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Towards a load bearing hydrogel: A proof of principle in the use of osmotic 
pressure for biomimetic cartilage constructs 

Gerke H. Schuiringa , Maria Pastrama , Keita Ito , Corrinus C. van Donkelaar * 

Orthopaedic Biomechanics, Dept. Biomedical Engineering, Eindhoven University of Technology, the Netherlands  

A B S T R A C T   

Cartilage defects occur frequently and can lead to osteoarthritis. Hydrogels are a promising regenerative strategy for treating such defects, using their ability of 
mimicking the native extracellular matrix. However, commonly used hydrogels for tissue regeneration are too soft to resist load-bearing in the joint. To overcome 
this, an implant is being developed in which the mechanical loadbearing function originates from the osmotic pressure generated by the swelling potential of a 
charged hydrogel, which is restricted from swelling by a textile spacer fabric. This study aims to quantify the relationship between the swelling potential of the 
hydrogel and the compressive stiffness of the implant.   

Solutions with different molecular weight ratios of poly 2-hydrox-
yethyl methacrylate (pHEMA) and sodium methacrylate (NaMA) 
(20:0, 19:1, 18:2, 17:3) were used to create either plain hydrogels or 
HydroSpacers, which were obtained by injecting the hydrogel in a poly 
amide 6 (PA6) warp knitted spacer fabric. After equilibration in 0.15 M 
or 0.015 M sodium chloride solution, samples were mechanically tested 
in stress relaxation with a step deformation of 15% strain at a strain rate 
of 15% strain/sec and held till equilibrium was reached. Afterwards, 
samples were lyophilized to determine water, polymer content, fixed 
charge density (FCD) and osmotic pressure. 

Hydrogels alone swelled up to 9-fold the initial weight, whereas 
HydroSpacers swelling was restricted to 1.2-fold. This restricted 
swelling of pHEMA-NaMA hydrogels in warp knitted PA6 spacer fabrics 
lead to an internal osmotic pressure. Regression analysis revealed a 
positive linear relationship between peak and equilibrium stress and 
osmotic pressure, showing that the mechanical properties of this so- 
called HydroSpacer can be tuned by adjusting the swelling capacity of 
the hydrogel via the FCD. In conclusion, a proof of principle is demon-
strated using swelling hydrogels, where swelling of the hydrogel is 
restricted by the tension developing in the warp-knitted spacer fabric, 
resulted in a similar load-bearing mechanism as in healthy cartilage. 

1. Introduction 

There is a strong correlation between the load-bearing properties of 
articular cartilage and its total proteoglycan content (Kempson et al., 
1970; X. Lux Lu et al., 2004; Lux Lu et al., 2007; Murakami et al., 2004). 
In healthy hydrated cartilage in the unloaded state, the solid matrix, 

