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Abstract

Incorporation of an interpenetrating polymer network into an existing single polymer network 

enables augmentation of the original substrate’s mechanical properties, and translation of this 

concept from purely synthetic materials to natural-synthetic hybrid systems provides the 

opportunity to reinforce mechanical properties of bulk biological substrates. In many disease 

states, bodily tissues experience a deterioration of mechanical properties which renders them 

prone to further material failure. Herein, a tissue-supplementing technique is described in which 

an interpenetrating biomimetic hydrogel is polymerized in situ throughout cartilage tissue. The 

treatment restores the inferior compressive properties of osteoarthritic cartilage to that of healthy 

cartilage, preferentially localizing to weaker regions of tissue. Furthermore, the treatment 

technique preserves cartilage under harsh articulation conditions, showing promise as a materials-

based treatment for early-stage osteoarthritis.
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Softened and wear-prone articular cartilage is reinforced via a semi-natural-semi-synthetic 

interpenetrating polymer network. In situ photopolymerization of biomimetic monomers within 

the tissue increases cartilage strength and wear-resistance. This biomaterials-based approach may 

hold promise for treating early stage osteoarthritis.
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The synthesis of polymer double networks, or interpenetrating networks, constitutes a 

valuable strategy for reinforcing and improving the mechanical properties of one polymer 

network by physically entangling within it a second network. Several significant strategies 

are reported for installing a synthetic interpenetrating network to reinforce synthetic 

hydrogel networks,[1, 2] biologically-inspired polymer networks,[3] and biomolecule-derived 

polymer networks.[4] However, examples of hybrid natural-synthetic double networks, i.e., 

those incorporating a synthetic network within a naturally-occurring biopolymer network, 

are limited to surgical sealants and adhesives.[5, 6] In these reported examples, the synthetic 

network forms a physical entrapment and interpenetration only at the tissue surface and not 

throughout the bulk of the tissue, and therefore such strategies are unable to afford 

improvement in mechanical properties throughout the tissue.

There exist many diseases in which biological tissue undergoes a degenerative weakening 

process; intervention with a reinforcing tissue-interpenetrating network would be a novel 

approach to treat or to prevent further tissue damage. Moreover, this strategy has the 

potential to treat an entire tissue and is in contrast to strategies focused on filling a specific 

tissue defect or weakened region, as such examples only treat focal lesions and do not 

remedy widespread degeneration.[6, 7] Osteoarthritis (OA) is one such disease where the 

depletion of glycosaminoglycans (GAGs), the highly charged polysaccharides responsible 

for maintaining tissue hydration and imparting healthy cartilage with its high resistance to 

compression, is a hallmark of the disease.[8] In a healthy state, the fixed negative charges of 

the GAGs attract and immobilize water molecules, thereby providing the tissue with 

significant load-bearing capacity; however as the GAG content of cartilage diminishes over 

time, so too does its compressive stiffness (Figure 1, left and left-center).[9] Currently, there 

are no clinically-utilized biochemical or materials-based therapies that either a) mitigate 

GAG loss, or b) effectively replace lost GAG with a natural or synthetic substitute. We 

hypothesized that formation of a polymer double network with collagen and a synthetic 

polymer that bears fixed charges would restore compressive strength to degenerated cartilage 

by mimicking the GAGs that interpenetrate and attract water via fixed charges in healthy 
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tissue (Figure 1, right-center). Herein, we report the rationale for selecting a 

phosphorylcholine-based polymer, the synthesis of a semi-natural-semi-synthetic hybrid 

interpenetrating network with cartilage using in situ photopolymerization, the polymer 

distribution profile within the tissue, and the assessment of this strategy to reinforce 

compressive properties and improve cartilage wear resistance.

In such a strategy, small charged monomers first diffuse throughout GAG-deficient cartilage 

and are then polymerized in situ. Precise chemical mimicry of GAG, with its abundant 

negative charges, is not optimal as negatively charged monomers equilibrate in lower 

concentration within the tissue relative to the concentration in surrounding fluid.[10] 

Positively charged monomers, in contrast, are electrostatically attracted to diffuse into the 

tissue,[11] but many cationic molecules elicit undesirable toxicity.[12] Therefore, the 

zwitterionic monomer 2-methacryloyloxyethyl phosphorylcholine (MPC) (Figure 1, right), 

exhibiting no net molecular charge yet possessing charged phosphate and 

trimethylammonium functional groups, was selected as it is known to demonstrate 

biocompatibility[13] and a high degree of hydration,[14] even under extreme compressive 

loads.[15]

In a typical treatment procedure, bovine osteochondral explants were either used in their 

current state (“healthy”) or first enzymatically degraded (“degraded” or “OA”) to selectively 

decrease cartilage GAG content (see Experimental Section and Supporting Information 

(SI)). Explants were incubated in a solution containing MPC, ethylene glycol dimethacrylate 

as a crosslinker, and the previously developed[16] photoinitiating system composed of eosin 

Y, triethanolamine, and N-vinyl pyrrolidone. Explants were removed from solution after a 

24-hour incubation, irradiated with green laser light, and rinsed in saline to allow residual 

non-reacted monomer to wash out. Based on amount of washed out monomer as quantified 

by high performance liquid chromatography, polymerization efficiency ranged from 70 to 

90% (Figure S1).

