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Abstract: Polyvinyl alcohol (PVA) hydrogels have been widely studied for cartilage replacement due
to their biocompatibility, chemical stability, and ability to be modified such that they approximate
natural tissue behavior. Additionally, they may also be used with advantages as local drug delivery
systems. However, their properties are not yet the most adequate for such applications. This work
aimed to develop new PVA-based hydrogels for this purpose, displaying improved tribomechani-
cal properties with the ability to control the release of diclofenac (DFN). Four types of PVA-based
hydrogels were prepared via freeze-thawing: PVA, PVA/PAA (by polyacrylic acid (PAA) addition),
PVA/PAA+PEG (by polyethylene glycol (PEG) immersion), and PVA/PAA+PEG+A (by annealing).
Their morphology, water uptake, mechanical and rheological properties, wettability, friction coef-
ficient, and drug release behavior were accessed. The irritability of the best-performing material
was investigated. The results showed that the PAA addition increased the swelling and drug release
amount. PEG immersion led to a more compact structure and significantly improved the material’s
tribomechanical performance. The annealing treatment led to the material with the most suitable
properties: besides presenting a low friction coefficient, it further enhanced the mechanical properties
and ensured a controlled DFN release for at least 3 days. Moreover, it did not reveal irritability
potential for biological tissues.

Keywords: cartilage replacement; hydrogel; polyvinyl alcohol (PVA); polyacrylic acid (PAA);
polyethylene glycol (PEG); annealing; diclofenac release; mechanical behavior; friction behavior;
irritability

1. Introduction

Osteoarthritis (OA) is the most common chronic joint condition, affecting more than
300 million people worldwide [1]. Its prevalence is expected to increase significantly
in the coming years due to the aging of the population and issues related with obesity,
two characteristics of Western societies [2]. It causes pain and severe limitations in joint
function, leading to disability and a decrease in patients’ quality of life. Several factors
condition the type of treatment applied, e.g., the patients’ age and gender, the location
of the cartilage defect, its extent and depth [3]. For less severe cases, management of OA
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involves physiotherapy and/or the prescription of drugs to prevent or minimize disease
progression [4], whereas severe clinical cases may require regenerative surgical procedures
or partial/total replacement of the affected tissues [5].

Various polymeric biomaterials have been proposed to act as cellular scaffolds and
support the growth of newly formed tissue [6–8] or to substitute areas of damaged carti-
lage [9]. Hydrogels are 3D hydrophilic polymeric matrices that are commonly used in these
applications because of their interesting features, e.g., chondrogenic potential, ready trans-
duction of mechanical loads, the possibility of in situ scaffold formation, and high swelling
capacity [6,10,11]. Polyvinyl alcohol (PVA) hydrogels have been extensively studied as
cartilage replacement materials due to their biocompatibility, chemical stability, adhesive
capability, simple preparation, and ability to be tailored [12,13]. PVA hydrogels are typ-
ically obtained by dissolving the polymer in water and physically crosslinking through
the establishment of hydrogen bonds between the OH groups of its molecular chains [12].
Chemical crosslinking methods may also be used. However, chemical crosslinkers are
often toxic and may affect the material’s biocompatibility [14]. These hydrogels can be
prepared using injection molding, irradiation, cast drying, and freeze–thawing (FT) [12,15].
FT produces highly porous, spongy, and rubbery materials through a cyclic process of
freezing and thawing. This method promotes chain reticulation via liquid–liquid phase
separation, hydrogen bonding, and crystallite formation [16,17]. FT PVA hydrogels gener-
ally produces a greater swelling capacity but a lower elastic modulus and less resistance
to wear than natural cartilage. Although their properties may be improved by changing
the number and duration of FT cycles [12], alternative reinforcement strategies have been
attempted to enhance the materials’ mechanical performance. These include the incorpora-
tion of other polymers of synthetic (e.g., poly(lactic-co-glycolic acid, poly(ethylene glycol)
diacrylate, polyvinylpyrrolidone) or natural origin (e.g., collagen, hyaluronic acid, chitosan,
alginate) [18,19]; nano/microparticles (e.g., silica and hydroxyapatite) [20,21] and other
differentiated structures (e.g., graphene sheets) [22]; and the use of physical treatments,
such as thermal annealing [23].

The high swelling capacity of hydrogels makes them ideal systems to encapsulate
bioactive molecules or hydrophilic drugs that can be locally released into synovial joints,
reducing the risks of drug degradation commonly associated with oral and intravenous
administration, side effects, and required doses [11,24]. Several authors have been working
on the development of controlled release systems capable of improving cartilage tissue
regeneration [25,26] or relieving inflammatory symptoms after orthopedic surgeries [27–30].
Non-steroidal anti-inflammatory drugs (NSAIDs), such as diclofenac (DFN), are usually
prescribed for oral administration in the first few days after these interventions. In addition
to their anti-inflammatory action, they also present analgesic and antipyretic properties [31],
acting as inhibitors of the activity of cyclooxygenase enzymes (COX-1 or COX-2), which
are involved in the synthesis of key biological mediators of inflammation [32,33]. An
ideal drug release system must have predictable release kinetics and maintain an effective
drug concentration in the tissues over an appropriate period. Drug release depends on
the material’s composition and porosity, which control, respectively, the chemical and
steric interactions between the drug molecules and the polymer network [11]. Although
several strategies can be applied to load the drug into the hydrogels and control its release
(incorporation of drug-loaded nanoparticles or other colloidal nanostructured systems,
molecular imprinting, addition of ligands/functional monomers to the polymeric matrix,
or incorporation of molecules that work as diffusion barriers [34]), soaking them into the
drug solution is the most straightforward and less expensive loading method, but usually
results in an initial burst and a limited release period [35]. However, depending on the
drug and polymeric matrix, suitable drug release profiles may be achieved.

