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Abstract

Hydrogels are very promising human cartilage replacement materials since they are
able to mimic its structure and properties. Besides, they can be used as platforms for
drug delivery to reduce inflammatory postsurgical reactions. Polycarbonate urethane
(PCU) has been used in orthopedic applications due to its long-term biocompatibility
and bio-durability. In this work, PCU-based hydrogels with the ability to release an
anti-inflammatory (diclofenac) were developed, for the first time, for such purpose.
The materials were reinforced with different amounts of cellulose acetate (CA, 10%,
15%, and 25% w/w) or carbon nanotubes (CNT, 1% and 2% w/w) in order to improve
their mechanical properties. Samples were characterized in terms of compressive and
tensile mechanical behavior. It was found that 15% CA and 2% CNT reinforcement
led to the best mechanical properties. Thus, these materials were further character-
ized in terms of morphology, wettability, and friction coefficient (CoF). Contrarily to
CNTs, the addition of CA significantly increased the material's porosity. Both mate-
rials became more hydrophilic, and the CoF slightly increased for PCU + 15%CA. The
materials were loaded by soaking with diclofenac, and drug release experiments were
conducted. PCU, PCU + 15%CA and PCU + 2%CNT presented similar release pro-
files, being able to ensure a controlled release of DFN for at least 4 days. Finally,
in vitro cytotoxicity tests using human chondrocytes were also performed and con-

firmed a high biocompatibility for the three studied materials.

KEYWORDS
carbon nanotubes, cartilage replacement, cellulose acetate, drug delivery, hydrogel,
polycarbonate urethane

study and development of new materials to replace damaged cartilage

to maintain a longer active life. In order to solve this problem, surgical

Osteoarthritis (OA) is a chronic joint pathology characterized by the
degradation of articular cartilage together with subchondral bone
thickening, osteophyte formation, synovial inflammation, ligament
degeneration, and capsule hypertrophy.>? In the last years, its inci-
dence has increased due to the population aging and the increasing

prevalence of obesity.® Therefore, it is of utmost importance the

radical or conservative approaches can be considered, depending on
the lesion stage of the patient.* Regarding invasive procedures, total
joint arthroplasty is mostly recommended for patients suffering from
end-stage lesions, where the cartilage tissue is entirely replaced by a
simple mechanical device produced with materials such as titanium,

cobalt-chromium alloys, alumina, and ultra-high molecular weight
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polyethylene®® The mechanical behavior of these materials is far
from the human biological tissues, giving rise to several issues. For
example, the differences in stiffness between the prosthetic material
and the bone are responsible for stress shielding and consequent loss
of bone tissue in the fixation areas.” Also, the polymeric material may
suffer wear leading to the formation of debris that may accumulate in
the bone-prosthesis interface resulting in osteolysis and consequently
aseptic loosening of the implant,.2®? Hence, there is currently a ten-
dency to perform the surgical procedures minimal invasive with the
maximum preservation of the natural tissues, following a conservative
approach. This can involve cartilage debridement aiming to remove
damaged areas that are no longer functional, replacing them with
healthy cartilage.??> Another option is to use a synthetic biomaterial
with structural and mechanical properties similar to natural cartilage
that allows an efficient load transfer and cellular colonization. Hydro-
gels are attractive materials for this purpose due to their bi-phasic
characteristics: they are composed of a polymeric network chain and
water.!® Their structure is quite similar to the cartilage, which is con-
stituted by collagen fibers, proteoglycans, water, and chondrocytes.#
Besides, the hydrogels' mechanical properties can match the ones pre-
sent in cartilage. Finally, since hydrogels present high water absorp-
tion ability, they can be used for controlled hydrophilic drug
administration at local level.*®>"¢ The rate of drug release from a
hydrogel may depend on a variety of factors, such as the drug solubil-
ity, affinity to the polymeric chains, the water content of the hydrogel
and its eventual erosion or degradation.’® It shall be noted that the
incorporation method of the drug into the hydrogel also affects the
drug release profile.r” In the postsurgical period, nonsteroidal anti-
inflammatory drugs are usually prescribed to reduce pain. One of the
most common is diclofenac (DFC), which decreases the formation of
(COX-1) and

cycloxygenase-2 (COX-2).28 It can be administrated orally or intrave-

prostaglandin, blocks both  cycloxygenase-1
nously, being well absorbed, and has a rapid onset of action and a pro-
longed duration of analgesia.'? The drug release at the local level
constitutes an advantage since lower doses are needed, and the risk
of secondary effects is reduced. It is especially useful in the first few
days after surgery to favor recovery and a fast return to daily
activities.