especially the collagen fiber network, restricts the swelling originating 
from the Donnan osmotic pressure, which is caused by the ion imbalance 
between the bathing solution and the interstitial fluid due to the nega-
tive fixed charges of the proteoglycans (Grodzinsky et al., 1981; Kivir-
anta et al., 2006; Korhonen and Jurvelin, 2010; Maroudas, 1968, 1976; 
Maroudas and Bannon, 1981; Wilson et al., 2005). Moreover, the pro-
teoglycan content provides both a high swelling pressure and a low 
hydraulic permeability, which results in a limited water loss during 
loading and fast recovery (Maroudas, 1976). The osmotic pressure, 
dependent on the fixed charge density (FCD) and osmolarity of the 
bathing solution, has been shown to be the dominating factor in the 
equilibrium response, contributing up to 50% of the equilibrium 
modulus (Korhonen et al., 2003; Xin L. Lu and Mow, 2008; Mow et al., 
1998; Räsänen et al., 2017). By modulating the Donnan osmotic pres-
sure using different external saline concentrations of the bathing solu-
tion, cartilage stiffness is affected, showing a 50% reduction of the 
equilibrium modulus when bathed in a hypertonic solution (Eisenberg 
and Grodzinsky, 1985; Korhonen and Jurvelin, 2010). When the tissue is 
depleted of proteoglycans, the modulus decreases to less than 2% of the 
original cartilage modulus (Guterl et al., 2010). Collagen, the other 
major component of the solid phase, is a crucial factor. The compressive 
stiffness of collagen is only significant at high compressive strains 
(Römgens et al., 2013). However, the specific arcade shaped and 
crosslinked collagen architecture in cartilage with fibers running from 
the cartilage-bone interface to the superficial layer (Benninghoff, 1925; 
Brown, Damen, and Thambyah, 2020), is essential for the generation of 
sufficient osmotic pressure by the encapsulated proteoglycan network. 
While the charged proteoglycans attract ions and therewith water, the 
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tissue swells. This swelling tensions the collagen fibers, which then resist 
further swelling of the cartilage. Consequently, the number fixed 
charges per volume of water remains high, and therefore the osmotic 
pressure. Indeed, structural changes in collagen were shown to induce 
tissue swelling, suggesting failure to maintain the restricted swelling, 
leading to a decrease in stiffness of the tissue (Nickien et al., 2017). 
These results align with findings using a fibril-reinforced swelling 
poroviscoelastic model of articular cartilage (Wilson et al., 2004, 2005), 
where the equilibrium load was found to be predominantly carried by 
the osmotic swelling pressure, which finds its origin in restriction 
against swelling by the collagen fibers (Párraga Quiroga et al., 2017). In 
other words, the interaction between fluid, amorphous swelling pro-
teoglycans and structured strain-resistant collagen fibers is essential for 
maintaining the mechanical properties and the load-bearing capacity of 
articular cartilage. 

Due to trauma, focal cartilage defects may arise. Because cartilage 
has a limited capacity of self-regeneration, focal defects are often treated 
to prevent cartilage deterioration into osteoarthritis (OA). Current 
treatments of focal defects such as osteochondral autograft transfer, 
autologous chondrocyte implantation and microfracture do not lead to 
the desired outcomes, inducing fibrous tissue formation, opposing 
cartilage damage and donor site morbidity and are limited to specific 
age groups, lesion sites or sizes (Armiento et al., 2019; Magnussen et al., 
2008). To address this, research pertaining to the development of 
regenerative implants for cartilage focal defects have resulted in a broad 
range of new methods and materials. Due to their ease of handling and 
mimicking the native cell environment, hydrogels are generally 
considered the most promising solution (Beddoes et al., 2016; Catoira 
et al., 2019; Xiao et al., 2013). 

However, the poor load-bearing capacity of most hydrogels is one of 
the main hurdles in creating successful regenerative cartilage implants; 
only a few hydrogel formulations reach the lower range stiffnesses of 
native cartilage (Cook and Oyen, 2021; Tsou et al., 2016). To overcome 
this, fiber-reinforced hydrogels have been developed with significantly 
increased stiffness compared to hydrogels alone (Neves et al., 2020; 
Visser et al., 2015). In hydrogels that contain woven fibers, the weave 
architecture, yarn diameter and friction between yarns are the key role 
players for guiding stiffness, with smaller pore sizes and porosities and 
tighter weave architectures leading to an increased stiffness of the 
construct (Arjmandi et al., 2018; Moutos et al., 2016; Moutos, Freed, and 
Guilak, 2007a; Valonen et al., 2010). However, the addition of alginate, 
fibrin or agarose hydrogels did not increase the stiffness of the composite 
material in comparison with the woven construct alone (Liao et al., 
2013; Moutos, Freed, and Guilak, 2007b). In contrast, hydrogel in a 
warp-knitted spacer fabrics, consisting of a knitted top and bottom layer 
which are connected by pile yarns, demonstrated a two to threefold 
increase of the Young’s Modulus with non-swelling agarose or 
collagen-based hydrogels. Nevertheless, the Young’s modulus of these 
spacer fabrics was still tenfold lower than of native cartilage (Schäfer 
et al., 2020). The present study postulates that using a swelling hydrogel 
in a warp-knitted spacer fabric would have superior load-bearing 
properties. In such construct, swelling of the hydrogel would be 
restricted by the tension developing in the warp-knitted spacer fabric, 
mimicking the restricted swelling of proteoglycans in the arcade-like 
collagen structure in healthy cartilage. This load-bearing mechanism is 
similar to that of healthy cartilage, which means that not only the 
equilibrium stiffness, but also peak stiffness and the time-dependent 
behavior may mimic that of cartilage. The properties of this so-called 
HydroSpacer can be tuned by adjusting the density of fixed negative 
charges in the gel, thus adjusting the swelling potential, or the properties 
of the spacer fabric, such as the stiffness of the fiber or the density of pile 
yarns. The objective of the present study is to demonstrate the potential 
of using non-regenerative HydroSpacers as load-bearing cartilage 
replacement material, and the effect of modulating the load-bearing 
capacity of the implant by tuning the swelling potential of the hydrogel. 