The main objective of this work was to develop a cartilage replacement material based
on PVA and produced using FT with an adequate mechanical and tribological perfor-
mance and the ability to control the release of DFN in the immediate postoperative period.
Poly(acrylic) acid (PAA) was added to PVA to enhance the drug release profile [36]. PAA is
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a highly soluble biodegradable polymer that has been widely used in the biomaterials field
as a drug carrier. In fact, due to its hydrophilicity and high propensity to absorb water,
it aids the drug’s entrance into the hydrogels. Additionally, it presents good bioadhesive
properties, increasing the drugs’ residence time in the tissues and their penetration and,
consequently, their bioavailability [37]. The PVA/PAA hydrogels were then immersed
in poly(ethylene glycol) (PEG), which is a biocompatible, nonionic, hydrophilic, flexible,
nontoxic, and nonimmunogenic polyether that is widely used for lubrication purposes and
has exceptional resistance to protein adsorption [37–40]. It can affect not only the solubility,
mechanical, and thermal properties of the polymeric systems containing it but also their
crystallinity and viscosity [40]. Choi et al. [41] found that PEG immersion of PVA/PAA hy-
drogels prevented their embrittlement and resulted in a higher surface lubricity. Finally, the
PVA/PAA+PEG hydrogel was submitted to an annealing treatment, which was expected
to increase the material’s crystallinity by promoting additional crosslinking, leading to
improved mechanical and tribological properties [23,30]. The effect of each of these steps on
the hydrogels’ morphology, swelling, water content, wettability, compressive mechanical
properties, and friction coefficient was evaluated. The swelling, water content, wettability,
rheological, and compressive behavior of the different hydrogels was also compared with
that of porcine cartilage or with literature values for natural cartilage. The release profiles
of DFN were studied under sink conditions. Lastly, an irritability test was performed on
the most promising material.

2. Results
2.1. Morphology

SEM images of the samples’ surfaces and cross-cut sections are shown in Figure 1.
Both the PVA (Figure 1a,b) and PVA/PAA (Figure 1c,d) hydrogels presented a porous
structure, but the addition of PAA seemed to lead to the formation of larger pores. In
both cases (PVA and PVA/PAA), a much less lacy structure was observed in the materials’
bulk. The breaking of the samples may have contributed to this fact. Samples with PEG
incorporated (Figure 1e,f) exhibited smoother and more uniform surfaces and the bulk
structure was essentially non-porous. After annealing (Figure 1g,h), some changes were
observed on the surface, namely, the appearance of small pore-like clusters, but the bulk
remained non-porous.

Gels 2022, 8, x FOR PEER REVIEW 4 of 20 
 

 

 
Figure 1. SEM micrographs of PVA, PVA/PAA, PVA/PAA+PEG, and PVA/PAA+PEG + A samples: 
surface morphology (a,c,e,g, respectively) and cross-cut section (b,d,f,h, respectively) (scale bar: 10 
µm). Arrows show examples of pore-like clusters. 

2.2. Water Uptake 
The SC and EWC of gels and porcine cartilage are shown in Figure 2. PVA and 

PVA/PAA had similar values of absorbed water (82% ± 1% and 87% ± 1%), but their swell-
ing ratio was statistically different (451% ± 26% and 643% ± 42%). PEG-doped and an-
nealed samples presented lower but comparable values of swelling (218% ± 41% and 221% 
± 35%) and water content (68% ± 4% and 69% ± 4%), with a reduction of about 50% and 

Figure 1. Cont.



Gels 2022, 8, 143 4 of 19

Gels 2022, 8, x FOR PEER REVIEW 4 of 20 
 

 

 
Figure 1. SEM micrographs of PVA, PVA/PAA, PVA/PAA+PEG, and PVA/PAA+PEG + A samples: 
surface morphology (a,c,e,g, respectively) and cross-cut section (b,d,f,h, respectively) (scale bar: 10 
µm). Arrows show examples of pore-like clusters. 

2.2. Water Uptake 
The SC and EWC of gels and porcine cartilage are shown in Figure 2. PVA and 

PVA/PAA had similar values of absorbed water (82% ± 1% and 87% ± 1%), but their swell-
ing ratio was statistically different (451% ± 26% and 643% ± 42%). PEG-doped and an-
nealed samples presented lower but comparable values of swelling (218% ± 41% and 221% 
± 35%) and water content (68% ± 4% and 69% ± 4%), with a reduction of about 50% and 

Figure 1. SEM micrographs of PVA, PVA/PAA, PVA/PAA+PEG, and PVA/PAA+PEG + A samples:
surface morphology (a,c,e,g, respectively) and cross-cut section (b,d,f,h, respectively) (scale bar:
10 µm). Arrows show examples of pore-like clusters.

