CD68 

(macrophage) positive staining (Fig. 7d), which is indicative for the M2 macrophage 

reparative phenotype (Arg-1) (Fig. 7e). JTA alone elevated the proportion of CD146 

positive cells (tendon stem/progenitor) (Extended Data Fig.3d), but had no effect on CD45 

(non-specific immune cell), CD31 (endothelial cell), αSMA (myofibroblast), or iNOS (M1 

macrophage) staining (Extended Data Fig.3b,c,e,f). JTA and JTA+CORT had no effect on 

the injury-decreased nuclear aspect ratio and second harmonic generation (SHG) signal at 

week 2 post-injury (Extended Data Fig.3a; 7f).

Discussion

This study engineered and characterized a JTA for the treatment and prevention of 

recurrence of tendon injury. Although many hydrogel-based materials are used in wound 

dressings, tissue repair and regeneration, medical implants, transdermal drug delivery, and 

bioelectronics44, none exhibit appropriate adhesive properties and the broad versatility 

necessary for tendon applications. In addition to investigating its adhesive properties in 
vitro, the JTA was tested in multiple tendon models in situ and in vivo, highlighting the 

broad utility of the JTA and its potential advantages when used as a mechanical support and 

delivery system of drug therapeutics.

Although there is no FDA approved adhesive for tendon repair, TISSEEL has been 

suggested for potential clinical use in tendon45. The JTA interacts well with wet tendon 

surfaces and exhibits a ~16-fold increase in adhesion energy, as compared to the fibrin 

glue, TISSEEL. This strong adhesion may be attributed to the multicomponent adhesion 

mechanisms and high toughness not present in adhesive hydrogels in current clinical use26. 

The high toughness of the JTA likely plays an integral role in avoiding cohesive failure 

and dissipating energy at the adhesive interface to ensure strong adhesion to tendon and 

provide mechanical support. Notably, without application of the bridging polymer, the JTA 

was immediately displaced upon closure of the skin. Although other hydrogels may also 

exhibit low coefficients of friction, the high mechanical toughness of the JTA enables its 

mechanical integrity following in vivo loading. Most hydrogels (e.g., single network) are 

too brittle to carry out this level of performance. The tough hydrogel double network has 

mechanical toughness beyond native tissue.37 In contrast, naturally derived extracellular 

matrix (GraftJacket) and small intestine submucosa (CuffPatch), and synthetic variants 

(Artelon) used clinically to provide mechanical support for tendon repair do not adhere 
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strongly to tissue10. In vivo studies show that the JTA remains adjacent to the Achilles 

tendon, patellar tendon, and rotator cuff tendons for at least 3 weeks, and future studies will 

examine even longer time points. The current design of the JTA is not intended to mimic 

or replace native tendon tissue, but to inspire and promote natural tendon healing. The JTA 

shall serve as a strong adhesive to tendon for local extended drug delivery and shall augment 

tendon gliding. Future work will explore strategies to add further mechanical functionality 

to the JTA (e.g., mechanical properties mimicking native tendons to serve as an adhesive 

reinforcement material).

The importance of augmenting tendon gliding following repair has prompted active 

research, as a common limitation of healing is fibrotic scar formation, presumably caused 

by high friction between the healing tendon and surrounding tissues29,30. Notably, the non-

chitosan coated side of the tough adhesive supported gliding at lower friction than normal 

tendon on tendon. This ability to promote gliding with surrounding tissue could improve 

joint range of motion and accelerate return to activity, and its functional importance and 

potential therapeutic impact will be further examined in future studies. Here we demonstrate 

this property of the JTA with various animal and human tendons, supporting its broad 

relevance to numerous types of tendon injuries. Further, the low friction and tunable 

mechanical properties of the JTA is likely relevant for other orthopaedic applications with 

tissues requiring gliding, including cartilage, meniscus, and muscle. Future work is needed 

to determine friction performance for thousands of cycles in vivo over time.

It is well established that tendons heal through scar formation and exhibit long term 

structural, compositional, and material property deficits due to scarring46–50. Indeed, two 

FDA approved technologies [VersaWrap (Alafair Biosciences) and Tenoglide (Integra 

LifeSciences)] are indicated for the protection and management and protection of tendon 

injuries in which there has been no substantial loss of tendon tissue, by keeping damaged 

tissues physically separated during healing. The potential for reduced tissue CSA shown 

with JTA treatment following Achilles tendon repair suggests promise of this approach and 

requires further evaluation including long term beneficial effects of the JTA on mechanical 

tendon function. Although neither the JTA nor standard of care alone restored viscoelastic 

properties in the complete Achilles tendon transection model, past studies demonstrated 

improvement in viscoelastic properties, indicative for compositional properties of tendon 

remodeling, only in a later phase of tendon healing51,52.

Local delivery often requires placement or suturing of drug delivery depots53 near the tissue 

of interest, but this approach may suffer from depot migration and depot disintegration 

over time due to dynamic tissue movement10,25. The JTA design is appealing since its 

adhesive properties prevent migration over time and its high toughness makes it resistant 

to mechanical disintegration due to tissue movement. The adhesive drug depot concept and 

design is highly versatile and may also enable other drug delivery systems to be easily 

integrated and stabilized, while providing additional control over release. Further, while 

many drug depot systems suffer limited loading capacities (0.01–1mg/ml) and frequently 

exhibit burst release of a large fraction of the loaded drug15, the JTA is capable of drug 

loading over 4-times its polymer content (up to 500mg/ml), and release over 10 days under 

perfect sink conditions in vitro and over 1-week in vivo. Ongoing work is examining 
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additional strategies to extend release, such as the model drug, triamcinolone acetonide 

encapsulated in nanoparticles that are then encapsulated in the JTA, and role of adhesion in 

modulating release into target tissues.

Both computational and experimental models confirmed that the release of triamcinolone 

acetonide was controlled by dissolution. Additionally, the JTA itself was found to hinder 

diffusion of the small-sized chemical triamcinolone acetonide, possibly due to the extremely 

low mesh size of the tough hydrogel54. This low diffusion is similar to that reported 

in certain other hydrogels such as contact lenses55. The dissolution-controlled release of 

triamcinolone acetonide from the JTA examined here suggests that this strategy may be 

effective for other hydrophobic drug therapeutics as well. Future studies will examine the 

capacity of the JTA to serve as delivery system for biomolecules and cells locally to tendon 

(e.g., through integrating cell laden scaffolds or adhering of cells to the surface of the JTA).