2. Materials and methods 

2.1. Spacer fabrics 

Polyamide 6 (PA6) warp knitted spacer fabrics (Karl Mayer Textil-
maschinenfabrik GmbH, Obertshausen, Germany) were used as 
restricting scaffold. The top and bottom layers were knitted using a 
multifilament yarn with a linear density of 44 dtex, applying 22.4 
courses/cm and 37 wales/inch. The top and bottom parts were sepa-
rated by a monofilament pile yarn with a linear density of 12 dtex, 
resulting in a total fabric height of 2.8 mm and fabric weight of 230.3 g/ 
m2. Samples of 8 mm diameter were cut from the spacer fabric using a 
laser cutter (VLS 3.50, Universal Laser Systems GmbH, Vienna, Austria). 
To visualize the macro- and microscopic morphology of the spacer 
fabric, a digital microscope (VHX-500F, Keyence Corporations, Osaka, 
Japan) was used. 

2.2. Hydrogel 

To create a hydrogel with adjustable swelling potential, 20 mol% 2- 
hydroxyethyl methacrylate (HEMA, Sigma-Aldrich St. Louis, MO, USA) 
sodium methacrylate (NaMA, Sigma-Aldrich, St. Louis, MO, USA) 
hydrogel was used, which was created with 79.98 mol% demi water, 
0.01 mol% poly(ethylene glycol) dimethacrylate (DMPEG, Sigma- 
Aldrich, St. Louis, MO, USA) as crosslinker, and 0.01 mol% 2,2-azobis 
(2-methylpropionamide)dihydrochloride (Sigma-Aldrich, St. Louis, 
MO, USA) to initiate the polymerization. 

The fixed charge density of the gel, determining its swelling poten-
tial, depends on the number of NaMA salt molecules that is incorporated 
in the copolymer. In the present study, four different compositions of the 
pHEMA:NaMA hydrogel were used in a 20:0, 19:1, 18:2 and 17:3 mol 
ratio. Unpolymerized hydrogel solution was stored at 4 ◦C and protected 
from light prior to use. 

2.3. Hydrogel and HydroSpacer polymerization 

Hydrogels and HydroSpacers were prepared in a custom-made 
Teflon mold system with chambers of 8 mm in diameter and 3 mm in 
height, connected by a channel. Spacer fabrics with equal diameter were 
weighted, inserted in the chambers and covered with a 1 mm thick glass 
slide (Corning Life Sciences, Tewksbury, USA). The hydrogel was 
injected using a syringe, while the mold was held in a vertical position. 
To ensure that no air bubbles were formed, CT imaging of representative 
samples was performed using a μCT100 imaging system (Scanco Medi-
cal, Brüttisellen, Swisterland), with voxelsize of 14.8 μm and energy 
level and intensity set to 45 kVp and 88 μA, respectively. The hydrogel 
was photopolymerized for 3 h at a distance of ~5 cm, using 4 UV lamps 
(Nailstar professional, London, UK) resulting in an intensity of 4.8 mW/ 
cm2 at a wavelength of 365 nm. 