In the literature, some authors have studied the possibility of
using hydrogels as potential materials for cartilage replacement with

drug administration ability>°~22

Polycarbonate urethane (PCU,
Figure 1) has attracted considerable attention in the orthopedic field,
given its excellent mechanical properties (e.g., toughness, flexibility),
long-term biocompatibility and bio-durability and resistance to hydro-
lytic and oxidative degradation.?®>?4 PCU is more biocompatible and
biostable than other kinds of polyurethanes (PUs), like poly(ether ure-
thanes), due to the superior stability of the soft segments (polycarbon-

ate) in the body.?’ It has been used for the production of meniscus
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implants,?® cartilage substitutes,?” the acetabular cup of hip replace-
ment and spine stabilization, and cervical disc replacement devices.?*
For example, Elsner et al.?® produced a fiber-reinforced, free-floating
PCU meniscal implant and found that it could redistribute joint loads
in a similar way to the natural meniscus, without compromising the

integrity of the implant materials. Also, Linder-Ganz et al.??

produced
a PCU meniscal implant and evaluated the degenerative changes in
the postsurgical period of a meniscectomy. They found that a PCU
implant can offer chondroprotective capacity in the joint since it mini-
mized the progression of degenerative cartilage changes over at least
6 months. In another work, Abar et al.*° produced porous PCU struc-
tures by 3D-printing, to promote tissue integration of implants. They
noticed that such structures could support NIH/3 T3 fibroblast cell

1.27 studied the in-vitro wear

line proliferation over 14 days. Kanca et a
and friction behavior of PCU against articular cartilage. The observa-
tion of low friction coefficients (CoFs) and reduced cartilage counter-
face wear led them to conclude that PCU should be a promising
candidate to be used in hemiarthroplasty, as long as the material was
implanted in a region where migrating cartilage contact was achieved.
However, as far as the authors know, it was never used in the form of
hydrogels. The addition of reinforcement components to hydrogels is
a strategy commonly used to improve their mechanical proper-
ties.2132 Cellulose acetate (CA) can be added to PCU for this purpose.
It is a thermoplastic material produced by the esterification of cellu-
lose and presents low toxicity, good thermal stability, good mechanical
resistance, high flexibility and durability, chemical resistance, tailorable
surface chemistry and great solubility in organic solvents®3~3> CA or
other cellulose-based compounds may act as chain extenders or
crosslinking agents when added to PU-based materials.*¢3” Their
effect depends on factors such as the amount of CA added and the

.38 produced

material's preparation stage when CA is added. Tang et a
CA/PU composite nanofibers in a broad range of composition ratios
by electrospinning and observed that the mechanical properties of the
composite increased relatively to the initial mechanical properties of
each component. No porosity was observed on the residual fiber sur-
face, which indicates that the CA/PU nanofiber is a well-dispersed co-
continuous nanocomposite material. Also, carbon nanotubes (CNT)
have raised great interest as hydrogels reinforcement materials,>%°
and for local drug delivery systems.** They present high chemical and
thermal stability, ultra-light weight, and high-tensile strength.*? Their
use as a reinforcement agent has been demonstrated to improve not
only the mechanical performance of the composites but also cell
growth and proliferation without inducing inflammation or
toxicity,.*>*3 CNTs' dispersion and their interfacial interaction with
the polymer matrix determine the reinforced materials' performance.
Their nanostructure and high interfacial area lead to the establishment
of interactions that mainly result from van der Waals bonds.** Khang

et al*® showed that CNT incorporation improves chondrocyte

FIGURE 1 Typical chemical

structure of polycarbonate
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adhesion to the PCU, since the amounts of fibronectin (cell adhesion
regulating protein) in PCU/CNT composite films increased due to the
increase of hydrophilicity induced by the presence of CNT, which
change the nanometric roughness. Bass*® demonstrated that a mix-
ture of ultra-soft PCU with CNT, resulted in polymers with better ten-
sile mechanical properties. However, they also point out that several
variables may influence the potential for CNT reinforcement in poly-
mers, such as nanotube purity, functionalization, and nanotube-matrix
interface, as well as the mixture process parameters.