Fourier transform infrared spectroscopy of histological tissue slices following treatment 

reveals a significant increase in absorbance at 1240 and 1086 cm−1 arising from P=O and P-

O stretching motions, respectively, attributed to MPC’s phosphate group, and the appearance 

of a new, strong absorbance at 967 cm−1 is indicative of MPC’s trimethylammonium group 

(Figure S2a). These absorbances are present throughout the superficial, middle, and deep 

zones of treated tissue (Figure S2b). By incorporation of the fluorescent monomer 

methacryloyloxyethyl thiocarbamoyl Rhodamine B during the tissue-incubation stage of the 

treatment procedure, fluorescence microscopy was used to visualize the interpenetrating 

hydrogel. Figure 2a displays a 10x micrograph (540 nm λex, 580 nm λem), with high 

fluorescence intensity observed throughout the tissue depth compared to non-treated control 

tissue. Further verification of the hydrogel’s presence throughout the tissue was obtained by 

enzymatic tissue digestion of the hydrogel-treated cartilage using papain. As papain cleaves 

peptide bonds while leaving carbon-carbon bonds (such as those along the MPC polymer 

backbone) intact, clear MPC hydrogel remained following degradation and dissolution of the 

cartilage extracellular matrix (Figure 2b).
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With this chemical evidence of the polymer’s presence within the treated explants, we 

sought a translatable and clinically applicable, non-destructive imaging-based technique for 

investigating the depth-wise distribution of polymer within the cartilage and the 

distribution’s dependence on tissue composition at various depths. A degraded explant was 

imaged by T2-weighted magnetic resonance imaging before and following treatment at a 

monomer concentration of 60 w/v% (SI). The average T2 relaxation time constant over a 

central coronal slice underwent a statistically-significant decrease following treatment, from 

52.6 ± 8.6 to 42.3 ± 5.1 ms (p<0.001); this is explained by the hydrogel’s localization in 

pores of the cartilage previously occupied by water. Since T2-weighted imaging is reflective 

of water volume fraction,[17] the treatment effectively filled tissue pores with polymer and, 

thus, the T2 relaxation time constant decreased (Figure 3a). The concentration of polymer in 

a region of tissue is proportional to the change in the T2 relaxation rate (1/T2). By analyzing 

the change in 1/T2 along the gradient from cartilage-bone interface to articular surface, we 

observed that tissue regions with higher initial T2 values (generally weaker tissue) 

experienced greater increases in 1/T2 following a single treatment (Figure 3b,c). This finding 

corroborates the results from the IR study and indicates that the distribution of polymer in 

treated cartilage is dependent upon the initial tissue composition, in that regions of greater 

water volume fraction (correlating with mechanically weaker tissue) receive more of the 

tissue-supplementing material.

Hypothesizing that this “smart” self-distribution of the GAG-inspired hydrogel throughout 

cartilage will improve compressive properties, we treated healthy and degraded 

osteochondral explants (N=20) as described above using monomer concentrations of 20, 40, 

and 60 w/v%. Pre-treatment and post-treatment unconfined compression testing was 

performed and equilibrium compressive modulus (E) was computed (SI). Healthy explants 

treated with a monomer concentration of 20 w/v% underwent an average increase in E from 

0.31 ± 0.02 to 0.41 ± 0.04 MPa, while degraded explants treated at the same concentration 

increased from 0.22 ± 0.01 to 0.40 ± 0.01 MPa, corresponding to statistically significantly 

different (p = 0.031 and p = 0.007, respectively) increases in modulus of 32% ± 10% and 

80% ± 15%, respectively (Figure 4a). The greater percent increase in E associated with 

degraded tissue state compared to healthy state is rationalized by a greater hydrogel volume 

filling fraction; as GAGs are enzymatically cleared from cartilage during OA, porosity 

increases and the cartilage’s water content increases,[18] allowing a greater hydrogel filling 

volume. A similar trend was observed at increased treatment concentrations, and greater 

monomer concentrations correlated with greater absolute and relative increases in E (Figure 