2.2. Water Uptake

The SC and EWC of gels and porcine cartilage are shown in Figure 2. PVA and
PVA/PAA had similar values of absorbed water (82% ± 1% and 87% ± 1%), but their
swelling ratio was statistically different (451% ± 26% and 643% ± 42%). PEG-doped and
annealed samples presented lower but comparable values of swelling (218% ± 41% and
221% ± 35%) and water content (68% ± 4% and 69% ± 4%), with a reduction of about 50%
and 16%, respectively, compared to the PVA values. Natural cartilage led to values similar
to those obtained for PVA/PAA+PEG and PVA/PAA+PEG+A.
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Figure 2. Swelling capacity (a) and equilibrium water content (b) of the hydrogels and porcine
cartilage. Error bars are the ± standard deviations, n = 3. Data were analyzed using ANOVA
(p < 0.0001) and Tukey’s HSD test. Statistical differences are indicated by asterisks (* p < 0.05,
** p < 0.005, *** p < 0.0005).

2.3. Wettability

The results of the wettability measurements of the materials’ surfaces are given in
Figure 3. All hydrogels were hydrophilic, with water contact angles between 38◦ and
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48◦. Annealed samples presented the lowest contact angle, similar to that obtained for the
porcine cartilage.
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2.4. Mechanical Behavior

Representative compressive stress–strain curves of all tested materials are provided
in Figure 4, together with their compressive tangent modulus for the entire strain range,
elastic energy (area of the hysteresis loop), and dissipated energy (total area under the
unloading curve). All hydrogels showed a non-linear stress–strain relationship, meaning
that all samples, including the porcine cartilage samples, exhibit viscoelastic behavior. The
addition of PAA to PVA led to a decrease in the compressive modulus for the entire strain
range, with this hydrogel being the most compressible of all (it reached a strain of about
80%). In contrast, porcine cartilage proved to be stiffer and less compressible, with a higher
modulus of elasticity and a maximum compressive strain of 36%. PEG-doped and annealed
hydrogels presented a compressive behavior similar to PVA. As for elastic energy, porcine
cartilage showed the lowest value (0.14 MJ/m3), while the lowest among the hydrogels was
found for PVA/PAA (0.22 MJ/m3). No statistically significant differences were observed
for the dissipated energy, except between PVA and PVA/PAA+PEG.

2.5. Rheological Behavior

The angular frequency curves obtained for the different hydrogels are shown in
Figure 5. In all cases, G’ was more than one order of magnitude higher than G” throughout
the whole frequency range. PVA and PVA/PAA showed the lowest G’ and G” values. The
addition of PEG resulted in an increase of the elastic contribution (G’), which was even
more significant after annealing. A similar tendency was found for G”, but at a much
lower scale.

2.6. Friction Coefficient

Figure 6 provides the average CoF values for samples tested in PBS solution under 10
and 20 N of loading. PVA and PVA/PAA gels did not withstand 20 N of load and, therefore,
no values of CoF could be obtained. The friction behavior of PEG-doped and annealed
samples under the 10 N load was identical to that of the PVA gels. However, CoF rose
about 1.7-fold for PVA/PAA. For the 20 N load, the CoF values increased slightly.
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2.7. Drug Loading and Release

The total amount of DFN loaded by the samples is depicted in Table 1.

Table 1. DFN loading capacity into the samples and percentage of drug released (average val-
ues ± standard deviations, n = 4).

PVA PVA/PAA PVA/PAA+PEG PVA/PAA+PEG+A

DFN amount loaded
(µg DFN/mg dry sample) 14.6 ± 0.9 125.5 ± 9.2 77.9 ± 4.8 81.7 ± 11.6

DFN released (%) 57.8 ± 3.6 45.7 ± 3.3 64.3 ± 4.0 55.3 ± 7.9

PVA loaded the lowest amount of drug, while PVA/PAA loaded the highest. The
immersion in PEG led to an intermediate value. Annealing barely affected the loading
capacity (p = 0.676).

Cumulative DFN release profiles from all samples are provided in Figure 7. The drug
release from PVA samples was almost completed in 6 h. The addition of PAA to PVA led
to an increase in the total amount of drug released by about 5.8-fold. Its release profile
presented an initial burst and, similarly to PVA, the release occurred mainly in the first few
hours. Immersion in PEG reduced the total amount of DFN released but did not change
the profile shape. Finally, annealing further reduced the amount of drug released but led to
a controlled profile, ensuring a prolonged release during at least 72 h. The drug released
amount by this sample was about 55% of the drug loaded (Table 1).

When comparing the amount released for all samples, it was found that a significant
amount of drug remained in the hydrogels’ matrix, particularly for PVA/PAA (54.3%).

2.8. HET-CAM Test

The observation of CAM of hen’s eggs after 5 min of exposure to annealed samples
loaded with DFN did not show signs of hemorrhage, lysis, or coagulation occurring during
the test, similar to what happened with the negative control (Figure 8). In contrast, the
positive control led to a severely irritating reaction, with bleeding, disintegration of blood
vessels, and protein denaturation.
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3. Discussion

In this work, a set of PVA-based hydrogels were studied with the purpose of develop-
ing materials with adequate properties to be used as cartilage substitutes and simultane-
ously release an anti-inflammatory drug, namely, DFN. PVA and a blend of PVA/PAA were
prepared. The latter was subsequently immersed in PEG (PVA/PAA+PEG) and thereafter
submitted to an annealing treatment (PVA/PAA+PEG+A).

