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Abstract

A biologically active, high-strength tissue adhesive is needed for numerous medical applications in 

tissue engineering and regenerative medicine. Integration of biomaterials or implants with 

surrounding native tissue is crucial for both immediate functionality and longterm performance of 

the tissue. Here, we use the biopolymer chondroitin sulphate (CS), one of the major components 

of cartilage extracellular matrix, to develop a novel bioadhesive that is readily applied and acts 

quickly. CS was chemically functionalized with methacrylate and aldehyde groups on the 

polysaccharide backbone to chemically bridge biomaterials and tissue proteins via a twofold 

covalent link. Three-dimensional hydrogels (with and without cells) bonded to articular cartilage 

defects. In in vitro and in vivo functional studies this approach led to mechanical stability of the 

hydrogel and tissue repair in cartilage defects.

Reparative medicine requires the bonding of diverse tissues as we seek to enhance structure 

and deliver new materials to failing body parts. Currently, surgical integration of tissues is 

generally carried out using sutures and/or applying a tissue adhesive. There are a number of 

adhesives that are used clinically including derivatives of cyanoacrylates (Superglue)1-3, 

Bioglue (gluteraldehyde–albumin)4,5 and fibrin glue (Tisseal)6-8. Although these adhesives 
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have some efficacy, they suffer from poor biocompatibility or insufficient bonding strength. 

Furthermore, there is no bonding technique or adhesive that performs adequately in the 

challenging area of orthopaedics.

An optimal integration method would tightly bond tissues, be quickly and easily applied 

clinically, demonstrate biocompatibility and promote tissue repair. Currently, there are 

limited surgical methods and no adhesive that is capable of bonding or integrating cartilage 

tissue. Chondroitin sulphate (CS) is a polysaccharide found in cartilage and other tissues in 

the body. CS has a number of useful biological properties for tissue integration including 

anti-inflammatory activity9,10, water and nutrient absorption11, improved would healing and 

biological activity at the cellular level that may help to restore arthritic joint function12,13. 

An ideal adhesive would also, at least temporarily, be part of a reconstructive scaffold and 

share properties of the host tissue. Such a material would require a robust but degradable 

chemical bond, and the potential to have its bonding tailored to fit specific situations.

Here, integration between biomaterials and tissues was achieved using a novel 

multifunctional CS. Chondroitin sulphate was chemically functionalized with both 

methacrylate and aldehyde groups to form two functional arms: one arm to covalently bond 

to a biomaterial scaffold and the second arm bonding to the tissue surface. This 

multifunctional CS provides a biologically active and mechanically functional bridge with 

tissues. To translate this technology to orthopaedic tissue repair, we have applied the CS 

adhesive to integrate biomaterials with cartilage in vitro and in vivo to facilitate cartilage 

repair.

CS was multifunctionalized with methacrylate and aldehyde groups, respectively. First, 

methacrylate groups were conjugated to CS using glycidyl methacrylate to form 

methacrylated chondroitin sulphate (CSMA)14-16. NMR analysis confirmed that 12% of the CS 

disaccharides were substituted with methacrylate groups (Fig. 1c). The methacrylate groups 

polymerize via a radical mechanism and form a crosslinked network. Second, adjacent 

hydroxyls on the CS polysaccharide backbone (rings) were oxidized with sodium periodate 

to form aldehyde groups with a substitution efficiency of 70% (percentage of oxidized CS 

disaccharide repeating units), as confirmed by a hydroxylamine hydrochloride titration14-16. 

The aldehyde functionality of the CS adhesive conjugates with amines present on tissue 

surfaces via a Schiff-base reaction17. The aldehyde and methacrylate groups are both 

randomly distributed along the polysaccharide chains. The multifunctional CS serves as a 

‘tissue primer’ that forms a covalent bridge between an acrylate-based polymer and a tissue 

surface. The application of the CS adhesive can be compared to a paint primer that integrates 

the paint (polymeric grafts) to a wall (host tissues). The complete structure of the adhesive 

and chemical analysis is described in Fig. 1.