This work aims to develop PCU hydrogels reinforced with CA or
CNTs, with adequate properties for the replacement of damaged
articular cartilage and ability to release in a controlled way an anti-
inflammatory drug, that is, diclofenac. Different amounts of CA and
CNT were added to PCU, and the equilibrium water content and com-
pressive and tensile mechanical behavior of the obtained hydrogels
were accessed. For the best performing materials, the morphology,
hydrophilicity, and CoF against 316 L stainless steel were evaluated.
These hydrogels were loaded with diclofenac, and the drug release
profiles were obtained. Finally, cytotoxicity assays were performed

for the most promising material.

2 | MATERIALS AND METHODS

21 | Materials

To produce PCU-based hydrogels, ChronoFlex® C™ 80A PCU
(AdvanSource Biomaterials, molecular weight 1.1 x 10° Da), CA
(Sigma-Aldrich, average molecular weight 3 x 10° Da), single-walled
and double-walled carbon nanotubes (SW/DWNTs-purity>90 wt%,
outer diameter 1-4 nm, length 5-30 pm) (Cheap Tubes Inc), N, N-
dimethylformamide (DMF) (Chem-Lab) and pure acetone (José
Manuel Gomes dos Santos [JMGS]) were used. For the preparation of
the samples for scanning electron microscope (SEM) analysis, ethanol
absolute anhydrous was obtained from Carlo ERBA and tert-butanol
from PanReac. Hyaluronic acid (average molecular weight 1-2 million
Da) to prepare the lubricant for the tribological tests was supplied by
Carbosynth (Compton, Berkshire, UK), while phosphate buffered solu-
tion (PBS) was from Sigma-Aldrich. Diclofenac sodium (DFN, 298%,
Sigma-Aldrich, Saint Louis, MO, USA) was used in the drug loading/
release tests. Distilled and deionized water (DD water) (p 2 18 MQ -
cm) was obtained using a Milli-Q® water purification system (Integral
3 Millipore - Darmstadt, Germany). For the cytotoxicity tests, human
chondrocytes were acquired from CELL Applications, Inc. (San Diego
CA, USA), and the following reagents were used: high-glucose
Dulbecco's Modified Eagle's Medium (DMEM: Gibco, Grand Island
NY, USA) supplemented with 10% v/v fetal bovine serum (FBS, Gibco,
USA), 1X MEM nonessential amino acids (Sigma, St. Louis MO,
USA), 0.2 mM L-Ascorbic acid (Sigma), 0.4 mM L-Proline (Sigma) and
1% v/v penicillin-streptomycin (Pen-strep: Gibco). HClI (JMGS),
(3-(4,5-dimethylthiazol-2-yl)-2-5 diphenyl tetrazolium bromide (MTT,
Sigma), and isopropanol (Sigma) were also used in the in vitro cytotox-

icity assay.

Y sk W LE Y-8

2.2 | Hydrogels preparation

PCU hydrogels were prepared by dissolving the PCU granules (15%
w/w) in a mixture of acetone and DMF (50:50 v/v) at room tempera-
ture for 24 h and with magnetic stirring. The reinforcement with CA
was carried out by mixing specific amounts of CA with PCU according
to Table 1 (the total mass of solids was the same) and following the
procedure mentioned above to ensure complete dissolution of the
polymers. For CNT-reinforced hydrogels, CNTs were added to the
prepared PCU solution and dispersed in an ultrasonic bath (VWR
-USC300T, Leuven) for 4 h. The composition of the produced mate-
rials is shown in Table 1. The resulting polymeric solutions were
poured immediately into borosilicate glass petri dishes and left in open
air for 24 h. Thereafter, the plates were immersed in DD water to
coagulate the solutions by exchanging the solvents. During this pro-
cess, the DD water was exchanged twice a day for 3 days. The
obtained hydrogels (thickness ~ 2 mm, except otherwise stated) were
cut with appropriate dimensions for the tests (discs of 6, 8, or 11 mm
of diameter or test pieces with 4 mm of width and 20 mm of length)

and kept in the hydrated state in sealed vials at room temperature till

being used.