The morphological analysis of the materials (Figure 1) showed that, as expected,
the PVA hydrogel prepared using FT presented a porous structure. As referred in other
works [17,42], this method led to PVA chains physically crosslinking through a mechanism
that involves liquid–liquid phase separation, the establishment of inter- and intramolecular
hydrogen bonds, and the formation of crystallites that act as knots between the polymer
chains segments. Freezing leads to the growth of ice crystals, which move the polymer
chains away, originating zones with different polymer contents. In the polymer-rich areas,
crystallites growth occurs during thawing, water forms hydrogen bonds with the OH group
of PVA and acts as a swelling agent inducing the appearance of pores [43]. The addition of
PAA leads to an increase in porosity. According to Sanchez et al. [44], PVA and PAA chains
are aligned and, upon swelling, partial leaching of PAA occurs, leading to an increase in
porosity. The immersion in PEG and its diffusion into the hydrogel is known to cause the
removal of water [45,46]. Furthermore, it can form extra hydrogen bonds with the hydroxyl
groups from PVA [47]. After 5 days at 60 ◦C, it was observed that the hydrogels’ porous
structure was lost, which might have been due to the chains’ mobility resultant from this
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drying process and to the establishment of new bonds. Posterior annealing treatment at
120 ◦C should increase the mobility of the chains, allowing their alignment and folding
to form new micro-crystallites [15]. SEM analysis revealed that the hydrogel remained
essentially non-porous, with the appearance of some irregular features on the surface
(pore-like clusters).

The study of the swelling capacity of the hydrogels (Figure 2a) showed that the
addition of PAA to PVA led to an increase in the water content in the hydrated hydrogel.
This could be attributed to the presence of carboxyl groups of PAA, which can establish
hydrogen bonds with water molecules, aiding their absorption into the hydrogel matrix.
The addition of PEG led to a deswelling, as referred to above. This, together with the
substantial decrease in porosity, might explain the significant reduction in swelling capacity.
The annealing treatment did not significantly affect the swelling ability. Results reported
in the literature [48] show that, in general, swelling decreases with the increase in the
annealing time due to a higher crosslinking density formed in the hydrogels, which restricts
the extensibility of the polymer chains caused by swelling. However, some authors did not
find substantial changes in the water absorption capacity above certain annealing times.
For example, Park et al. [48] observed that annealing PVA/PEG hydrogels at 120 ◦C for
more than 30 min barely alters the degree of swelling. Therefore, it can be inferred that the
previous drying at 60 ◦C over five days after immersion in PEG should have had a major
role in the structural changes that determine the hydrogel’s swelling behavior. The swelling
capacity of porcine cartilage was determined for comparison purposes. The obtained
average value was not statistically different from the ones obtained for PVA/PAA+PEG
and PVA/PAA+PEG+A. Since the water content of the natural joint cartilage is usually
referred to in the literature in terms of EWC, this parameter was also estimated for the
studied hydrogels (Figure 2b). The obtained values fell within the range of those reported
by other authors (65–80%) [49].

Concerning wettability, the studied materials did not present significant differences be-
tween them. As expected, all materials showed hydrophilic behavior (water contact angles
between 42 and 47◦) since the polymers used in their preparation are hydrophilic [50–52].
Wettability depends on several factors, such as roughness, porosity, surface heterogeneity,
chemical composition, and moisture content. Understanding the effect of these different
factors is a complex task since they can act in opposite directions. The obtained values
were lower than those reported in the literature (76–103◦ [53]). Comparison of the obtained
results with such values is not straightforward since they are frequently obtained using the
sessile drop method in which the surface is not in equilibrium with the aqueous medium,
but in this work, the captive bubble method was used to better mimic the in vivo conditions
since the samples were immersed in aqueous media. Moreover, the obtained values were
the same order of magnitude as those measured in this work for porcine cartilage (38 ± 3◦).
The lower values found for natural cartilage through this method resulted from conforma-
tional changes in the phospholipidic layer of the cartilage surface: in the presence of water,
the lipid bilayer has a hydrophilic character, while in a dry environment, it changes to a
monolayer with hydrophobic behavior [53].

The mechanical properties of the studied hydrogels were accessed using compres-
sive tests. The stress–strain curves show the typical behavior observed for the studied
materials. Hydrogels are biphasic materials consisting of a fluid phase and a solid ma-
trix. At the beginning of the compressive test, when the load is applied, the resistance
to deformation is mainly due to the fluid pressurization. As the fluid exits the hydrogel
due to compression, the load is transferred to the solid phase, and the slope of the curve
increases significantly. PVA/PAA exhibited the lowest compressive modulus, which was
associated with the higher amount of water present in the sample and the high porosity of
the hydrogel, which allowed for the easy release of water. In addition, PAA reduced the
PVA chains’ intermolecular interactions decreasing the material’s stiffness. PVA/PAA+PEG
and PVA/PAA+PEG+A gave rise to hydrogels with the highest compressive modulus,
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most likely due to their lower porosity and water content, as well as stronger interactions
between the molecular chains and/or formation of microcrystallites.