Cartilage repair is a uniquely challenging application where there is a significant need for a 

tissue integration method. Cartilage is made of a thick matrix of proteoglycans and collagen 

and this dense lubricating tissue is particularly challenging for adhesives and bonding 

strategies18,19. In vitro efficacy of the CS adhesive was evaluated in a model cartilage 

system where poly(ethylene glycol) diacrylate (PEGDA) hydrogels were bonded to an 

articular cartilage explant. The only surgical option today, sutures or tacks, creates new 
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defects in cartilage tissue that will not repair and will remain in the tissue indefinitely19. 

Application of the CS adhesive does not penetrate or damage the cartilage tissue and is 

simple to administer (Fig. 2a). The CS adhesive is applied to the surface of cartilage using a 

cotton swab or brush (Fig. 2a, Step 1). A macromer (pregel) solution containing a 

biocompatible initiator20 can then be applied to the tissue and polymerized with light (Fig. 

2a, Step 2). The hydrogels can be formed with or without suspended cells to generate 

cellular or acellular implants. An example of a model cartilage–hydrogel construct bonded 

with the CS adhesive is shown in Fig. 2b. The adhesive can be extended to bonding of other 

biomaterials containing any vinyl functional group and crosslinked using a number of 

mechanisms such as redox or chemical initiators, demonstrating the wide applicability and 

generality of the system.

The integration of the CS adhesive and cartilage tissue was monitored by chemical analysis 

at the tissue interface using attenuated total reflection Fourier transform infrared (ATR-

FTIR, Fig. 1a) spectroscopy21. The ATR-FTIR spectrum of untreated cartilage has typical 

peaks of the protein amide-I at 1,640 cm−1, amide-II at 1,550 cm−1 and amide-III at 1,240 

cm−1 (spectrum 1). The individual matrix component, CS, is distinguished by saccharide 

alkyls at 2,920 and 1,415 cm−1, and alkoxyls at 1,030 cm−1 (spectrum 2). When the CS is 

modified with the functional groups, a new infrared band associated with the C═O stretch 

appears at 1,730 cm−1 (spectrum 3). Finally, when the CSMA aldehyde is reacted with the 

cartilage surface and thoroughly washed, the spectrum demonstrated both characteristics of 

cartilage and the CS adhesive, confirming the presence of the adhesive on the surface of the 

cartilage (spectrum 4).

The chemical composition of native cartilage and cartilage treated with CS adhesive was 

further characterized by X-ray photoelectron spectroscopy22 (XPS). The C(1s) XPS regions 

of native cartilage and cartilage treated with the CS adhesive are shown in Fig. 1c. The 

cartilage treated with CS adhesive exhibited a higher concentration of C═O and C─O 

species, consistent with the fact that the proteoglycan-rich CS-adhesive layer contains 

significantly more oxygen molecules in both the sugar ring and pendant alcohol groups 

compared with the native cartilage tissue (Fig. 1c). To estimate the thickness of the CS-

adhesive layer, Ar+ sputtering/etching was carried out in conjunction with XPS. Results 

from this analysis are shown in Fig. 1d. For Ar+ sputter times less than 60 min, the atomic 

percentage of carbon at the surface decreases, whereas the atomic oxygen percentage 

exhibits a concomitant increase. For sputter times in excess of 60 min, the atomic percentage 

of oxygen and carbon at the surface remained constant at values similar to those measured 

for the untreated cartilage surface. This supports the idea that after 60 min of Ar+ sputtering, 

the adhesive layer had been removed from the surface of the cartilage (Fig. 1d). To calibrate 

the rate of CS-adhesive removal by Ar+ ions, separate sputtering experiments were carried 

out on a thin film of adhesive deposited on a sputtercleaned gold substrate (see 

Supplementary Information and the Methods section). Results from these experiments 

indicate that the CS-adhesive layer thickness is less than 100nm before addition of the 

hydrogel scaffold.

Cytocompatibility of the adhesive was evaluated by testing the viability of cells in contact 

with the CS adhesive in the cartilage and in a hydrogel bonded to the tissue surface. Live–
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dead (calcein–ethidium dye) cell staining indicated that the cells encapsulated in the 

hydrogel and the chondrocytes residing in the cartilage explant adjacent to the adhesive 

remained viable (stained fluorescent green with calcein) over 5 weeks of culture (Fig. 2c). 