While triamcinolone acetonide was used in the current work as a model drug, the use 

of corticosteroids to mitigate pain and inflammation on tendon has been controversial 

for decades23,24,56–58. Although some studies suggest potentially harmful effects of 

corticosteroids on tendon health, e.g. decreased tissue viability59,60, increased apoptosis59, 

loss of fibroblastic appearance61, decreased expression of collagen-I61, those studies tended 

to utilize in vitro tissue culture models with concentrations 20–200x higher than applied 

in the present study. Lower tendon tissue concentrations of corticosteroids may not be 

detrimetnal22,62 and in contrast it was suggested that sustained release may improve tendon 

biomechanics58.

The JTA with or without triamcinolone acetonide (CORT) modulated immune responses 

to tendon injury and provided early signals for potential improvement of tendon healing. 

Following JTA and JTA+CORT treatment, cellularity and M2 macrophage polarization was 

increased, the latter suggested by the increase in Arg1 immuno-positive CD68 expressing 

cells. The mechanism of M2 macrophage polarization remains however ambiguous, because 

chitosan present in the adhesive layer of the JTA has been shown to induced M2 

polarization63–67, similar to triamcinolone acetonide alone68,69. In the present study, the 

pharmacodynamic activity of triamcinolone acetonide following release from the JTA was 

demonstrated by the feedback-inhibition of endogenous corticosterone levels at day 2 

post-implantation, which occurred in concert with a decrease in serum GROα levels, a 

chemokine affecting recruitment and activation of neutrophils. In addition to signal marker 

indicating modulation of immune responses by JTA and/or triamcinolone acetonide, the 

increased number of CD146 positive cells, a marker for tendon/stem progenitor cells70,71, 

represents a signal for tendon regeneration and thus for putative improvement of tendon 

healing. These early signal markers for putative improvement of tendon healing at 2 weeks 

post-injury require validation in subsequent more chronic studies, in which JTA will be 

evaluated to promote sustained improvement of biomechanical tendon function.

An appealing translational feature of the JTAs is that most components are approved for use 

by the FDA in other devices and are widely used for other clinical applications. Alginate, 

chitosan, and polyacrylamide are used in several commercialized products and have 

undergone extensive animal testing for internal and external indications26,72,73. Alginate 
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and chitosan have been used in many wound dressings (e.g., Algisite M, ChitoFlex) and as 

systems for protein delivery (e.g., Emdogain74–76), and polyacrylamide (e.g., Bulkamid) is 

used as a filler material in treatment of urinary incontinence77,78. These favorable properties 

of the materials together with the demonstrated scalability to larger tissues position the JTA 

for further development for clinical applications. Given the mechanical performance, gliding 

features, and drug delivery concept of the JTA, the most relevant clinical uses include the 

promotion of gliding through adjacent structures and local release of small molecules. The 

JTA itself is likely to be regulated as a class II device (510(k)), whereas translation of 

the drug delivering JTA will likely be regulated as a class III PMA combination product. 

Additional clinical uses may be possible but were not investigated in the present study. 

Taken together, the design of JTA for the treatment and prevention of recurrence tendon 

injury described here may enable a range of applications, such as the potential augmentation 

of sutures, the simultaneous promotion of mechanical support and tendon gliding, and the 

local delivery of drugs.

Methods

Janus Tough Adhesive Synthesis.

Tough gels were synthesized by mixing one syringe containing a 10ml solution of 2% 

sodium alginate [combining a high (MW=200kDa) and low (MW=30kDa) molecular weight 

alginate at 1:1 ratio; MVG or LF20/40 and VLVG or LF 20/40 irradiated, (Pronova, 

Novamatrix Norway)] and 12% acrylamide (Sigma, A8887) in HBSS (Gibco), 36μl of 

2% N,N’-methylenebis(acrylamide) (Sigma, M7279), and 8μl of TEMED (Sigma, T7024), 

with a second syringe containing 226μl of 6.6% ammonium persulfate (Sigma, A9164), and 

191μl of 0.75M calcium sulfate dihydrate (Sigma, 31221). The gel was cast into molds 

(80×15×1.5mm3) sealed on both sides with glass and left to crosslink for 24h. After 24h, 

tough gel strips were removed from molds and stored in sealed plastic bags at 4°C.

To form the JTA, UP chitosan (2%) (UP Chitosan 54046, Heppe Medical Chitosan, Halle, 

Germany) and coupling reagents (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (Sigma, 

E6383) and sulfated N-hydroxy-succinimide) (Thermofisher, PG82071) (12mg/ml) were 

quickly mixed by vortexing. This mixture was applied to the surface of the tough gel (25μl/

cm2) and compressed to the tissue surface.

Adhesion Energy Application and Measurement.

Thin tendon planks (15×1×40mm3) were prepared from bovine flexor tendons using a 

freezing stage microtome (CM1950, Leica, Wetzlar, Germany). Tough hydrogel strips were 

synthesized and thin 0.003mil PET backing layers were placed adjacent to the strips and 

attached with superglue (Loctite 454). The end of the tough hydrogel-PET composite 

was secured with thin acrylic pieces (2 × 1cm2) and superglue. The tough hydrogel was 

then adhered to tendon planks as described above while sandwiched under strain control 

between glass slides26. Adhesion energy was measured with 180° peeling tests (Instron 

3342, Norwood, MA) under uniaxial tension (100mm/min). Using captured force and 

displacement data, the adhesion energy was quantified by multiplying the steady state force 
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by two and dividing by the sample width. Commercially available fibrin sealant (TISSEEL, 

Baxter) was tested in a similar manner as a control.

The effect of JTA swelling after incubation in DMEM was investigated. Tendon samples 

were adhered to the JTA and maintained in DMEM at 37°C for 24h. After 24h, samples 

were peel tested using the same methods as described.

90-degree peel adhesion tests were completed in fresh cadaver tendons (Movie S6). 

Adhesion strength after 10 minutes of application was not significantly different to tendon 

plank testing (Fig. 2h).

Interpenetration of Bridging Polymer.