2.4. Swelling properties 

2.4.1. Swelling ratio 
To analyze the swelling potential of the hydrogels alone and in the 

HydroSpacers, the swelling ratio (SR, eq. (1)), FCD and osmotic pressure 
were calculated from the weights of the samples after bathing in a so-
dium chloride (NaCl) solution of 0.15 or 0.015 M until equilibrium was 
reached. 

SR=
mwet

m0
(1) 

with m0 and mwet as the weight prior to and after swelling, 
respectively. 

2.4.2. FCD 
After the experiment, samples were lyophilized (Freezone 2.5, Lab-
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conco, Kansas City, USA). The water content and polymer content were 
determined by subtracting the dry weight from the wet weight and by 
subtracting the weight of the spacer fabric from the dry weight, 
respectively (eqs (2) and (3)). 

mH2O =mwet − mdry (2)  

mP =mdry − mspacer fabric (3) 

Using the NaMA density of the gel and polymer mass present in the 
HydroSpacer, the FCD of the constructs was obtained (eq (4)) (Han et al., 
2011). 

FCD=
mNaMA ∗

(
zNaMA

MWNaMA

)

mH2O
∗

1000 mEq
mol − charge

(4) 

with FCD in mEq/g, mNaMA and mH2O respectively the mass of NaMA 
and total water content in mg, zNaMA the mol-charge and MWNaMA the 
molecular weight of NaMA. 

2.4.3. Osmotic pressure 
From the FCD, the osmotic pressure difference produced by the in-

teractions of the bathing solution and the FCD was calculated (eq (5)) (X. 
Lux Lu et al., 2004). 

Δπ= πintern − πextern =RT
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

cF2
+ 4c∗2

√
− 2c∗

)
(5)  

with R the gas constant, T the absolute temperature, cF the FCD and c* 
the osmolarity of the bathing solution. 

2.5. Mechanical properties 

To investigate the mechanical effect of the osmotic pressure on the 
constructs, a confined compression test was performed using a tensile 
tester (Model 42, MTS Criterion, Eden Prairie, USA) equipped with a 
loadcell of 5 kN (LSB.503, MTS systems corp., Eden Prairie, USA). After 
polymerization, the samples were placed in a custom-made stainless- 
steel confined set-up with a diameter of 8 mm. A porous platen (316L 
stainless steel with 200 μm pore size, THN, Enschede, Netherlands), a 
custom-made piston and a 7 mm diameter stainless steel ball (Fabory, 
Tilburg, Netherlands) were placed consecutively on top of the sample, to 
allow fluid flow throughout the test (Fig. 2). Subsequently, the bathing 
solution was added to the container and the construct was allowed to 
swell for ~24 h while a constant preload of 50 kPa was applied to keep 
the specimen in place. After the maximum height of the construct was 
reached, the crosshead position was fixed, and the swelling pressure 
induced by the construct was allowed to equilibrate prior to further 

testing. 
To determine the mechanical properties, a stress relaxation test was 

performed by applying 15% strain, relative to the equilibrium height 
after swelling, with a strain rate of 15%/sec. The strain was held con-
stant for 2.5 h and stress relaxation was measured at a frequency of 10 
Hz. The peak and equilibrium stresses (σt and σEq), were calculated from 
the relaxation curve. To obtain the fast and slow relaxation response (τ1 
and τ2), Matlab (Mathworks Inc., Natick, Massachusetts, United States) 
curve fitting was used (eq (6)). 

σt = a+ b(− t/τ1) + c(− t/τ2) (6)  

where t is the test time in seconds and a and b are constants. 
To calculate the hydraulic permeability k, equation (7) previously 

described by Cutcliffe and Defrate (2020) was used. 

k=
h2

HAτ2
(7)  

where h is the height of the sample after swelling and HA the aggregate 
modulus at 15% strain. 

2.6. Statistical analysis 

Data are presented as mean ± standard deviation. A two-way 
ANOVA with Tukey’s multiple comparison post-hoc testing was used 
to compare the effect of hydrogel composition and bathing solution on 
the swelling and mechanical properties. A multiple linear regression 
model was applied to determine the effects of the dependent variables 
on peak and equilibrium stress. All analyses were performed using Prism 
GraphPad. A p-value < 0.05 was indicated as significant difference be-
tween groups (*p < 0.05, **p < 0.01, ***p < 0.001). 