Further in vivo compatibility of the constructs was assessed by implantation in a small-

animal model and subsequent in situ application in the joint space of a mid-size- and large-

animal model.

Hydrogels have been used as vehicles for delivery and maintenance of cells or bioactive 

factors for cartilage repair. Chondrocytes, mesenchymal stem cells and embryonic stem cells 

encapsulated in hydrogels form cartilage-like tissue in vitro and in vivo after subcutaneous 

implantation23-25. Unfortunately, cartilage does not integrate well with transplanted tissues 

of any kind; either allo-, auto-graft tissue or engineered cartilage. This phenomenon is 

thought to be due, in part, to the thick extracellular matrix and avascular nature of the 

tissue19,26-29. The challenge for cartilage integration in tissue engineering is twofold: the 

initial biomaterial scaffold must be stabilized in the joint and the subsequent developing 

tissue must integrate with the surrounding native tissue. In this in vitro study, CS adhesive 

bound a cellladen hydrogel to the cartilage surface to promote integration and stability of the 

implant and developing tissue. Furthermore, as CS also has biological activity, it was 

hypothesized that incorporation of the CS adhesive would improve cell activity and tissue 

formation at the hydrogel–cartilage interface. The hydrogel–CS–cartilage model system 

(Fig. 2b) was applied to carefully evaluate engineered and host cartilage integration in vitro 
and in vivo before moving to preclinical studies.

CS-adhesive integration of engineered and native tissue was first characterized in vitro by 

bonding a hydrogel containing primary chondrocytes to a cartilage explant as shown in Figs 

2 and 3. After 5 weeks of in vitro incubation, new cartilage tissue developed in the hydrogel 

that was integrated to the cartilage surface (Fig. 3). An extracellular matrix rich in cartilage-

specific collagen and proteoglycans was secreted in the hydrogel as visualized by Masson’s 

Trichrome (collagen) and Safranin-O (proteoglycan) staining (Fig. 3b,d). Extracellular 

matrix secretion at the hydrogel scaffold–cartilage interface was particularly extensive, with 

new tissue forming that was bonding the cellular hydrogel containing developing tissue with 

the cartilage explant. Hydrogels without cells remained adhered to the cartilage tissue and 

contained no extracellular matrix (Fig. 3a,c). Previous studies attempting integration of 

cartilage found a fibrous cartilage containing Type-I collagen at the tissue interface27. 

Fibrous cartilage is mechanically weaker than hyaline cartilage and is probably the source of 

failure in cartilage integration. On the contrary, cells at the CS-adhesive–tissue interface 

stained positive for Type-II collagen and demonstrated some cell-associated matrix 

production (Fig. 3e). Without CS adhesive, the hydrogel did not adhere to the cartilage and 

quickly separated from the tissue in culture.

As a preliminary step to evaluate CS-adhesive compatibility and efficacy in vivo, integrated 

hydrogel–CS–cartilage constructs were implanted in the subcutaneous space of athymic 

mice (Fig. 3f). The CS adhesive successfully bonded the hydrogels (with or without cells) to 

cartilage tissue explants over a 5 week implantation period (Fig. 3h,i). In vivo tissue 

development and integration correlated with the in vitro studies, although tissue production 

in the hydrogels was slightly decreased owing to limited diffusion and nutrition in the 
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subcutaneous space. Proteoglycan secretion was again observed in the hydrogel and at the 

interface (Fig. 3i). Mechanical properties of the developing tissue in the hydrogel and 

integrated hydrogel–CS–cartilage constructs incubated in vitro and in vivo increased over 

time, suggesting the accumulation of functional cartilage tissue (see Supplementary 

Information, Fig. S1).

The mechanical function of the CS adhesive is critical to its application for tissue integration 

and adhesion. The hydrogels we apply to tissue repair are designed to support cell viability, 

nutrientwaste flow and promote fast tissue development. To achieve these characteristics, the 

hydrogels have a high porosity or lower crosslinking density and therefore limited physical 

strength23,24. Initial evaluation of the CS-adhesive strength demonstrated that the bulk 

hydrogel failed before the CS-adhesive interface (Fig. 4b). Constructs bonded with the 

adhesive and exposed to tensile and shear forces did not fail at the interface (Fig. 4b, +CS). 