4). Treatment concentrations greater than 60 w/v% were not investigated as this would likely 

afford a supraphysiologic articular cartilage compressive moduli. E values reported for 

human articular cartilage of the knee range between 0.3–0.8 MPa.[9, 20] Likewise, MPC 

hydrogels, in the absence of cartilage, became stiffer at increasing concentrations (20 w/v%, 

liquid; 40 w/v%, E < 0.001 Pa; 60 w/v%, E = 0.0081 ± 0.0042 Pa; Figure S3) similar to 

other reported MPC hydrogels.[19]

Following demonstration of cartilage mechanical reinforcement at equilibrium conditions, 

we evaluated the hydrogel’s ability to prevent wear, as chondroprotective treatments are of 

significant interest. Explants (native cartilage or cartilage treated with interpenetrating 

hydrogel at a monomer concentration of 20 or 60 w/v%, N=3 each) were subjected to a 
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torsional wear regimen under constant compressive stress against polished stainless steel to 

simulate harsh articulation conditions. The instantaneous tissue thickness was measured over 

time, and the thickness of the explants upon reequilibration in saline following up to three 

sequential regimens was determined by computed tomography (Experimental Section and 

SI). The steel countersurface used in this study was intended to cause supraphysiologic shear 

stresses to simulate accelerated wear. Compared to non-treated control samples, the samples 

treated with 20 and 60 w/v% hydrogel experienced statistically significantly less thickness 

loss at all time points throughout the first regimen and 34% and 63% less thickness loss, 

respectively, at the regimen’s completion (Figure 4b). The time derivative, i.e., the slope of 

the curves shown in Figure 4b (averaged over the final one third of the regimen) represents 

the rate of change in thickness, shown in units of percent strain/h. The rate of thickness 

change of hydrogel-treated cartilage (20 and 60 w/v% concentrations) is approximately half 

that of non-treated cartilage (10.6 ± 2.7 and 10.0 ± 3.0 %ε/h compared with 22.8 

± 4.8 %ε/h, respectively; p = 0.019 and 0.018, respectively). For comparison to physiologic 

non-wear-inducing conditions, an identical cartilage wear regimen against a cartilage 
countersurface was also performed (Figure 4b, dashed orange curves), yielding a thickness 

change rate approximately an order of magnitude lower (1.9 ± 0.8 %ε/h), indicating that 

under the conditions investigated by this regimen, cartilage-on-cartilage contact experiences 

negligible thickness loss while cartilage against stainless steel experiences a linear thickness 

loss. Additionally, this linear portion of the thickness change curve, attributed to tissue loss, 

engages at a roughly 50% earlier time point for non-treated cartilage (ca. 1400 s) compared 

to hydrogel-treated cartilage (ca. 3100 s for both 20 and 60 w/v% groups) (Figure S4), 

indicating that the interpenetrating network delays the onset of tissue loss during the 

regimen. Furthermore, despite articulating against stainless steel, the 60 w/v% hydrogel-

treated group undergoes a similar strain profile as the group articulating against cartilage 

(Figure 4b, dark green vs oranges curves), supporting the treatment’s capacity to restore 

complex compressive performance comparable to healthy tissue.

Native cartilage was completely worn to the bone (0% thickness remaining) following two 

successive wear regimens, while 20 w/v% hydrogel-treated cartilage maintained 48 ± 11% 

of its initial thickness, and 60 w/v% hydrogel-treated cartilage withstood a third wear 

regimen and maintained 68 ± 9% of its initial thickness, indicating significant improvements 

in tissue preservation (Figure 4c). This follows from the rates of thickness change, i.e., the 

wear rates derived from the creep curves in Figure 4b, as the greater wear rate associated 

with non-treated cartilage results in greater thickness loss. We propose that the 

interpenetrating network protects cartilage from wear resistance by a variety of physical 

mechanisms, most significantly: 1) through polymer chain entanglement, the physically-

entrapped network dissipates shear stress entropically to reduce the stress on the cartilage 

matrix, akin to other reinforcing double networks,[1],[21] and 2) because the hydrogel is 

known to strongly immobilize water, cartilage interstitial fluid load support is maintained for 

a longer duration into the wear regimen compared to non-treated cartilage. It is also 

plausible that during steady state cartilage wear, i.e., while thickness is linearly decreasing, 

the magnitude of the treated cartilage’s interstitial fluid pressure is greater than that of non-

treated cartilage, and this may be a significant factor in the ability to resist wear because it 

allows more load to be borne by the fluid component of the tissue rather than by the solid 
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component, which directly addresses a pathology commonly implicated in OA.[22] Studies 

are ongoing to further characterize the tissue-protective abilities of this system.