Interpenetration of the bridging polymer into the tissue was assessed using FITC-labeled 

chitosan79 and confocal microscopy (LSM710, Zeiss, Oberkochen, Germany). Thin tendon 

samples were created using a cryotome and biopsy punched into discs (diameter 8mm, 

thickness 1mm). Tough gel discs (diameter 8mm, thickness 1mm) were synthesized. Using 

a similar application process as above, the JTA was applied to tendon surfaces with the 

FITC-labeled chitosan and evaluated for interpenetration into tendon tissue after 1, 10, and 

100 minutes. At these timepoints, the tendon-JTA composite was snap frozen in liquid 

nitrogen, bisected, and cryosectioned (section thickness = 40μm). Sections were then stained 

with DAPI and mounted (Prolong™ Gold Antifade Mountant with DAPI, ThermoFisher). 

Samples were imaged using a confocal microscope for cell nuclei (DAPI, excitation laser 

405nm), chitosan (FITC, excitation laser 488nm), and collagen (polarized light). The 

interpenetration depth was defined as the distance by which the FITC channel overlapped 

the collagen channel.

Friction Assessment.

Cyclic friction experiments were completed using two actuators with load cells positioned 

perpendicular to one another. The top actuator applied an 8N normal force, similar to the 

normal forces experienced in human wrists with a 1kg force applied to the thumb80. During 

normal force application, the horizontal actuator moved in a cyclic triangle waveform 

(±10mm, 2mm/s) for 500 cycles. 100μl of 1xPBS was applied to the interface every 10 

minutes to maintain sample hydration. Load and displacement data for both actuators were 

acquired and a custom MATLAB script computed the kinetic coefficient of friction during 

cyclic loading from the normal and friction forces. The coefficient of kinetic friction was 

compared between contact of the JTA-JTA, JTA-tendon, and tendon-tendon surfaces.

Patellar Tendon Defect Model.

The effect of JTA implantation on uninjured and injured tendons was evaluated in F344XBN 

rats (age: 8 months; body weight: 400–500g; National Institute on Aging) (N=8/group) 

(Harvard University IACUC approved). JTA gel disks (diameter 4mm, thickness 0.5mm) 

were prepared using aseptic techniques and adhered to the central midsubstance of patellar 

tendons (IACUC approved). To evaluate the effect of the JTA on tendon healing, rats 

received bilateral full-thickness-partial-width (~50%) excisional injuries to their patellar 

tendons prior to JTA placement and were euthanized 3-weeks post injury and JTA 

Freedman et al. Page 10

Nat Biomed Eng. Author manuscript; available in PMC 2022 October 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



placement. Briefly, animals were anesthetized with isoflurane (2–2.5 vol%) while an 8 mm 

incision through skin superficial to the patellar tendon was made. For tendon injury, the 

retinaculum on either side of the patellar tendon was cut and a spatula coated with a rubber 

backing was placed deep to the tendon. A 2 mm biopsy punch was then used to create 

a full thickness partial width defect in the central patellar tendon midsubstance. In both 

uninjured and injured animals, the JTA was then implanted in the tendon midsubstance. 

Gentle pressure on the JTAs was applied for 4 minutes during which adhesion was 

generated. The skin was then closed with a 4–0 Vicryl suture and animals were returned 

to cage activity during which post-operative buprenorphine (0.05mg/kg, Buprenex) was 

given subcutaneously every 12 hours for three days. For drug delivery experiments, 

similar procedures were performed on female Sprague Dawley rats (age: 16 weeks; body 

weight: 300–350g, Charles River Laboratories) (N=24). Following surgery, a single dose of 

sustained release buprenorphine (72h release) (0.5mg/kg, ZooPharms) was given.

To characterize release of the triamcinolone acetonide and its effect, as well as on 

the inflammatory responses to the adhesive, we evaluated the JTA with and without 

triamcinolone acetonide loading in a patellar tendon defect model in rats over a 2-week 

implantation (n=6 rats/group). For analytics of triamcinolone acetonide release, blood 

glucose levels, endogenous corticosterone, and chemokines, serial serum samples were 

generated from peripheral blood (50–100ml), obtained from rats during tail vein bleeding. 

Blood samples were collected in the absence of anticoagulants and allowed to coagulate for 

20 to 30 min at room temperature. Samples were then separated by centrifugation, aliquoted, 

and stored at −80°C prior to analysis. After euthanasia, tendons were harvested, fixed in 4% 

PFA and decalcified for 1-week prior to paraffin embedding and sectioning (5μm). Histology 

sections were stained with H&E and immunohistochemistry performed for markers of 

immune cells (CD45), macrophages (CD68), vascularity (CD31), fibrosis (aSMA), tendon 

stem/progenitor cells (CD146), M1 macrophages (iNos), and M2 macrophages (Arg-1). 

Collagen density was examined with multiphoton second harmonic generation (SHG) 

imaging.

Images were evaluated in CellProfiler81 for the percent positive cells for each marker. 

Endogenous corticosterone levels were determined using LS-MS/MS. Serum chemokines 

were assessed using a Luminex assay. The effect of treatment on percent positive cells, SHG 

signal, chemokines, and endogenous corticosterone levels was evaluated using one-way 

ANOVAs with post hoc Tukey tests for multiple comparisons.

The chemokines RANTES and GROα were measured after 2 and 14 days using the 

commercially available Chemokine Rat ProcartaPlex™ Panel (Invitrogen, Vienna, Austria). 

Measurements were performed on a Luminex platform, using a Luminex 200 technology 

instrument (Luminex Copr., Austin, TX, USA) according to the manufacturer’s instructions. 

Calibrations and validations were performed prior to measurements. Mean fluorescence 

intensities were calculated from duplicate samples.

For longitudinal assessment of JTA adhesion, female Sprague Dawley rats at 16 weeks of 

age (IACUC approved) were used. A skin incision around the knee was made and a 4mm 

diameter JTA was implanted on the patellar tendon midsubstance. The skin was closed, and 
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animals were followed longitudinally using high frequency ultrasound (HFUS) to examine 

JTA placement.

Supraspinatus Tenotomy.