Without the adhesive, failure quickly occurred at the hydrogel–cartilage interface (Fig. 4b, 

−CS). Therefore, to determine the ultimate failure strength of the CS adhesive, a higher 

strength, highly crosslinked hydroxylethyl methacrylate (HEMA) gel was integrated to 

cartilage with the adhesive. Tensile and shear forces of 45 and 46 kPa were required to 

dislocate the HEMA gels from the tissue (Table 1). As this integrative strength already 

exceeds the bulk strength of the PEGDA hydrogels (40 kPa), the strength of the CS adhesive 

is more than sufficient for the fixation of hydrogels to the cartilage surface.

The mechanically harsh environment of the joint is another challenge for integrating 

cartilage tissue with biomaterials or tissue implants. Integration of biomaterials or 

engineered tissue with native cartilage tissue in the joint will improve implant stability with 

surrounding host tissue and protect the nascent tissue developing in the joint. Therefore, we 

first investigated the efficacy and requirement of the CS adhesive in a rabbit model before 

translating to a larger-animal model for cartilage repair.

Rabbits are a well-accepted mid-size-animal model for evaluating materials in a joint 

environment30-32. Larger-animal models provide a better model of cartilage repair, so we 

used the rabbit model to determine if the CS adhesive was required to retain a hydrogel in 

the joint space. PEG-based hydrogels were implanted in chondral defects (3.2mmdiameter) 

in the femoropatellar groove of New Zealand white rabbits, with or without application of 

the adhesive.

Advances in magnetic resonance imaging (MRI) and its application in orthopaedics have 

significantly enhanced our ability to evaluate materials and cartilage repair in the joint. The 

T2 (spin–spin relaxation) is a biological parameter determined by unique characteristics of a 

material or tissue that can be evaluated in situ. MRI-T2 assessment carried out on the rabbit 

joints after 5 weeks revealed that defect spaces were filled with hydrogel and/or new tissue 

growth when the adhesive was applied (Fig. 4a, +CS), but were empty when the hydrogel 

was not integrated with the CS adhesive (Fig. 4a, −CS). Quantitative MRI-T2 values were 

also determined for comparison with the imaging results. According to the T2 distribution 

curves, the T2 level detected from the experimental defects with CS adhesive was 

approximately 80 ms (Fig. 4a, +CS); in comparison with the T2 value detected in empty 

control defects, which ranged between 110 and 120 ms. T2 values obtained from the defects 
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implanted with hydrogel without adhesive had similar curves to the empty defects (Fig. 4a, 

−CS). The higher T2 values in the empty and hydrogel-filled defects reflect the presence of 

water/body fluids in the defect. The hydrogel biomaterial has a T2 value between that of 

cartilage and water/body fluid. Histological analysis also confirmed enhanced tissue 

development in the defects treated with adhesive and hydrogel (Fig. 4c), compared with 

untreated controls (Fig. 4e) and defects treated with hydrogel alone, without adhesive (Fig. 

4d).

Implantation of hydrogels in the joint space of rabbits confirmed the requirement of the CS 

adhesive to hold the material in place and suggested potential improvement in tissue repair. 

Preclinical testing of cartilage technologies requires the use of larger-animal models to better 

mimic human repair. To this end, we created critical-size chondral defects (6mm diameter) 

in goat femoral condyles to mimic the most common cartilage defects found in humans. 

Because of the challenge in translating cell therapies to clinical use, we applied only the 

biomaterial scaffold in the cartilage defects in conjunction with marrow stimulation to 

provide an autologous cell source33,34. CS adhesive was applied to the cartilage defects as 

described in Fig. 2a. After subsequent marrow stimulation, the PEGDA hydrogel was 

photopolymerized in the defect and bonded to the CS adhesive and tissue surface. Animals 

were killed after 6 months to evaluate new cartilage growth. Cartilage in the defects treated 

with adhesive and hydrogel showed significantly greater repair compared with empty, 

untreated defects after 6 months. Both overall tissue fill and per cent of tissue staining for 

glycosaminoglycans, determined by histomorphometry, significantly increased in the 

presence of adhesive and hydrogel. Experimental defects with adhesive and hydrogel 

produced tissue that grossly filled the majority of the defect (Fig. 5b). Underlying bone was 

grossly visible in control defects, without adhesive or hydrogel (Fig. 5a). Histologically, the 

contour of the joint surface was more established in experimental defects and more Safranin-

O staining was quantitatively observed. The O’Driscoll histological score also increased in 

the experimental defects, suggesting improvement in cartilage repair with the adhesive and 

hydrogel (Fig. 5).