3. Results 

3.1. Swelling, FCD and osmotic pressure 

Plain hydrogels (Fig. 3A and B and left pairs of columns in Fig. 4) 
swell up to 8.8 times their original volume (Fig. 4A). Significant increase 
in swelling was found with increasing initial density of fixed charges 
(NaMA content), and with lower concentration of external saline con-
centration (0.15 vs 0.015 M NaCl), in agreement with osmotic swelling 
theories (Fig. 4A). All HydroSpacers (Fig. 3D and E and right pair of 
columns in Fig. 4) containing NaMA swelled 1.2 times, independent of 
NaMA density or saline concentration of the bathing solution (Fig. 4A). 

With more swelling, the charges in the polymer network are diluted 
in a larger volume of water. Consequently, the effective FCD (mEq/L) 

Fig. 1. Warp-knitted spacer fabric, without hydrogel. A) Top layer of the PA6 warp knitted spacer fabric. B) Close up of the warp knitted surface, with the 
multifilament indicated by the white arrow and the monofilament pile by the black arrow. C) Side view of the spacer fabric, with monofilaments separating the top 
and bottom layer. 

G.H. Schuiringa et al.                                                                                                                                                                                                                          



Journal of the Mechanical Behavior of Biomedical Materials 137 (2023) 105552

4

and the osmotic pressure in equilibrium was similar between hydrogels 
(Fig. 4B and C). With similar water uptake, yet different density of fixed 
negative charges incorporated in the polymer, the effective FCD in 
equilibrium of HydroSpacers significantly increased with increasing 
NaMA concentration up to 0.8 mEq/mg in the 17:3 composition 
(Fig. 4B). 

The hydrogels in 0.015 M NaCl develop slightly higher osmotic 
pressure compared to those in 0.15 M NaCl (Fig. 4C), because stresses 
develop in the crosslinked polymeric network when it swells, and these 
stresses resist further swelling. For HydroSpacers, the lowest osmotic 
pressure can apparently stretch the pile yarns till 20% strain, but the 
highest osmotic pressures are unable to stretch the pile yarns much more 
than that. This may be explained by the bended structure of the pile 
yarns after warp-knitting (Figs. 1C and 3C,D). During swelling until 1.2 
times the original height, the pile yarns straighten (Fig. 3E). Further 
swelling would strain the PA6 fibers, but the combination of all PA6 pile 

yarns is stiff enough to restrict swelling even for the case with the 
highest osmotic pressure. Consequently, there is also a significant dif-
ference in osmotic swelling pressure depending on the amount of NaMA 
and on the bathing solution (eq (5), Fig. 4C). CT images confirmed there 
were no air bubbles present in the HydroSpacers (Fig. 3F). 

3.2. Mechanical properties of the HydroSpacer constructs 

With increasing NaMA concentration, the peak stress increased 
significantly for all HydroSpacer groups. For the equilibrium stress, 
significant differences were found between all groups in comparison 
with the 17:3 composition, for both bathing solutions. In contrast to the 
calculated osmotic pressures (Fig. 4C), no significant differences were 
found in the stresses of the HydroSpacer consisting of the same hydrogel 
composition in the different bathing solutions. Theoretically it should be 
larger, following the osmotic pressure, and although the trend is clear, 
there is no significant difference (Fig. 5). 

A multiple linear regression was performed with the dependent 
variables water content (w%), polymer content (w%), osmotic pressure 
(kPa), and bathing solution osmolarity (M), to identify the variables that 
have a significant influence on the measured peak and equilibrium 
stress. Only the osmotic pressure had a significant effect on both stresses, 
whereas the composition does not significantly influence the outcome 
(Table 1). 

Further linear regression analysis revealed a significant linear rela-
tionship between osmotic pressure and peak (Fig. 6A) and equilibrium 
stresses (Fig. 6B) in HydroSpacers, with a R2 of 0.48 and 0.69, 
respectively. 