The rheological measurements showed that all the hydrogels displayed viscoelastic
behavior, showing viscous and elastic characteristics simultaneously. The materials pre-
sented predominantly elastic behavior since the storage modulus was dominant over the
loss modulus (G’ > G”) for all analyzed frequencies. This means that the hydrogels are
stable during storage [54]. As both moduli were practically independent of the studied
frequency range, this also reveals a stable gel-like behavior of the materials. Although
values of the same order of magnitude have been found for G’ and G” by other authors
for PVA hydrogel [55], they are quite different depending on the hydrogel composition,
the preparation protocols, and measurement methodology [56]. It must be stressed that
the values found in the literature for natural cartilage are about one order of magnitude
superior for G’ and two orders for G” [57,58]. The addition of PAA did not lead to signifi-
cant changes in both moduli. However, after immersion in PEG, a noticeable increase was
observed, especially for G’, indicating that the energy storage capability of the hydrogel
became higher. This was even more pronounced after annealing, which was in agreement
with the improvement found in the mechanical properties.

The study of the friction coefficient (CoF) of cartilage replacement materials is crucial,
as it evaluates the resistance to movement of the joint interface. The friction of hydrogels
depends on many factors, such as the materials’ ability to suffer deformation, EWC, hy-
drophilicity, roughness, and adhesion to opposing surfaces. The results showed that the
lower the compressive modulus, the higher the CoF due to the higher deformability of the
material. This increased the contact area, which enhanced the adhesive component of the
tangential force and resulted in a higher counter body penetration depth into the hydrogel
that impaired the sliding, explaining the higher value of CoF observed for PVA/PAA. The
higher water amount in this hydrogel should have contributed to a decrease in the CoF
relative to PVA. However, its higher deformation capacity and porosity played a more
relevant role, increasing the friction. The remaining hydrogels presented CoF values that
were similar to each other. As expected, increasing the applied load resulted in higher CoF
values, which was also due to the increase in penetration depth and contact area. It should
be stressed that all CoF values were in the range of those found in the literature for articular
cartilage tested against stainless steel [59,60].

To evaluate the potential of the developed materials to be used as drug delivery
platforms, loading and release studies were performed with DFN. Significant differences in
the loading capacity of the samples were observed. PVA loaded the lowest amount of DFN
(14.6 ± 0.9 µg DFN/mg dry sample) and released about 58% of that drug in less than 6 h.
This hydrogel has a porous structure with free spaces that can contribute to the fast loading
and release of the drug. Other authors [61] reached similar conclusions regarding the
effect of porosity on the drug release from hydrogels. The addition of PAA to PVA led to a
notable increase in the amount of drug being loaded and released, which should be related
to the presence of hydrophilic carboxylic side groups (–COOH), which was responsible
for the extensive swelling and greater porosity. A similar tendency was observed by Sanli
et al. [62] in PVA membranes after PAA incorporation. In a study with hydrogels containing
acrylic acid, Jalil et al. [63] performed XRD analysis and found no apparent interaction
between DFN and the hydrogels. This may explain the fast release of the drug, which
was almost completed in 8 h, similarly to PVA. Concerning PVA/PAA+PEG, a significant
decrease in the amount of drug loaded was observed relative to PVA/PAA (lower by 37.9%,
Table 1). This may have been due to structural changes induced by PEG in the material,
which led to a decrease in its porosity and swelling capacity. However, the total amount
of DFN released after 72 h was only 15.6% lower than that found for PVA/PAA, although
it remained significantly above that obtained with the PVA hydrogel. PVA/PAA+PEG
showed drug release kinetics similar to PVA/PAA, which may be related with the lack of
chemical interactions between the drug and PEG, as demonstrated by Chen et al. [64]. The
annealing treatment barely affected the DFN loading capacity of the hydrogel. However,
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it induced significant changes in the drug release behavior: a sustained release of DFN
was observed, which lasted for at least 72 h. This may be attributed to the hydrogel’s
non-porous structure, together with the higher degree of crosslinking that slowed down
the DFN release. This also may explain the lowest percentage of DFN released compared
to the non-annealed hydrogel (55.3% vs. 64.3%, Table 1).

In order to infer the drug release mechanism for the hydrogel that led to the best
release behavior (PVA/PAA+PEG+A), the Korsmeyer–Peppas model [65] was fitted for the
first 60% of its fractional release, as follows:

Mt

M∞
= Ktn (1)

where Mt and M∞ are the masses released at time t and at infinite time (obtained via
extrapolation using TableCurve software), respectively; n is the diffusional exponent; and
K is the pseudo-kinetic constant. The fitting led to n = 0.4 and K = 0.03, with a correlation
coefficient of R2 = 0.96, demonstrating that the model adequately described the drug release
behavior. When n < 0.5, a pseudo-Fickian behavior with a diffusion-controlled mechanism
occurs [66], leading to short release times [11]. However, changes in the mesh size of the
hydrogel may affect the drug diffusion inside the polymeric network. The hydrogel’s mesh
size can be estimated based on the classical theory of rubber elasticity using the following
equation [11,67,68]:

rmesh =

(
6RT

πNAV G

)1/3
(2)

where R is the gas constant, T is the absolute temperature, NA is Avogadro’s number, and
G the shear modulus, which can be calculated using

G =

√
G′2 + G′′ 2 (3)

Taking into consideration the fact that G” was much lower than G’ (see Figure 5), G can
be approximated as G’. From the values obtained for PVA/PAA+PEG and PVA/PAA+PEG+A,
the correspondent mesh sizes are 4.4 nm and 3.3 nm, respectively.

The hydrodynamic radius of DFN in PBS was determined by Pimenta et al. [69] from
the measurement of the bulk aqueous diffusion coefficient using pulsed gradient spin-echo
and Stokes–Einstein theory and was found to be 0.25 nm. The lower value of the ratio
mesh size/drug size for PVA/PAA+PEG+A compared to PVA/PAA+PEG may explain the
slower DFN release rate.