Addressing the challenges of adhesion and integration to cartilage will enhance translation 

of materials and technologies that promote biological repair. Furthermore, the development 

of tissue adhesives that not only carry out a desired physical function, but also enhance or 

guide tissue development and repair, will have a significant impact on a number of surgical 

interventions.

EXPERIMENTAL PROTOCOL

SYNTHESIS OF CS ADHESIVE

CSMA was synthesized as previously described15,16. Resulting CSMA (300 mg) was 

oxidized with sodium periodate (308 mg, Aldrich, Milwaukee, WI) in 5ml of deionized 

water for 16 h in the dark with vigorous stirring. The product, chondroitin sulphate 

methacrylate aldehyde (CS adhesive), was purified by filtration with Sephedex G-25 

(Sigma) size-exclusion chromatography. The chemical structure of the CS adhesive was 

verified by proton nuclear magnetic resonance (1H NMR, 500 MHz, Varian Associates). The 
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aldehyde substitution degree was determined using the hydroxylamine hydrochloride 

titration assay35.

CARTILAGE–HYDROGEL INTEGRATION

The CS-adhesive solution (25% w/v, in deionized water) was placed onto cartilage explants 

(middle layer of the cartilage collected from fetal bovine femoropatellar groove) for 5 min. 

Unreacted CS adhesive was rinsed with phosphate buffer saline (PBS, pH 7.4). PEGDA 

(15% w/v, Mw 3,400 Da, Nektar) macromer solution (in PBS, pH 7.4) was mixed together 

with 0.05% (w/v) biocompatible photoinitiator Igracure 2959 (Ciba-Geigy). The 

biocompatibility of the photoinitiator and free-radical polymerization was previously 

confirmed20.

CHARACTERIZATION OF THE CS LAYER USING X-RAY PHOTOELECTRON 
SPECTROSCOPY

Sample preparation.—To avoid contamination from inherent proteoglycans in the 

cartilage during XPS analysis, the explants samples were digested using chondroitinase 

ABC. After washing the digested samples with water, 25% (w/v) CS-adhesive solution was 

applied to the cartilage for 5 min. Unreacted CS adhesive was washed using distilled water 

and the explant was lyophilized for 24 h.

Film characterization using X-ray photoelectron spectroscopy in conjunction 
with sputter depth profiling.—XPS analysis was carried out in an ultrahigh vacuum 

chamber (Pbase ≈ 5 × 10−8 torr) using a PHI 5400 XPS system. XPS spectra were acquired 

using a Mg Kα (1,253.6 eV) at a take-off angle of 45°. Depth-profiling experiments were 

carried out and the sputter rate was calibrated and subsequent adhesive layer thickness was 

determined (see the Supplementary Information).

In vitro culture of integrated cartilage and hydrogels.—Hydrogels were prepared 

with or without primary chondrocytes (35 million cells ml−1) isolated from the same animal 

as the cartilage explants. The polymer solution was placed on a cartilage explant and 

exposed to light (365 nm, 5mWcm−2) for 5 min to crosslink the polymer and form 

hydrogels. The resulting hydrogel–CS–cartilage constructs were cultured for 5 weeks as 

described previously36.

Subcutaneous implantation.—After ex vivo formation, integrated hydrogel–CS–

cartilage constructs were implanted subcutaneously in four lateral subcutaneous pockets of 

athymic mice (National Cancer Institute, Frederick, MD). Constructs were collected after 5 

weeks for histology and immunohistochemistry (see Supplementary Information and the 

Methods section).