2.3 | Hydrogels characterization

2.3.1 | Equilibrium water content and swelling
capacity

The hydrated hydrogels (discs with diameter 8 mm) were weighted in
order to obtain the hydrated weight (wp1). Then the samples were
dried at 40°C for 24 h and thereafter submitted to vacuum for 48 h
and weighed again to obtain the dry weight (wg). The equilibrium
water content (%EWC) was calculated through the following

equation:

Wh1 — Wy

%EWC = W
h1

1

In order to evaluate the reversibility of the swelling process after
drying, the previous dried samples were rehydrated in water until they
reached a constant weight. (w;,). The swelling capacity (%SC) was
determined using the expression:

Wy

%scz%, 2)

Materials were characterized in triplicate.

2.3.2 | Mechanical properties

To determine the tensile and compression properties, an Instron®

5566 Universal Testing machine (Instron Corporation), with a load cell
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Samples Acetone (ml) DMF (ml) PCU (mg)
PCU 6.1 6.1 3750
PCU + 10%CA 3375
PCU + 15%CA 3188
PCU + 25%CA 2813
PCU + 1%CNT 3712
PCU + 2%CNT 3675

of 10 kN, controlled through the software Bluehill® 2, was used.
Hydrated discs (diameter 11 mm) were compressed at 0.1 mm/s until
reaching a maximum compressive stress of 8.42 MPa. Tensile tests
were carried out at the same test speed until rupture. Experiments
were performed at room temperature. A minimum of five repetitions
was done in each case. Both the tangent compressive and tensile
modulus were calculated from the slope of obtained stress-strain cur-
ves in each point. For compression tests, the absorbed energy was
calculated by integrating the stress-strain curve until a deformation of
60%. For tensile tests, the elongation-to-break, toughness, and ulti-

mate tensile strength (UTS) were determined.

2.3.3 | Morphology

PCU, PCU + 15%CA, and PCU + 2%CNT samples were analyzed in a
Hitachi S-2400 SEM at 15 kV. Discs with 11 mm of diameter were
previously dipped in liquid nitrogen, sectioned in half, and immersed
in DD water at room temperature. Dehydration was done following a
procedure described by Bodenberger et al.*’ for preparation of sensi-
tive samples for SEM analysis, which involves the sequential immer-
sion of the samples in ethanol 70% vol, ethanol 96% vol, and ethanol
100% vol, 3 x 15 min each step. Afterward, the samples were sub-
merged in tert-butanol at 40°C for 3 x 15 min, cooled to 4°C, and
then dried in a low-vacuum oven for 24 h.*® Before SEM observa-
tions, the materials were coated with a metallic film of gold and palla-
dium with 20 nm of thickness in a Quorum Technologies sputter

coater and evaporator.

234 | Wettability

The hydrophilicity of PCU, PCU + 15%CA, and PCU + 2%CNT sam-
ples was accessed through the measurement of the water contact
angle by using the captive bubble method. Hydrated discs with
11 mm of diameter were fixed to a platform and placed downwards
inside a liquid cell with quartz windows filled with DD water. Air bub-
bles (3-6 pL) were generated with a micrometric syringe with an
inverted needle under the material's surface. Images were acquired
for 10 min at predefined time intervals using a video camera (JAl CV-
A50, JAI A/S, Grosswallstadt, Germany) connected to a frame grabber
(DT3155, Data Translation, Norton, MA, USA) and coupled to an
optical microscope (M3Z, Wild, Heerbrugg, Switzerland). ADSA-P

CA (mg) CNT (mg) TABLE 1 PCU, PCU/CA.and
PCU/CNT samples composition

375 —

563 —

937 —

- 38

- 75

(Axisymmetric Drop Shape Analysis Profile) software was used to per-
form image analysis. For each material, at least eight bubbles

were done.

2.3.5 | Friction coefficient

The CoF of the materials PCU, PCU + 15%CA and PCU + 2%CNT
was evaluated using a tribometer (TRB2, Anton Paar, M.T. Brandao,
Porto, Portugal). The tests were carried out in a HA solution (3 mg/ml,
prepared in PBS), at room temperature, in a ball-on-plate configura-
tion, in linear reciprocating motion, using a 6 mm diameter 316 L
stainless steel (SS) ball (Luis Aparicio SL, Barcelona, Spain) as counter-
body. Two loads (5 and 10 N) were tested, and the following parame-
ters were set: total distance of 10 m (cyclic path of 8 mm), maximum
linear speed of 31.4 mm/s, and frequency of 1.25 Hz. The tests were

done in triplicate for all materials.