Moreover, a non-linear relationship between hydraulic permeability 
and FCD was observed, indicating that the hydraulic permeability 
decreased with an increased FCD, which was shown for both groups 
bathed in 0.15 M NaCl and 0.015 M NaCl (R2 = 0.62 and 0.51, respec-
tively, Fig. 7). 

4. Discussion 

This study demonstrates that HydroSpacers containing hydrogels 
with incorporated fixed negative charges have equilibrium stiffness 
(1–4 MPa), peak stress (10–30 MPa) and permeability (10− 15-10− 16 m4/ 
Ms) very similar to healthy articular cartilage (Figs. 5 and 7). This load- 
bearing principle is identical to that in native cartilage, in which the 
load-bearing properties originate from the osmotic pressure induced by 
the FCD of the proteoglycan network and the restricting collagen 
network (Párraga Quiroga et al., 2017). The relationship between these 

Fig. 2. Confined test set-up, consisting of a stainless-steel confined chamber 
containing the bathing solution, with the lower part mounted on the tensile 
tester (A) and the upper part containing ball on top (1), piston (2), bathing 
solution (3) porous platen (4) and the sample (5) (B). 

Fig. 3. pHEMA: NaMA hydrogel with a 17:3 composition prior (A) and after swelling (B) in 0.15M NaCl. A difference in stretching of the pile yarns was observed in 
HydroSpacers directly prior (D) and after swelling (E). To confirm no air bubbles were present μCT images were taken from the construct, with an empty PA6 spacer 
fabric (C) and injected with pHEMA (F). 
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variables and the osmotic pressure illustrates that the mechanical 
properties of a HydroSpacer constructs can be tuned over a wide range 
by changing the FCD. Similar to cartilage (Chahine et al., 2005; Chen 

et al., 2001; Lux Lu et al., 2007; Nickien et al., 2017), FCD and external 
salt concentration in the bathing solution together determine the me-
chanical properties of the HydroSpacers (Fig. 4B). Though the osmotic 
pressure increases with a decreased salt concentration of the bathing 
solution (Fig. 4C), this did not lead to significant differences of the peak 
and equilibrium stresses between groups with the same pHEMA:NaMA 
composition and FCD 0.3–1.0 mEq/mL (Fig. 5). Similarly, in cartilage 
with FCDs of 0.3–0.4 mEq/mL the apparent Young’s modulus plateaued 
with bathing solutions between 0.15 M and 0.015 M NaCl (Lux Lu et al., 
2007). Finally, the reverse relationship between the FCD and the hy-
draulic permeability in cartilage (Gu et al., 1993; Maroudas, 1968) was 
also apparent in the HydroSpacers (Fig. 7). 

Although in the study of Schäfer et al. a significant increase of the 
Young’s Modulus was observed with the introduction of hydrogels in 
warp-knitted poly (ethylene terephthalate) spacer fabrics compared to 
empty warp-knitted spacer fabrics, native cartilage stiffnesses were not 
reached (Schäfer et al., 2020). The same applies for the use of chitosan 
nanofibers as fiber reinforced material in swelling hydrogels. By 
inserting nanofibers, swelling of polyacrylamide hydrogels was reduced 
by 75%, but a distinct difference in sustained stress between the 
restricted and free swelling hydrogel only occurred at non-physiological 
strain levels higher than 60% (Sanchez-Adams et al., 2014; Zhou and 
Wu, 2011). Restricted swelling up to 90% of three hydrogel composi-
tions in woven poly(ε-caprolactone) (PCL) scaffolds led to an approxi-
mately 10-fold increase of the equilibrium modulus. The degree to 
which the swelling was restricted correlated with the increase in equi-
librium modulus (Moffat et al., 2018). 