The global analysis of the results led to the choice of PVA/PAA+PEG+A as the most
promising material for cartilage replacement since it presented the best mechanical proper-
ties and friction behavior, as well as the best drug release profile. Therefore, this material
was subjected to biological tests to predict the potential for irritability that it could induce
in biological tissues. The absence of hemorrhage, lysis, or coagulation in the HET-CAM
tests resulted in an irritation score of 0. This result was expected since, in previous studies,
it was demonstrated that PVA-based hydrogels loaded with diclofenac did not induce
cytotoxic effects [30].

4. Conclusions

In this work, PVA-based hydrogels were produced to be used as cartilage replacement
materials. Aiming to improve their tribomechanical behavior and to provide them with
the ability to act as drug release platforms of the anti-inflammatory drug DFN, several
approaches were followed:

(1) PAA was added to the formulation of hydrogels to obtain PVA/PAA samples;
(2) PVA/PAA was further immersed in PEG to obtain PVA/PAA+PEG samples;
(3) PVA/PAA+PEG was annealed at 120 ◦C, giving rise to PVA/PAA+PEG+A samples.
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The addition of PAA resulted in a porous material with slightly larger pores than PVA,
greater swelling capacity, lower mechanical properties, and a higher CoF. Furthermore, it
led to a significant increase in the amount of drug released, but as with PVA, the release
was completed in a few hours. The lower mechanical resistance and the higher water
absorption capacity played a determinant role in the frictional and drug release behavior,
respectively.

The immersion of PVA/PAA in PEG led to dehydration of the samples and established
interactions with the PVA chains, which were responsible for the compaction of the structure
and improvements in the mechanical properties. In turn, these last two factors explained
the decrease in CoF relative to PVA/PAA. Concerning the DFN release, the lower porosity
and swelling capacity contributed to the decrease in the amount of drug released compared
to the hydrogel before PEG immersion. However, release the kinetics remained similar.

After the annealing treatment, the hydrogels kept a non-porous structure, with similar
swelling capacity and CoF compared to PVA/PAA+PEG. However, the higher crosslinking
due to the increased degree of crystallinity led to a significant improvement in the mechan-
ical properties and a more sustained release of DFN, which lasted for at least 3 days. The
material proved to be a non-irritant to biological tissues.

Overall, the final hydrogel (PVA/PAA+PEG+A), obtained through a set of sequential
steps, revealed a superior tribomechanical behavior that approximated that of natural
cartilage. Moreover, the material showed a high potential to ensure a sustained release of
the anti-inflammatory DFN at the local level in the post-surgical period without inducing
harmful effects to biological tissues. Further studies on the wear/fatigue behavior of this
material, as well as on its ability to prevent an inflammatory response, would be needed to
prove its efficacy for cartilage substitution.

5. Materials and Methods
5.1. Materials

Polyvinyl alcohol (PVA) Poval™ 28–99 (Kuraray Co., Ltd., Tokyo, Japan) with a degree
of hydrolysis of 99–99.8 mol% and average molecular weight (MW) of 145,000 g/mol and
polyacrylic acid (PAA; MW = 1800 g/mol) from Sigma-Aldrich (Saint Louis, MO, USA)
were used as raw materials for the preparation of the hydrogel samples. Polyethylene glycol
(PEG; MW = 400 g/mol) was also purchased from Sigma-Aldrich (Saint Louis, MO, USA).

For the drug release experiments, diclofenac sodium salt (≥98%) was obtained from
Sigma-Aldrich (Saint Louis, MO, USA).

As for the hen’s egg chorioallantoic membrane test, sodium chloride (NaCl ≥ 99%)
was bought from PanReac AppliChem (Darmstadt, Germany), and sodium hydroxide
(NaOH ≥ 99%) was acquired from Merck (Darmstadt, Germany). Fertilized chicken eggs
(≈60 g/egg) were provided by Sociedade Agrícola da Quinta da Freiria S.A. (Bombarral,
Leiria, Portugal).

Working solutions were prepared in distilled and deionized (DD) water (resistivity
≥ 18 MΩ·cm) obtained using a Milli-Q® Integral 3 water purification system (Millipore,
Darmstadt, Germany). Phosphate buffered saline (PBS) tablets (pH = 7.4 at 25 ◦C) intended
for the preparation of buffered solutions were supplied by Sigma-Aldrich (Saint Louis,
MO, USA).

Articular cartilage samples from the femoral condyles were obtained from a single
knee joint of an adult porcine from a local slaughterhouse (Sicasal, Vila Franca do Rosário,
Mafra, Portugal).

5.2. Methods
5.2.1. Samples Preparation
Hydrogels

PVA hydrogels were prepared by dissolving the polymer powder in DD water (13.5%
w/w) at 95 ◦C for 20 h, with periodic stirring to ensure the formation of a clear and
homogeneous solution. A similar procedure was followed to obtain PVA/PAA gels, but
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PAA was added to the solution in a ratio of 3:10 (w/w) relative to PVA. In both cases, the
solutions were carefully poured into glass Petri dishes (preheated at 95 ◦C) and cooled to
room temperature for 8 h. The polymeric solutions were submitted to 6 cycles of an FT
process. Freezing occurred at −20 ◦C for 16 h and thawing at room temperature for 8 h.