Adult female Sprague Dawley rats (age: > 6 months; body weight: 300 to 400g) were 

used. Aseptic surgical procedures were performed under general inhalation anesthesia with 

isoflurane (1.5–3 vol%). A 15-mm skin incision was made from the acromion towards the 

humerus bone using a scalpel to expose the deltoid muscle. A 10-mm split of the deltoid 

muscle was then performed from the humerus towards the acromion to expose the acromion 

and humeral head. The supraspinatus tendon was pulled from the subacromial space with 

spinal cord hooks and kept under moderate tension. To create the full thickness partial 

tenotomy, a 23G cannula was positioned along the long axis of the tendon to guide cutting 

using a scalpel. To implant the JTA (length 6mm, width 2mm), the shoulder was abducted, 

and the acromion elevated to allow positioning of the JTA. The JTA was positioned over 

the supraspinatus enthesis and tendon, and deep to the acromion for additional anchoring. 

Pressure was applied for 4-minutes using a thin spatula after which the acromion was 

lowered. The deltoid muscle was then closed by a continuous suture and the skin by a 

continuous intra-cutaneous suture (Safil 6–0). After recovery from anesthesia, rats returned 

to cage activity and received buprenorphine (0.05mg/kg, Temgesic) subcutaneously every 

6 to 12 hours for three days for post-operative analgesia. Experiments were conducted 

according to the Swiss laws for animal experimentation and following approval by the 

veterinarian authorities from the Canton of Basel-Stadt.

High Frequency Ultrasound Imaging (HFUS).

HFUS (Vevo 770 Scanner; 35MHz (RMV712); axial resolution: 50μm, lateral resolution: 

140μm, depth of view: 15mm; VisualSonics, Toronto, Canada) was used to evaluate gel 

swelling in vivo, tendon cross sectional area, and tendon echogenicity in the axial plane. 

Briefly, after sacrifice, rats were positioned supine on a stage. Knees were shaved and hair 

was removed using depilatory cream. For imaging of hydrogels, ultrasound images were 

acquired every 0.5mm throughout the hydrogel diameter (~4mm). For analysis, hydrogels 

were segmented in MATLAB (vR2017a; Mathworks, Natick MA) and the three centermost 

images were averaged for JTA thickness. For tendon images, tissues were first fine dissected 

prior to mounting in a 3D printed device to maintain horizontal orientation of the unloaded 

patellar tendon. Samples were submerged in a 1x PBS bath during imaging. Axial images 

were acquired every 0.5mm throughout the length of the tendon. For analysis of tendon 

morphology, tendon sections were segmented from each image slice in MATLAB (vR2017a; 

Mathworks, Natick, MA) and the three centermost images were evaluated for the cross-

sectional area and echogenicity82.

High Frequency Doppler Ultrasound Imaging.

High frequency Doppler ultrasound imaging (Vevo 3100 Scanner; 50MHz transducer; axial 

resolution: 20μm, depth of view: 15mm; VisualSonics, Toronto, Canada) was used to 

evaluate placement of JTA and vascularity longitudinally in live animals. Briefly, animals 

were anesthetized with 1.5–2.5% isoflurane and kept supine on a heated platform during 

imaging. Knees were shaved and hair was removed using depilatory cream. Vital signs 
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were taken to respiratory gate image acquisition during breathing. The knee was bent at 

approximately 90o while B-mode and Doppler images in the axial plane were taken using 

a motorized transducer (0.25mm increments) throughout the length of the patellar tendon 

(~8mm). Data were analyzed in VevoLab (VisualSonics) using the Doppler ultrasound 

module to compute total vessel volume in segmented images.

Magnetic Resonance Imaging (MRI).

In vivo serial MRI measurements were performed with a Pharmascan 7 Tesla scanner 

(Bruker Medical Systems, Ettlingen, Germany). Following an induction period with 

isoflurane 4%, during acquisitions rats were anesthetized with isoflurane 1.5–2%. Sagittal 

and axial images were acquired using a Turbo-RARE sequence (effective echo time 21ms, 

repetition time 5600ms, RARE factor 4, field-of-view 4×3cm (sagittal) or 3×4cm (axial), 

matrix 256×192, slice thickness 0.4mm, 30 slices) to evaluate the anatomical position of 

the JTA over time and to assess inflammatory tissue response to the JTA. Maintenance of 

position of the JTA over time was evaluated by comparing the position of the JTA relative 

to its location immediately following surgery. Changes in the normalized T2-weighted 

signal within the supraspinatus tendon was compared over time to determine potential 

inflammation (higher T2-weighted signal indicates fluid as an indicator for inflammation).

Multiphoton Second Harmonic Generation (SHG) Imaging.

For multiphoton imaging of collagen in healing tendon, a Two-Photon Microscope 

(Zeiss, LSM 980 NLO) was used (Laser: Spectra-Physics X3 InSight IR tuned to 920 

nm; Objective: 25× 0.8 NA multi-immersion LD-LCI lens; Condenser: 1.2 NA water 

immersion). Forward scatter was collected on a Transmitted Light-PMT multi-alkali 

detector. Reverse scatter was detected with a Non-descanned GaAsP detector behind a 

CFP (440–480 nm) emission filter. Mean intensities for SHG signal was processed between 

groups in MATLAB.

In Vitro Cell Viability.

Tendon cells were isolated from the Male F344XBN rats at 8 months of age acquired 

from the National Institute of Aging83. Rats were euthanized and flexor digitorum longus 

tendons with the surrounding paratenon and epitenon were dissected using sterile technique 

and kept on ice in Dulbecco’s Modified Eagle’s Medium (DMEM) (Invitrogen). Tendons 

were then minced and digested in 0.5% type I collagenase (Worthington) and 4U/ml 

dispase (Stem Cell Technologies) in HBSS for 4 hours at 37°C. From digests, cells were 

strained, collected, and resuspended in media84. Tendon cells were cultured in DMEM 

with 10% Fetal Bovine Serum (Invitrogen) and 1% penicillin/streptomycin (Invitrogen). 

For cytocompatibility testing in the presence of the tough gel, tendon derived cells 

were incubated with or without tough hydrogels (diameter 3mm, thickness 1.5mm) for 

1 and 2 days. For cytocompatibility testing in the presence of triamcinolone acetonide 

releasing gels, tendon derived cells were incubated with tough hydrogels containing 0μg, 

0.53μg, or 0.212μg of CORT (diameter 3mm or 6mm, thickness 1.5mm at 10mg/ml 

loading) (Supplementary Fig. 7). Cell viability was assessed by trypan blue staining85 after 

incubating gels containing triamcinolone acetonide in transwells and quantified using an 
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automated counter (Countess II Automated Cell Counter system, ThermoFisher, Waltham, 

MA).

Dynamic Mechanical Testing.