This is in line with the results shown in the present study, in which 
peak and equilibrium stress both depend on the amount of restricted 
swelling. In the study of Moffat et al., swelling hydrogels could increase 
volume even when restricted in fiber meshes, which was not possible in 
the PA6 spacer fabrics in the present study (Fig. 3A). Apparently, the 
present fibers were stiffer or the pile yarns were denser. As a result of 
their swelling, Moffat’s equilibrium moduli were less dependent on 

Fig. 4. Swelling ratios (A), FCDs (B) and osmotic pressures (C) of the four 
pHEMA-NaMA hydrogel compositions used, without and with the fiber rein-
forcement of a PA6 spacer fabric (HydroSpacer) bathed in 0.15M or 
0.015M NaCl. 

Fig. 5. Peak (A) and equilibrium (B) stress at 15% strain for HydroSpacers. Significant differences can be found with an increased NaMA concentration and is not 
dependent on bathing solution. 

Table 1 
Multiple linear regression analysis between peak or equilibrium stress, and 
water content, polymer content, bathing solution or osmotic pressure.   

Bathing 
solution 

Adjusted R 
squared 

Osmotic 
pressure 

Water 
content 
(w%) 

Polymer 
content (w 
%) 

Peak stress 0.15M 
NaCl 

0.8103 <0.001 
(***) 

0.070 
(ns) 

0.133 (ns) 

0.015M 
NaCl 

0.8607 <0.001 
(***) 

0.412 
(ns) 

0.613 (ns) 

Equilibrium 
stress 

0.15M 
NaCl 

0.666 <0.001 
(***) 

0.545 
(ns) 

0.442 (ns) 

0.015M 
NaCl 

0.734 <0.001 
(***) 

0.252 
(ns) 

0.205 (ns)  
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hydrogel compositions than the fully restricted HydroSpacers in the 
current study (Fig. 5B) (Moffat et al., 2018). With changing the spacer 
fabric material, the stiffness of the pile yarns is the key factor for the 
stiffness of the whole construct. Using stiffer pile yarns, less swelling is 
allowed resulting in higher stiffnesses using the same hydrogel and vice 
versa. However, different spacer fabric materials might also alter the 
properties of the hydrogel, e.g. through chemical reactions with the 
hydrogel, alterations in cross-linking during the polymerization process, 
etc. 

Restricted swelling results in high FCD and osmotic pressure, 
mimicking the interaction between proteoglycans and collagen in native 
cartilage tissue. Cartilage swelling correlates with collagen degradation 
in osteoarthritic cartilage (Bank et al., 2000). Indeed, intact cartilage 
tissue detached from the bone swells 12% in 0.15M NaCl, while 
degenerate cartilage swells up to 51% (Nickien et al., 2017). This shows 
the importance of an intact collagen network to withstand the internal 
swelling pressure. In healthy cartilage, collagen in the deep zone is 
thought to be strained by 2–3% (Schinagl et al., 1997; Wilson et al., 
2004). 

In native tissue, the FCD ranges from 0.04 to 0.3 mEq/mL (Chen 
et al., 2001; Korhonen et al., 2003). The FCD in 19:1 pHEMA:NaMA 
hydrogel (0.27 mEq/g) is within this range, but the calculated FCDs in 
the other two hydrogel compositions is larger. Reported osmotic pres-
sures increase with increasing FCD in cartilage and hydrogels. Cartilage 
with FCD between 0.08 and 0.18 mEq/mL has osmotic pressures up to 
200 kPa in 0.015 M NaCl (Chen et al., 2001), the 0.27 mEq/mL 19:1 
HydroSpacer in the present study reaches 250 kPa and 615 kPa in 0.15M 

and 0.015M NaCl, respectively (Fig. 4B). Chondroitin sulfate (CS) so-
lutions with an FCD of 0.5 mEq/mL reach 0.42 MPa and 0.6 MPa in 0.15 
M and 0.015 M NaCl solutions, respectively (Chahine et al., 2005). This 
FCD is comparable with that of 18:2 pHEMA:NaMA HydroSpacers, 
which reach in 0.15M NaCL 0.75 MPa osmotic pressures. Hydrogels with 
FCD 0.8 mEq/mL reach approximately 1.3 MPa osmotic pressure in a 
physiological solution (Han et al., 2011), similar to the 17:3 pHEMA: 
NaMA HydroSpacer. 