Some PVA/PAA hydrogels were wholly immersed at room temperature in 100%
PEG for 1 h. Then, they were removed from the liquid medium, blotted with absorbent
paper, and dried at 60 ◦C for about 5 days until the weight became constant to obtain
PVA/PAA+PEG hydrogels. Some of these were further subjected to an annealing (A)
treatment at 120 ◦C for 1 h, giving rise to PVA/PAA+PEG+A hydrogels. The methodology
followed for the materials’ preparation is summarized in the schematic diagram shown
in Figure 9.
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After production, the hydrogels were washed in DD water for 48 h (exchanged at least
three times per day) and then stored hydrated till being used. All of them were opaque
white and presented an average thickness of 4.8 ± 1.2 mm in the swollen state. Before each
characterization test, samples were cut with the proper dimensions, rinsed with DD water,
carefully cleaned with absorbent paper, and soaked in fresh DD water for at least 24 h.

Cartilage

The collection of the porcine knee joint was accomplished within 24 h post mortem to
ensure the freshness of the tissues. Following joint dissection, full-thickness osteochondral
plugs were harvested from the medial/lateral femoral condyles using a brazed hole cutter
with an internal diameter of 6 mm. The underlying bone and vascularized tissue were
removed from the deep zone of the cartilage plugs using a sharp scalpel, leaving the
articular surface of the femoral condyles intact. Then, samples were washed with DD water
and kept hydrated for 2 h at room temperature before being tested.

5.2.2. Samples Characterization
Morphology

The surface morphology of the materials was accessed using scanning electron mi-
croscopy (SEM). The images were acquired at 15 kV using an S-2400 microscope (Hitachi
Ltd., Tokyo, Japan). Before being observed, the hydrated discs (diameter 10 mm) were
frozen via immersion in liquid nitrogen, broken, and then lyophilized for 24 h in an LBFD-
A21 freeze dryer (Labtron, Fleet, Hampshire, UK). Subsequently, samples were coated
with a conductive layer of gold/palladium (Au:Pd = 1:4) using a Q150T ES sputter coater
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(Quorum Technologies, Lewes, UK). At least three images of the surface microstructure
and cross-cut section of each material were taken with a magnification of 3000×.

Water Uptake

Cylindrical samples (diameter 8 mm), fully hydrated in DD water (1 mL per sample),
were dried in an oven at 37 ◦C for seven days. An OHAUS semi-micro analytical balance
(Discovery DV215CD, Ohaus Corporation, Parsippany, NJ, USA) was used to weigh the
discs in their hydrated and dry states. The swelling capacity (SC) was estimated through
the following equation [70,71]:

SC(%) =
WH −WD

WD
× 100 (4)

where WH is the weight of hydrated samples in equilibrium and WD is the weight of dry
samples, while the equilibrium water content (EWC) was determined using

EWC(%) =
WH −WD

WH
× 100 (5)

Each type of hydrogel was tested in triplicate. Measurements were also carried out in
porcine cartilage samples (diameter 6 mm) following the same procedure.

Wettability

Surface wettability was assessed using the captive bubble method. The hydrated
hydrogels were cut into rectangular strips (≈20 mm × 10 mm), fixed to a metal sup-
port, and immersed downward inside a quartz cell filled with DD water. Air bubbles
(4.5 ± 1.5 µL) were formed beneath the material’s surface with a micrometric syringe with
a J-shaped needle. Each bubble was monitored for 10 min, where it was recorded via several
images at predefined times using a JAI CV-A50 video camera (JAI A/S, Grosswallstadt,
Germany) mounted on an M3Z microscope (Wild, Heerbrugg, Switzerland) and connected
to a DT3155 frame grabber (Data Translation, Norton, MA, USA). Image analysis was
carried out with Axisymmetric Drop Shape Analysis Profile (ADSA-P) software. Three
independent strips were used for each type of sample, where a total of 8–11 bubbles were
analyzed. Measurements were also carried out in porcine cartilage samples following the
same procedure.

Mechanical Behavior

The mechanical properties were evaluated through compressive tests performed in
a TA.XT Express Texture Analyzer (Stable Micro Systems, Godalming, Surrey, UK) with
a load cell of 50 N. Exponent Lite Express software (version 6) was used to acquire the
stress–strain curves and process the results. The tests were performed with hydrated
cylindrical samples (diameter 6 mm) in unconfined mode at room temperature. The discs
were compressed at 0.1 mm/s to the maximum capacity of the load cell. Both loading
and unloading responses were recorded. For comparison purposes, specimens (diameter
6 mm and thickness 3–4 mm) of the porcine cartilage were analyzed under the same testing
conditions. Each type of sample was tested at least in quintuplicate.

Rheological Behavior

Rheological measurements were performed to evaluate the viscoelastic properties of
the hydrated hydrogels. An MCR 92 rheometer in oscillatory mode with a parallel plate
system (25 mm in diameter) was used. The gap was optimized for a 2% deformation of
the hydrogels. Amplitude sweeps (γ = 0.01–100%) were carried out to determine the linear
viscoelastic region (LVER) at a constant angular frequency of 10 rad/s. A strain value of
γ = 0.1%, found to be within the LVER, was set during the dynamic frequency sweep tests
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(range: 0.1–100 rad/s) to determine the storage modulus (G’) and the loss modulus (G”).
All tests were done in quadruplicate for each hydrogel at 37 ◦C.