Three weeks post injury and/or JTA implantation, patella-patellar tendon-tibia samples were 

harvested and fine dissected. Briefly, surrounding musculature, adipose tissue, and non-

tendon connective tissue were carefully removed using stereomicroscopy while maintaining 

tissue hydration (1x PBS). Fine dissected tendon samples were then stamped into a dog 

bone shape to isolate the injury region, leaving a 2mm width at the center. Tendons were 

then imaged using HFUS to determine their echogenicity and cross-sectional area while 

being submerged in 1x PBS. For mechanical testing, tendons were secured in custom 

fixtures submerged in a 1xPBS bath. Briefly, the tibial end was mounted in an acrylic 

pot using liquid metal and the patellar end was gripped in a custom fixture to secure the 

patella in a manner which did not stress the tendon. The samples were mounted while 

submerged in a 1x PBS bath at room temperature in a dynamic mechanical testing frame 

(Electroforce 3200, TA Instruments, Minnesota). A comprehensive mechanical test was then 

completed to evaluate tendon viscoelastic, dynamic, and quasi-static mechanical properties 

(Supplementary Fig. 3a). Briefly, samples underwent preloading (0.1N), preconditioning (30 

cycles at 0.25–0.5% strain), stress relaxation (4% strain), a dynamic frequency sweep (0.1, 

1, 5, and 10Hz) at a strain amplitude of 0.125%, and a ramp to failure (0.05%strain/s) using 

a 225N load cell. Displacement and force data collected during loading were processed 

using custom MATLAB software (vR017a; Mathworks, Natick, MA) to compute the percent 

relaxation, relaxation half time, dynamic modulus, tanδ, toe modulus, linear modulus, 

transition strain, and failure stress52,86–88.

Patellar Tendon Histology.

Patellar tendons were collected and immersed in 4% PFA for 24 hours before being washed 

in 1xPBS and transferred to 70% ethanol. Samples were then processed, embedded in 

paraffin, and sectioned (5μm) in the sagittal plane. Tissue sections were then stained with 

hematoxylin and eosin and imaged (Axiozoom Tissue Scanner, Zeiss, Germany). Images 

were then processed using CellProfiler for cellularity and nuclear shape. Briefly, after 

cropping the region of interest, a color deconvolution algorithm was applied to separate the 

histological stains based on absorbance values. Next, the deconvolved hematoxylin image 

was processed with a two class Otsu thresholding algorithm to identify and segment the cell 

nuclei. Lastly, a processing module was applied to extract nuclear area, shape, and number.

Supraspinatus Tendon Histology.

Following the last MRI imaging, rat shoulders were collected and immersed for 72 hours 

in 10% neutral buffered formalin (NBF), and then transferred to a decalcification solution 

(ImmunoCal #1440, Decal Chemical Corp, Suffern, NY) for 5–7 days with daily changes, 

until decalcification was complete as verified chemically using a procedure previously 

described89. After bisection in the coronal anatomic plane to expose the mid-plane of the 

rotator cuff, samples were dehydrated and paraffin embedded. Next, 5-μm thick coronal 

sections were obtained and stained with hematoxylin (3 minutes) and eosin (30 seconds) 

(H&E) using a ST5010 Autostainer XL (Leica) and mounted in Pertex (#41–4011-00, 
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Medite). HE-stained slides were scanned with an Aperio slide scanner (Leica) for general 

observations.

JTA Implantation on Rat Achilles Tendon.

Female Sprague Dawley rats (N=9–10/group) at 16-weeks of age were used (IACUC 

approved). Animals were housed in a conventional facility (12-hour light/dark cycles), 

fed standard chow, and were provided water ad libitum. Surgical intervention used sterile 

techniques under anesthesia (Isoflurane) to bluntly transect the right Achilles tendon 

midsubstance and resect the plantaris longus tendon. Animals were given a single dose 

of sustained release buprenorphine (0.3 mL, 1mg/ml) prior to surgery. Following injury 

all animals received repair treatment (Urbaniak variant of the Kessler) (6), with (n=10) 

or without (n=9) JTA implantation. All injured hind limbs were immobilization in plantar 

flexion using stirrups, a laser cut acrylic splint, Webril padding, CoFlex, and poly(methyl-

methacrylate), with all casts checked daily (6). Uninjured contralateral limbs were used as 

controls. Animals were euthanized 3-weeks post-injury (CO2 inhalation) and tissues were 

harvested. Tendons were harvested and prepared for ultrasound imaging and mechanical 

testing, as described 88. Briefly, custom fixtures were used to grip the bone-tendon unit to 

maintain the Achilles tendon-foot complex in a perpendicular orientation during loading. 

These fixtures were mounted to a testing frame (Electroforce 3200, TA Instruments) while 

specimens were submerged in a 1x PBS bath. During loading, force and displacement data 

were acquired using WinTest (TA Instruments) and processed using MATLAB. Achilles 

tendon percent relaxation, dynamic modulus (|E*|), tanδ, toe- and linear- modulus, and 

failure were evaluated52,86–88,90.

Drug Loading and Release.

Micronized triamcinolone acetonide (CORT) morphology was assessed using scanning 

electron microscopy. Tough hydrogels (thickness 0.75mm, diameter 3mm) were loaded 

with 1, 10, or 100mg/ml CORT (Toronto Research Chemical or Sandoz) and examined for 

release in sink conditions (HBSS, pH 7.4). Sink conditions were defined as the required 

volume of water to solubilize the entire loaded amount of CORT within the tough hydrogel. 

This release buffer was maintained at 37°C on a shaker and was subsequently sampled 

and replaced daily to maximize the flux of drug out of the tough hydrogel. Released drug 

was sampled daily and evaluated using liquid chromatography-mass spectrometry (Agilent 

1290/6140, Gradient method; SIM mode). Chromatographic separation was performed at 

room temperature using an HPLC column (Agilant Zorbax Rx-C18; internal diameter 

2.1mm, length 150mm). A two-solvent linear gradient method was used (A:0.02% formic 

acid; B:methanol). Drug concentration was quantified by integrating the characteristic peak.

The stretchability and adhesion of the CORT incorporated hydrogel was measured in the 

native form. Prior to implantation, the hydrogel was pre-swollen and strong adhesion was 

observed (Supplementary Fig. 2).

Quantitative Determination of Endogenous Corticosterone.