Spacer fabrics restrict swelling in the 17:3–0.015 M NaCl group 8.8/ 
1.2 = 7.3-fold, resulting in an 2000/100 = 20-fold increase in internal 
osmotic pressure. With the osmotic pressure taking 90% of the load 
bearing capacity in equilibrium (Párraga Quiroga et al., 2017), the load 
bearing capacity of the HydroSpacer is 0.9*20 = 18 times increased. 
With the equilibrium modulus of native cartilage ranging between 0.1 
and 2 MPa (Little et al., 2011) at 15% strain, this 90% would give 
estimated osmotic pressures between 13 kPa and 270 kPa, comparable 
to the osmotic pressure values found in HydroSpacers with the 19:1 
composition (250 kPa). 

Finally, permeability in HydroSpacers with the lower FCDs corre-
spond with values of native cartilage (10− 16-10− 15 m4/Ms) (Little et al., 
2011). 

In this study, 2.8 mm high PA6 fabrics were used, which is in the high 
range of tibia plateau cartilage thickness (Shepherd and Seedhom, 
1999). The mechanical performance will be independent of samples 
size, as it is determined by the fixed charge density in the tissue, which is 
determined by gel composition and swelling, which is equal throughout 
samples. There are some major advantages of using cartilage-implants 

Fig. 6. Regression model of the peak and equilibrium stress as a function of osmotic pressure.  

Fig. 7. Calculated values of the hydraulic permeability plotted against the FCD. The fitted line shows a non-linear relationship between the FCD and the hydraulic 
permeability for both bathing solutions. 
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based on swelling hydrogels in which the swelling is restricted by a fiber 
mesh. First, they are immediately load-bearing even without neotissue 
formation by seeded chondrocytes. Typically, (M)ACI-type surgeries 
with cell-seeded gels are too soft for load-bearing immediately 
post-operatively. These constructs develop stiffness over time when 
matrix is being produced by the cells. Therefore, a significant period of 
non-loading is required after surgery(Edwards et al., 2014). This is not 
needed with HydroSpacers, as these constructs are immediately 
load-bearing due to their inherent osmotic pressure. Second, Hydro-
Spacers have cartilage-mimicking mechanical properties, which means 
that their surface is pliable. This provides these implants with an 
advantage over clinically used metal resurfacing implants, which are 
very stiff and may consequently damage opposing cartilage, in partic-
ular when implanted at a slight angle (Diermeier et al., 2020; Heui-
jerjans et al., 2018). Another advantage of HydroSpacers over metal 
implants is that MRI remains possible. The spacer fabric and hydrogel 
materials used in this paper were chosen based on their reproducible 
properties, to demonstrate the proof of principle. In other versions, 
biocompatible spacer fabric (eg PCL-based) and hydrogels (eg Chon-
droitin sulfate-based) may be used, which allows this system to be used 
as a regenerative platform (Levett et al., 2014; Schuurmans et al., 2021). 
Ultimately, creating an osteochondral implant by combining a regen-
erative HydroSpacer adhered to a synthetic bone scaffold is desired to 
induce osteointegration and stabilization, which will be in the end 
beneficial for the treatment of osteochondral defects caused by for 
example trauma or osteochondritis dissecans in younger and active 
patients, as it allows patients to instantly load the affected joint and 
reduce recovery times. 

In conclusion, this study is the proof of principle that it is possible to 
mimic the load-bearing mechanism in cartilage by injecting a swelling 
hydrogel in a strain-limiting spacer fabric. The positive linear relation-
ship between peak and equilibrium stress and osmotic pressure allow the 
mechanical properties of this so-called HydroSpacer to be tuned by 
adjusting the swelling capacity of the hydrogel via the FCD. In this study 
non-regenerative materials were used. In the future, cell-seeded 
biocompatible and biodegradable swelling hydrogels may be used in 
combination with biocompatible warp-knitted spacers fabrics to create 
regenerative implants with immediate load-bearing properties. 
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