In conclusion, the in situ synthesis of synthetic polymer networks interpenetrated with 

biological tissue is a useful approach for improving biological materials in need of 

reinforcement. The tissue-reinforcement mechanism reported in this study affords a polymer 

double network that interpenetrates the entire cartilage tissue and increases the tissue’s 

equilibrium compressive modulus and wear resistance, providing greater magnitude of 

strengthening to softer tissue areas and demonstrating preservation of cartilage volume 

following subjection to harsh articulation. Such a strategy holds promise for the 

development of biomaterials-based therapies that augment the suboptimal mechanical 

properties of diseased soft tissues.

Experimental Section

Cartilage-hydrogel double network synthesis

Cylindrical bovine osteochondral explants (7 mm diameter) used in their current state 

(“healthy”) or first enzymatically degraded with chondroitinase ABC (0.1 U/mL, 24h) 

(“degraded” or “OA”) to selectively decrease cartilage GAG content (please see 

Experimental Section and Supporting Information (SI)). Explants were incubated at 25°C in 

a solution containing MPC (concentration ranging 5 to 75 w/v%), ethylene glycol 

dimethacrylate as a crosslinker, and the previously developed[16] photoinitiating system 

composed of eosin Y, triethanolamine, and N-vinyl pyrrolidone. Explants were removed 

from solution after a 24-hour incubation, irradiated with visible laser light (514 nm, 500 

mW/cm2), and rinsed in saline to allow residual non-reacted monomer to wash out.

Torsional disc-on-disc wear regimen

Explants (native cartilage or cartilage treated with interpenetrating hydrogel at a monomer 

concentration of 20 or 60 w/v%, N=3 each) were subjected to a torsional disc-on-disc 

unconfined wear regimen against polished stainless steel to simulate harsh articulation 

conditions. The regimen was composed of simultaneous constant compressive stress (0.78 

MPa) and torsion (5000 rotations, 360°/s, effective perimeter velocity 22 mm/s; 10-s lift-offs 

every 200 s). The instantaneous tissue thickness was measured over time via the stainless 

steel’s creep displacement, and the thickness of the explants upon reequilibration in saline 

(after a period of 18h) following up to three sequential regimens was determined by 

computed tomography.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of healthy, osteoarthritic, and hydrogel-reinforced cartilage. GAG depletion 

during OA decreases cartilage stiffness and wear-resistance; to recover lost properties, a 

cartilage-hydrogel double network is formed, with stiffness greater than either constituent 

material alone. Synthetic GAG-mimetic network is composed of hydrophilic zwitterionic 

monomers (MPC) for hydration and crosslinker (EGDMA) for network formation.
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Figure 2. 
Biochemical characterization of hydrogel presence throughout cartilage. (a) By doping the 

monomer solution with a rhodamine-derived methacrylate monomer, fluorescence 

microscopy allows visualization of hydrogel-treated tissue (top) and quantification of 

fluorescence intensity spanning the cartilage-bone interface to the articular surface (bottom). 

(b) A semi-disc (7 mm diameter) of hydrogel-treated cartilage (top) was sliced into small 

pieces (center) and its extracellular matrix enzymatically digested; clear hydrogel remains 

(bottom).
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Figure 3. 
T2-weighted MRI of an osteochondral explant before and following hydrogel treatment 

indicates hydrogel distribution. (a) Cartilage T2 maps (coronal view) before and following 

hydrogel treatment, with T2 values averaged over the entire cartilage decreasing from 52.6 

± 8.6 to 42.3 ± 5.1 ms; scale bar, 1 mm. (b) Average T2 as a function of distance from the 

cartilage-bone interface to the articular surface. (c) The strong, statistically significant 

correlation between pretreatment T2 and change in 1/T2 following treatment suggests that 

the hydrogel preferentially localizes to tissue regions of most porosity (i.e., higher 

pretreatment T2 values), thus causing a greater increase in 1/T2 in those regions due to the 

hydrogel network occupying tissue pores.
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Figure 4. 
Interpenetrating hydrogel increases cartilage compressive modulus (E), and attenuates creep 

and reduces wear following repeated articulation. (a) Increase in E (relative and absolute) is 

positively associated with monomer concentration, and degraded tissue underwent greater E 
increase than healthy control tissue. Average E increase in parentheses; N=3–4 each group. 

(b) Compressive creep strain as a function of time for cartilage alone and hydrogel-treated 

cartilage over 5000 cycles of articulation against stainless steel. Cartilage articulating against 

cartilage shown for comparison (dashed orange). Magnitude of curve slopes displayed in 

bold text. Thick curves, averages; thin curves, individual samples; N=3. (c) Thickness of 

cartilage alone and of hydrogel-treated cartilage following up to three sequential wear 

regimens. Thickness normalized to initial thickness; N=3.
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