Sample preparation and analysis was based on a modified protein precipitation procedure 

followed by liquid chromatographic separation coupled with mass spectrometry for 
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detection. 10μl serum samples were diluted with 20μl EDTA (0.75 mg/ml K2EDTA in 0.9% 

NaCl solution). Calibration, quality control, and recovery control samples were prepared 

by spiking blank charcoal stripped bovine serum (Sigma-Aldrich, #F6765) with known 

quantities of corticosterone (between 5 and 12’500ng/mL). For corticosterone determination, 

dexamethasone was used as generic internal standard (IS). Aliquots of 30μL calibration 

standard, quality control, recovery control, and unknown samples were transferred to 0.75ml 

96- well- Loborack (Vitaris AG, # 51004BC -MIC) and 2μL IS mixture (2.5μg/mL in 

CH3OH) was added to each tube. For protein precipitation and extraction from serum, 100μl 

CH3CN was added. After vortexing for 3 minutes, the samples were centrifuged at 3220g 

for 15min at 4°C. 100μl of the upper layer was transferred to a 1.2mL 96 deep well plate 

(Thermo Scientific, # AB-0787) and evaporated to dryness using N2 gas stream at 60°C. 

Then the residues were resuspended with 100μL CH3OH/H2O (1/1; v/v) acidified with 0.1% 

formic acid.

LC-MS/MS analysis: For quantitative analysis, a 10μl aliquot of each sample, including 

calibration, quality control, and recovery control samples were injected with a cooled 

Shimadzu Nexera X2 LC-30 AD HPLC system. The corticosterone and dexamethasone 

were separated with a Phemomenex Synergi polar RP (50 × 2.1mm ID, 2.5μm particle size) 

as column at 60°C. For separation a linear gradient from 10% to 65 % B in 3.0 min at 

a flow rate of 0.400 mL/min was applied. The total cycle time was 5.5min. The mobile 

phase used was A: water with 0.1 % formic acid, and B: CH3OH with 0.1 % formic acid. 

For detection, the column effluent was directly guided in an AB Sciex API6500 Triple 

quad mass spectrometer equipped with a TurboIonSpray interface. The detection was done 

in MRM positive ion mode. Quantification was based on the compound/IS ratio of the 

extracted ion chromatograms of the selected mass transitions 347 m/z → 329, 121, 91 

m/z for LLX393 and 393 m/z → 355, 372 m/z for XAC401 (IS). The unknown sample 

concentration was calculated using external calibration curves. The LLOQ of the method 

was set to 5 ng/mL for serum. The recovery from the matrix was 102±3 % for corticosterone 

and 89±10 % for dexamethasone (IS). All calculations were performed with AB Sciex 

Analyst software.

Computational Modeling

Franz Cell Simulations—Diffusion of dissolved triamcinolone acetonide in the unloaded 

tough hydrogel was modelled and matched with wet-bench diffusion data derived from 

standard unjacketed Franz diffusion cell experiments performed at room temperature. The 

volume of the donor compartment was 1ml (unstirred) and the volume of the acceptor 

compartments was 5ml (well-stirred). The starting concentration of triamcinolone acetonide 

in the donor compartment was 20μg/ml (Fig. C). The donor compartment was separated 

from the acceptor compartment either by a PVDF membrane [mechanical support for the 

hydrogel, thickness 125μm, pore size 0.45μm, porosity 70%, (Durapore NF-HVLP02500)] 

or a combination of the PVDF membrane and the hydrogel (thickness 750μm).

The time transient diffusion equation (Eq 2) was solved in 2D axissymmetric form, using the 

concentration c and the diffusion constant D. The acceptor compartment was well stirred, 

thus the diffusion constant was set large enough to enforce instant distribution91. In contrast, 
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the donor compartment was unstirred and the diffusion constant of triamcinolone acetonide 

in water was approximated to 436μm2/s at 20°C 92.

Wet-bench diffusion data were used to adjust the simulated apparent diffusion constants of 

dissolved triamcinolone acetonide in the unloaded tough hydrogel. The simulated apparent 

diffusion constant of triamcinolone acetonide in the PVDF membrane was 305μm2/s. In a 

second simulation, the apparent diffusion constant in the PVDF membrane was fixed and the 

apparent diffusion constant of triamcinolone acetonide in the hydrogel was 16μm2/s.

Dissolution and Transport Kinetics of Triamcinolone from the JTA—To simulate 

the dissolution and transport kinetics of embedded triamcinolone acetonide crystals from 

the dissipative hydrogel under sink conditions, a 3D Finite Element Model (FE-model) was 

developed using the module “Transport of Diluted Species” of the Finite Element Software 

COMSOL Multiphysics (Release 5.5). In the 3D FE-model, each spherical triamcinolone 

acetonide crystal was surrounded by a cubical volume of the hydrogel. The FE-model 

consisted of 8 cubical units with a side length of 46.8μm resulting in a total length of 375μm 

of the FE-model probe. The FE-model probe had symmetry conditions on all sides, except 

at the interface to the acceptor compartment. The acceptor compartment was modelled as a 

well-stirred water-filled compartment with the total volume replaced every 24 hours. At time 

point ‘zero’ of the simulation, the concentration of triamcinolone acetonide was set to zero 

in the hydrogel and the acceptor compartment. With this modular approach, the dissolution 

and transport kinetics of triamcinolone acetonide crystal, embedded in the hydrogel was 

simulated at the two triamcinolone acetonide loadings of 10mg/ml and 100mg/ml.

Dissolution of embedded triamcinolone acetonide crystals at the crystal hydrogel phase 

boundary was modelled in thermodynamically equilibrium using the maximum solubility of 

triamcinolone acetonide. The mass flux of triamcinolone was calculated by Fick’s law, with 

the main variable’s diffusion constant and solubility in the hydrogel phase (Eq 1).

Csol water, 37°C = 33 μg/ml (Eq 1)

With progressing dissolution, the embedded triamcinolone acetonide spherical crystals were 

modeled to shrink in diameter. This change in geometry of the spherical crystals and the 

consequence on dissolution of triamcinolone acetonide crystals at the crystal hydrogel phase 

boundary was modelled by a moving interface. The outer shape of the hydrogel was fixed.