Rabbit implantation.—The CS adhesive was used to integrate hydrogels to the articular 

cartilage of New Zealand white rabbits. Two bilateral chondral defects were created on the 

femoropatellar groove of rabbit hind limbs (3–6 months old, male, n = 7). Defects were 

3.2mm in diameter and the depth was variable depending on the cartilage thickness and 

surgical technique. The defects were first treated with 25% (w/v) CS-adhesive solution for 5 
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min and rinsed with PBS. PEGDA solution was added to the prepared defect and 

photopolymerized by exposure to light as described above. Control defects included empty 

defects (n=7) and defects filled with hydrogel without CS-adhesive pretreatment (n=7). 

Samples were collected after 5 weeks and processed for histology.

MRI-T2 mapping and scanning.—Transverse relaxation time (T2) mapping and 

scanning were carried out with a medical MRI technique (NMR spectrometer: Bruker DMX 

400, proton birdcage resonator: Bruker Analytik GmbH). T2 maps were generated as 

described in Supplementary Information and the Methods section. Images were obtained 5 

weeks after gel implantation.

Cartilage repair in goat model.—Surgery and analysis were carried out using good 

laboratory practices and with IUACAC approval (Thomas D. Morris, Reisterstown, MD). 

Two 6 mm chondral defects were created on the central ridge of the medial femoral condyle 

of the right stifle in caprine (goats, 2–3 years old). Experimental defects (n = 12, 6 goats) 

were treated with the CS adhesive. Four holes were drilled into the subchondral bone to 

provide marrow cell access to the defect site. PEGDA was polymerized in the defect space 

via a 4 min exposure to light (λ = 320–500 nm, I = 4–5 mWcm−2). The control defects were 

left empty (n = 6, 3 goats). The operative limb was immobilized for 2 weeks with a 

Schroeder Thomas Splint. After 6 months, animals were killed and defects were processed 

according to standard histological analysis and Safranin-O staining. Sections were analysed 

by histomorphometry to calculate tissue fill and glycosaminoglycan staining in addition to 

O’Driscoll scoring by a blinded observer.

Statistics.—Statistical analysis was carried out using an unpaired Student’s t-test with a 

confidence level of 0.05. All values are reported as the mean and standard deviation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Synthesis and characterization of CS adhesive.
a, ATR-FTIR spectra indicate the surface of unmodified native cartilage distinguished by 

stretching bands of protein amide-I at 1,640 cm−1, amide-II at 1,550 cm−1 and amide-III at 

1,240 cm−1 (spectrum 1); unmodified CS with stretching bands of saccharide alkyls at 

2,920, 2,850 and 1,415 cm−1 and alkoxyls at 1,030 cm−1 (spectrum 2); CS adhesive with 

stretching bands of carbonyl at 1,730 cm−1 (spectrum 3); and CS adhesive on the cartilage 

surface, which contains peaks from both cartilage and the functionalized CS (spectrum 4). b, 

The C(1s) XPS regions of untreated cartilage (dashed line) and cartilage treated with CS 

adhesive (solid line) exhibit different concentrations of oxygen containing carbon functional 

groups at the surface. This supports the idea that the CS adhesive is present on the tissue 

surface. c, 1H NMR analysis: alkyl protons on saccharide backbone at a chemical shift δ3.2 

~ 4.0p.p.m.; vinyl protons on methacrylate at δ5.89 and 5.44 p.p.m.; aldehyde protons at 

δ8.11 p.p.m. Inset: CS-adhesive synthesis pathway. d, Depth profile for a cartilage surface 

treated with CS adhesive. The tissue was sputtered with Ar+ and the variation in the carbon 

and oxygen content at the surface was measured using XPS. The oxygen and carbon 

concentration changed over the initial 60 min of sputter time, after which the chemical 
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composition of the surface remained constant, indicating that all of the adhesive had been 

removed from the cartilage surface.
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Figure 2. Schematic diagram of CS-adhesive application and hydrogel integration.
a, The CS adhesive is applied to the cartilage surface with a swab (Step 1). A macromer 

(pregel) solution is added to the tissue surface modified with the CS adhesive and 

photopolymerized (Step 2). The resulting hydrogel biomaterial is covalently bound to the 

cartilage surface via the CS-adhesive bridge. Cells surgically stimulated from the marrow 