Friction Coefficient

The friction coefficient (CoF) of hydrogels against stainless steel was determined in
reciprocal oscillating mode using a ball-on-disc geometry setup in a TRM 1000 tribometer
(Wazau, Berlin, Germany). AISI 316L stainless steel spheres (Ø = 6 mm, surface roughness
≤0.1 µm), purchased from Luis Aparicio SL (Barcelona, Spain), were used in the experi-
ments. Before testing, the hydrogel discs (diameter 65 mm) were pre-equilibrated for 24 h
in the lubricating media (PBS solution). The experiments were carried out in PBS at room
temperature over a stroke length of 10 mm with a tangential sliding velocity of 42 mm/s
and a sliding distance of 15 m. At least three replicates were performed for each hydrogel
and testing condition.

Drug Loading and Release

For the drug loading/release experiments, hydrogel discs (diameter 8 mm) were
loaded via direct soaking of the dry samples (3 days, 37 ◦C) in 3 mL of a diclofenac (DFN)
solution at 0.2% w/v, prepared in PBS. Once loaded, the discs were removed from the DFN
solution, washed with DD water, superficially cleaned with absorbent paper, and placed in
3 mL of a PBS solution to perform the drug release assays. The experiments were done in
sink conditions at 37 ◦C and 180 rpm using an Incubating Mini Shaker (VWR International,
Alfragide, Portugal). At pre-established times, aliquots of 300 µL were taken and replaced
with the same volume of fresh PBS solution. The absorbance of the collected solutions was
measured at 276 nm with a Multiskan™ GO Microplate spectrophotometer (Thermo Fisher
Scientific, Kandel, Germany) to estimate the amount of drug released. DFN solutions with
different concentrations were prepared and their absorbance was measured at the referred
wavelength to build a calibration curve. The release curves were obtained in triplicate. The
methanol extraction method was applied to determine the total amount of DFN loaded into
the samples [72]. The drug-loaded samples were immersed in 4 mL of pure methanol, and
at pre-defined times, the supernatant methanol solution was collected and fully replaced
by fresh methanol. The concentration of DFN was obtained through measurement of the
absorbance of the collected solutions, as was done for the drug release measurement. The
procedure was repeated till no more drug was detected in the supernatant solution.

HET–CAM Test

The hen’s egg test (HET) on the chorioallantoic membrane (CAM) was accomplished
with fertile white leghorn chicken eggs according to the ICCVAM recommendations [73] to
predict the eventual irritancy induced by PVA/PAA+PEG+A samples loaded with DFN.
Although this test was originally developed to evaluate the irritability caused by materials
in the eye, it can be extended to other vascularized tissues [30]. Cartilage is avascular, but
the underlying bone tissue presents microvascularization, legitimizing the use of this test.

The eggs were placed in a PT-56S intelligent incubator (Jiangxi Spring Eco-Technology
Co., Nanchang, Jiangxi, China) for 9 days at 37 ◦C and 60% relative humidity, and were
automatically rotated every two hours. On the 9th day of incubation, the eggs were laid
with the widest end facing upwards and a circular cut (diameter ≈ 18 mm) was made
in the area of the air chamber to take out the eggshell using a Dremel® 3000 rotary tool
(Dremel Europe, Breda, Netherlands). Then, the inner membrane was moistened with
approximately 2 mL of NaCl aqueous solution (0.9% w/v). After 30 min of incubation, the
saline solution was withdrawn and the inner membrane was carefully extracted with a
surgical tweezer to expose the CAM.

Hydrated hydrogel samples (diameter 8 mm) were directly placed on the eggs’ CAM
and left for 5 min. Negative and positive controls were prepared, pouring 300 µL of
aqueous solutions of NaCl (0.9% w/v) or NaOH (0.1 M), respectively, into the eggs’ CAM.
The membranes were monitored for the appearance of any signs of hemorrhage, vascular
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lysis, or coagulation, and the times it took for such injuries to occur (tH, tL, and tC measured
in seconds) were recorded. The irritation score (IS) was calculated as follows [74]:

IS =
(301− tH)

300
× 5 +

(301− tL)
300

× 7 +
(301− tC)

300
× 9 (6)

Samples are classified as non-irritating if IS < 1, mildly irritating if 1 ≤ IS < 5, mod-
erately irritating if 5 ≤ IS < 10, or severely irritating if IS > 10. For each experimental
condition, three eggs were used.

Statistics

IBM® SPSS® Statistics software (version 25 from IBM Corporation, Armonk, NY, USA)
was used to perform the statistical analysis. Quantitative measurements are expressed
in terms of mean ± standard deviation. Normality was verified using Shapiro–Wilk test
and the homogeneity of variance using Levene’s test. When both were verified, one-way
ANOVA was applied, followed by Tukey’s HSD post hoc test for multiple comparisons.
Data that showed a normal distribution with unequal variances were analyzed using
Welch’s ANOVA and Dunnett’s T3 post hoc test to determine significant differences between
groups. An independent samples t-test was also used to compare means between two
groups of data with a normal distribution when appropriate. A p-value lower than 0.05
was considered significant. All statistical differences between the data sets are indicated by
asterisks (* p < 0.05, ** p < 0.005, *** p < 0.0005). Unless stated otherwise, the asterisks are
placed graphically on top of each group, referring to the comparison with the pair of the
corresponding color.
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