Dissolution and diffusion of triamcinolone acetonide (10mg/ml and 100mg/ml) embedded 

as spherical crystals in the hydrogel to a well-stirred water-filled acceptor compartment was 

modelled and matched with wet-bench transport kinetic data at 37°C. The time transient 3D 

diffusion equation (2) was solved, using the concentration c and the diffusion constant D (Eq 

2).

∂c
∂t − ∇ · D∇c = 0 (Eq 2)
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Because well-stirring was applied in the acceptor compartment, the diffusion constant in the 

acceptor compartment was set large enough to enforce instant distribution 91. Wet-bench 

transport kinetic data were used to adjust the simulated apparent diffusion constants of 

triamcinolone acetonide in the drug-loaded hydrogel. Following dissolution of triamcinolone 

acetonide crystals embedded in the hydrogel (Csol = 33μg/ml), the simulated apparent 

diffusion constants increased with drug load, from 153μm2/s (10mg/ml) to 273μm2/s 

(100mg/ml). In comparison, the diffusion constant of triamcinolone acetonide in water is 

reported to be 673μm2/s42. We speculate that as drug loading increases to be similar or 

greater than the tough gel’s polymer content, larger cavities are generated as drug particles 

dissolve. This, in turn, increases the overall diffusivity due to the aqueous solution filling the 

cavities created by drug dissolution.

Flexor Tendon Testing in Human Cadavers.

Human fore limbs were surgically prepared using an LCP Volar Rim Distal Radius (LLP) 

(DePuy Synthes, West Chester, PA). The distal radius was approached using a volar incision 

over the flexor carpi radialis tendon. After elevation of the pronator quadratus muscle, the 

implant was fixed to the distal radius using a single cortical screw in an oblong hole. Plates 

were positioned at Soong 0 (pVA-LCP) or Soong 2 (dVA-LCP) position relative to the 

watershed line and the position was confirmed with fluoroscopy. No fractures were created 

in this model. Distal row locking holes were filled using a fixed angle guide with 2.4mm 

diameter screws that were sized appropriately for the specimen. The pronator quadratus 

was excised to mimic irreparable disruption observed after distal radius fractures. JTAs 

(10×40×1mm3) were adhered to the underside of the flexor digitorum profundus tendon. 

Flexion/extension of the thumb was used to test their attachment and ability to glide over the 

volar plate and transverse carpal ligaments.

Statistical Analysis.

Data normality was assessed with Shapiro Wilk tests (SPSS). One-way (time) or two-way 

(healing and JTA implantation) ANOVA tests were used to evaluate the effects of time, 

injury, or treatment on all properties assessed. Significant factors were evaluated using post 

hoc Student’s t-tests with Bonferroni corrections for multiple comparisons.

Reporting Summary.

Further information on research design is available in the Nature Research Reporting 

Summary linked to this article. Supplemental figures, supplemental movies, a supplemental 

table, and extended data is available.

Data availability

The main data supporting the results in this study are available within the paper and its 

Supplementary Information. Source data for the figures are provided with this paper. All raw 

and analysed datasets generated during the study are available for research purposes from 

the corresponding authors on reasonable request.
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Code availability

MATLAB code used to process mechanical data is available on reasonable request, and we 

will ensure its compatibility with any study-specific datasets generated.

Extended Data

ED Fig. 1. Effect of CORT releasing JTAs on animal physiology over time.
(a) The JTA dissolution-controlled release system was surrounded by an outer JTA to 

stabilize it on the rat patellar tendon and enable a depot-based delivery system. (b) Rat body 

weight was examined over time. Data shown as mean ± s.d., as analyzed by ANOVAs, with 

post hoc tests with Bonferroni corrections. a: P = 0.0008, b: P = 0.002; c: P = 0.006; d: P 

= 0.0011. N=4–6 rats/group. (c) Blood glucose levels were evaluated over time. Data shown 

as mean ± s.d., as evaluated by a one-way ANOVA, with post hoc Tukey Tests for multiple 

comparisons. N=4–6 rats/group. (d) The effect of injury, JTA, and CORT on corticosterone 

levels 2 days and 14 days post-implantation. Data shown as mean ± s.d., as analyzed by 

a two-way repeated ANOVA (time and treatment), with post hoc Tukey Tests for multiple 

comparisons. N=4–6 samples/group.

ED Fig. 2. Effect of the JTA and corticosteroid delivery on chemokines.
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The effect of injury, JTA, and CORT on (a) GROα and (b) RANTES was evaluated after 

2 and 14 days of healing. Data shown as mean ± s.d., as evaluated by a two-way repeated 

measures ANOVA with post hoc Tukey Tests for multiple comparisons. N=5–6 samples/

group.

ED Fig. 3. Effect of the JTA and corticosteroid delivery on tendon histological properties.
The effect of injury, JTA, and CORT on (a) nuclear aspect ratio, (b) CD45, (c) CD31, (d) 

CD146, (e) αSMA, and (f) iNos staining was evaluated after 2-weeks of healing. Data 

shown as mean ± s.d., as evaluated by a one-way ANOVA with post hoc Tukey Tests for 

multiple comparisons. N=4–6 tendons/group.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. An overview of the vision for the multifunctional performance of the Janus Tough 
Adhesives (JTAs) for tendon.
JTA hydrogels were engineered that comprise a tough hydrogel dissipative matrix and 

adhesive chitosan surface. The tough hydrogel was synthesized by combining alginate 

ionically crosslinked with calcium and covalently crosslinked polyacrylamide (PAAM). 

Beyond tissue adhesion, the material can promote gliding of surrounding tissues and serve 

as a drug delivery system for local release of agents such as triamcinolone acetonide as 

exemplified in the present study.
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Fig. 2 |. The JTA adheres strongly to diverse tendon surfaces.
(a) Thin tendon planks for adhesion testing were made from bovine tendon samples using 

a cryotome. (b) The penetration of the chitosan bridging polymer into tendon in vitro was 

analyzed via placement of the JTA, using fluorescently labeled chitosan, on tendon planks, 

and quantifying chitosan depth over time. (c) Representative images and (d) quantification 

of penetration depth of chitosan into tendon over time. Mean values are shown and error 

bars represent ± s.d. (n=3 samples/group). Data were analyzed by a one-way ANOVA with 

post hoc t-tests with Bonferroni correction. (e) Peel testing was used to evaluate the adhesion 

energy (Blue: Tough Gel; Green: Adhesive Surface; White: tendon). (f) Quantification of the 

adhesion energy of JTA to tendon, over time, and comparison to the value achieved with 