(blue) or exogenously added to the liquid pregel (red) can be incorporated into the hydrogel 

layer. b, Gross picture of a hydrogel bound to cartilage with the CS adhesive. The cartilage 

tissue is the white, opalescent layer adjacent to the transparent hydrogel layer. Chondrocytes 

were encapsulated in the hydrogel layer to test the cytocompatibility of the modified CS. c, 

Cells in the hydrogel, adjacent to the CS adhesive, and within the cartilage were viable after 

5 weeks of culture, as determined by live–dead fluorescent staining where calcein dye 

(green) stains only viable cells.
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Figure 3. Integration of hydrogels and developing tissue to the cartilage surface with CS 
adhesive.
a–i, Hydrogel constructs were bonded to cartilage with the CS adhesive and incubated in 
vitro (a–e) or in vivo (f–i) for 5 weeks. Hydrogels without cells were integrated to cartilage 

explants and the resulting constructs were stained with Masson’s Trichrome (a) and 

Safranin-O (c) after in vitro culture to visualize collagen and proteoglycans, respectively. 

The hydrogels remained firmly attached to the cartilage tissue, which also retained cell 

viability and extracellular matrix. Hydrogels with encapsulated chondrocytes demonstrated 

total collagen (b) and proteoglycan (d) production typical of neocartilage. The neocartilage 

was firmly attached to the cartilage explant. Type-II collagen (e), specific to hyaline 

cartilage, was present in and around cells at the interface and within the native cartilage. 

Integrated cartilage–hydrogel constructs were also implanted subcutaneously in athymic 

mice (f) and collected after 5 weeks (g). Acellular hydrogels remained firmly attached to the 

cartilage surface without invasion of cells or extracellular matrix production (h). Similar to 

the case for in vitro incubation, the hydrogels containing cells produced neocartilage that 

was bound to the cartilage surface. Proteoglycans (I, Safranin-O) were present throughout 

the hydrogel layer and at the interface of the engineered and native cartilage tissue.
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Figure 4. CS-adhesive mechanical properties and in vivo durability.
Hydrogel was implanted in chondral defects of a rabbit with or without the CS adhesive (n = 

7). a, MRI of the articular defects treated with the CS adhesive and hydrogel (+CS) 

demonstrated an MRI signal and T2 signal change, whereas defects that were not treated 

with CS adhesive before hydrogel placement (−CS) were empty after 5 weeks (n = 3). b, 

The CS-adhesive interface did not fracture when tensile and shear forces were applied. 

However, the hydrogel bulk failed when the adhesive was present (+CS). Without the CS 

adhesive (-CS), the hydrogel and cartilage separated easily at the interface. To determine the 

adhesive strength of the CS adhesive, highly crosslinked HEMA was bound to the cartilage 

surface and exposed to shear and tensile forces. The strength of the interface is presented in 

Table 1. c–e, Safranin-O staining of defects in the rabbit treated with CS adhesive and 

hydrogel (c), hydrogel alone (d) and no treatment (e) revealed enhanced proteoglycan 

deposition and tissue development when adhesive and hydrogel were present.
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Figure 5. CS adhesive and cartilage repair in a large-animal model.
Two chondral defects (diameter 6mm) were created in the medial femoral condyle of goats. 

CS adhesive was placed in the defect after which the marrow was stimulated and the PEG 

hydrogel polymerized in the defect. a,b, Gross images of the empty control defects after 6 

months showed minimal tissue fill (a) compared with defects treated with the gel and 

adhesive (b). c,d, Histological analysis confirmed that the gross pictures with the empty 

defect contained minimal tissue fill (c) compared with the treated defect (d). The majority of 

the tissue fill in the treated defects stained for Safranin-O, and the O’Driscoll (OD) score of 

the treated defects was greater than that of the controls (17.7 versus 14.8). The scale bars in 

c,d represent 1mm. e, Histomorphometric analysis quantified the area of tissue fill and 

positive Safranin-O staining and demonstrated statistically significant differences between 

the control and treated chondral defects (n = 6 control defects, n = 12 treated defects).
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Table 1

Hydrogel–cartilage interface strength.

Stress at interface failure +CS primer −CS primer

Uniaxial tensile 45±2.0kPa ≤2.8kPa

Horizontal shear 46±1.7kPa ≤6.0kPa

(n=5).
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