TISSEEL at 100 minutes (dotted line). Mean values are shown and error bars represent ± 

s.d. (n=3 samples/group), (g) Adhesion of the JTA to wet and bloody porcine patellar, flexor 

carpi ulnaris, and Achilles tendons. (h) Porcine Achilles tendon immediately post-mortem 

was evaluated (JTA+Fresh) and compared to frozen tendon planks (JTA). Mean values are 

shown and error bars represent ± s.d. (n=6–7/group), as analyzed by a Student’s t-test. (i) 
The effect of blood on JTA adhesion to tendon was evaluated. Mean values are shown and 

error bars represent ± s.d. (n=6–7/group), as analyzed by a Student’s t-test. (j) Adhesion 

comparison of the JTA, Dermabond, and Surgicel to bloody tendons was evaluated. Mean 

values are shown and error bars represent ± s.d. (n=4–7 samples/group), as analyzed by a 

one-way ANOVA with post hoc t-tests with Bonferroni correction.
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Fig. 3 |. The JTA promotes tendon gliding.
(a,b) To evaluate friction properties during cyclic loading, an 8N normal force was applied 

vertically while a lower horizontal actuator moved cyclically +/− 10 mm (2 mm/s). (c) 

Images of the cyclic friction experiments for the JTA-JTA and tendon-tendon tests. (d) The 

effect of time and group on the coefficient of kinetic friction (μk) was evaluated. Mean 

values are shown and error bars represent ± s.d. (n=3–5 samples/group), as analyzed by 

a two-way ANOVA with post hoc tests with Bonferroni Corrections. (e,f) The ability for 

the JTA to support gliding of the flexor digitorum profundus tendon through the transverse 

carpal ligaments and over volar plates was evaluated in human cadaveric limbs.
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Fig. 4 |. The JTA is biocompatible to tendon and supports healing.
(a) The effect of patellar tendon injury and JTA implantation on tendon structural and 

mechanical properties was investigated. Following injury, the JTA was applied on the central 

midsubstance of the patellar tendon. (b) At 3-weeks post implantation, gel thickness was 

evaluated using high frequency ultrasound. Mean values are shown and error bars are ± 

s.d. (n=5–8 samples/group), as analyzed by a one-way ANOVA. A- Anterior; I- Inferior; 

M- Medial. (c-e) The effect of healing and JTA implantation on patellar tendon relaxation 

half-life, echogenicity, and |E*| was evaluated. Mean values are shown and error bars are 

+s.d. (n=6–8 samples/group), as analyzed by a two-way ANOVA with post hoc t-tests with 

Bonferroni corrections. (f-h) The effect of healing and JTA implantation on patellar tendon 

nuclear aspect ratio and cellularity was evaluated. Scale bar = 100 μm. Mean values are 

shown and error bars are ± s.d. (n=4–8 samples/group), as analyzed by a two-way ANOVA 

with post hoc t-tests with Bonferroni correction. (i,k) The JTA was designed to be placed 

over the supraspinatus tendon and pass under the acromion for testing in the rotator cuff. 

(j) T2-weighted MRI images were acquired from the rotator cuff to examine JTA placement 

and material compatibility over time. (k) The effect of the JTA on Achilles tendon healing in 

a repair model was evaluated. (l) Sagittal high frequency ultrasound imaging evaluated JTA 

(blue) placement over time adjacent to the Achilles tendon (red). (m) Axial high frequency 

ultrasound imaging examined the effect of tendon repair with and without the JTA on 

Achilles tendon cross sectional area. Mean values are shown and error bars are ± s.d. (n=8–9 

tendons/group), as analyzed by a one-way ANOVA with post hoc t-tests with Bonferroni 

corrections.
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Fig. 5 |. The JTA enables dissolution-controlled release at high drug loadings.
(a) The CORT diffusion through the JTA was evaluated using a Franz cell. (b) 

Computational modeling and experiments evaluated the diffusion constant of the JTA. 

Mean values are shown and error bars are ± s.d. (n=4–6 samples/group). (c) In addition 

to diffusion-controlled release, dissolution-controlled release was investigated by loading 

CORT crystals (orange) within the JTA. (d) CORT aggregation and dissolution within the 

JTA was modeled based on brightfield microscopy images within pre-gel solution. (e,f) 
Dissolution of solid CORT was modeled using FE simulations under well mixed conditions 

to predict dissolution of particles. (g) Dissolution of CORT particles occurred from the gel 

periphery to center. (h) The effect of CORT loading on drug release was evaluated. Mean 

values are shown and error bars are ± s.d. (n=3 samples/group). (i,j) The effects of drug 

loading on JTA tensile properties and adhesion were evaluated. Mean values are shown and 

error bars are +s.d. (n=4 samples/group), as analyzed by a one-way ANOVA.
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Fig. 6 |. The JTA modulates vascularization and tendon properties in a rat model of patellar 
tendon injury.
(a) The effect of the JTA loaded with triamcinolone acetonide (CORT) on patellar tendon 

vascularity was investigated. (b) CORT concentrations in serum were evaluated over time 

in uninjured and injured groups. (c) High frequency ultrasound (HFUS) imaging revealed 

continued adhesion of the JTAs to tendon. (d,e) The effect of treatment and time on total 

blood vessel volume after injury was evaluated using HFUS Doppler imaging. Mean values 

are shown and error bars are ± s.d. (n=4–7 samples/group), as analyzed by a two-way 

ANOVA with post hoc t-tests with Bonferroni correction. (f,g,h) The effect of treatment on 

tendon biomechanics after injury was evaluated. Mean values are shown and error bars are 

± s.d (n=6–9 samples/group), as analyzed by a one-way ANOVA with post hoc t-tests with 

Bonferroni correction.
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Fig. 7 |. The JTA induces immune modulation in tendon following injury.
(a,b) Full length histology (H&E staining) of uninjured and injured coronal tendon 

sections showing the region of interest (ROI) analyzed during image processing (midstance 

injury site) (c-f) Effect of injury, JTA, and JTA+CORT on tendon, as assessed by H&E 

(cellularity), immunostaining (CD68, Arg1), and SHG imaging (collagen signal) of tendon 

sections. Mean values are shown and error bars represent ± s.d. (n=5–6 samples/group), as 

analyzed by a one-way ANOVAs with post hoc Tukey Tests.
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