2.3.6 | Drugloading and release

PCU, PCU + 15%CA, and PCU + 2%CNT hydrated discs with 6 mm
diameter were individually immersed in 3 ml of DFN solution
(2 mg/ml) and sterilized at 121°C for 30 min at 1 bar in an autoclave.
Thereafter, they were left for 7 days at 37°C under shaking (VWR
Mini Incubation Shaker) at 180 rpm. After this period, the loaded discs
were removed from the drug solution and wiped with absorbent
paper to remove the excess solution from the samples' surface. For
the drug release experiments, they were immersed in 3 ml of PBS and
placed at 37°C on an agitator at 180 rpm for the drug release experi-
ments. Aliquots of 300 pL were collected at predefined intervals for
48 h, and the volume removed was replaced with fresh PBS. The con-
centration of DFN in the release solution was determined using a
UV-Vis spectrophotometer (Multiskan™ GO Microplate Spectropho-
tometer, Thermo Fisher Scientific, Kandel, Germany) by measuring the
absorbances at a wavelength of 276 nm. A calibration curve was pre-
viously obtained using solutions of known concentration. The total
amount of drug loaded into the samples was determined by extraction
with ethanol. Each sample was immersed in 3 ml of ethanol. At pre-
determined times, the supernatant solution was analyzed by UV-Vis
spectroscopy, as referred above, and replaced with fresh ethanol. The
procedure was performed until no more drug could be extracted. The

cumulative amount was determined.
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2.3.7 | Cytotoxicity evaluation

Disks with 10 mm diameter of PCU, PCU + 15%CA, and PCU + 2%
CNT were submitted to biocompatibility tests with human
chondrocytes, according to the 1S0-10993-12 guidelines.*’ The
samples were previously sterilized at 121°C for 30 min at 1 bar in
an autoclave. Direct contact and indirect extract (lixiviates) tests
were performed. For both assays, the cells were seeded on tissue
culture polystyrene (TCPS) 24-well plates with a density of 1.2 x
105 cells per well and cultured for 24 h at 37°C and 5% CO, to
achieve a confluent monolayer. Negative control corresponded to
the cells cultured on TCPS in culture medium, while positive control
was latex. For the direct contact test, the hydrogels (n = 3) were
placed over the cells monolayer and incubated for 48 h at 37°C and
5% CO,. An inverted optical microscope (LEICA DMI3000B, Leica
Microsystems, Germany) equipped with a digital camera (Nikon
DXM1200F, Nikon Instruments Inc., Japan) was used to qualita-
tively assess the cells' viability and their morphology. For the indi-
rect test, material extracts were obtained by incubating the
hydrogels (n = 5) in culture medium (3 cm? of samples' surface
area/ml) for 24 h, at 37°C and 5% CO,. Then, the medium was
collected and was poured onto the cells' culture plates which were
kept for 48 h at 37°C and 5% CO,. Afterward, the medium was
removed, and the MTT assay (In Vitro Toxicology Assay Kit, MTT
based, Sigma, MO, USA) was performed according to the manufac-
turer's guidelines. For that, the cells were incubated in the MTT
solution (yellow, 1 mg/ml) for 4 h at 37°C. The violet formazan
product produced in the MTT metabolic reduction by the viable
cells was dissolved in 0.1 M HCI solution previously prepared in
isopropanol. The percentage of viable cells for the different sam-
ples was calculated from absorbance measurements (done in tripli-
cate) of the resultant solution performed in a microplate reader
(Infinite M200 PRO, TECAN, Switzerland) at 570 nm, using as

reference the values obtained for the negative control.

2.4 | Statistical analysis

Statistical analysis was carried out using Excel Statistical Tools.
Shapiro-Wilk test was performed to verify the normality of the
results. One-way analysis of variance (ANOVA) and student t-test
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were applied to compare three or more and two independent groups,

respectively. The level of significance chosen was .05.

3 | RESULTS

31 |
capacity

Equilibrium water content and swelling

Figure 2A presents the equilibrium water content of the materials as-
produced. Although, from the statistical point of view, differences had
been observed (p < .03), the average values were quite similar, ranging

between 62% and 67%. Figure 2B shows the swelling capacity of the
materials after being dried. PCU presents the lowest value (3%), while
the remaining materials have values close to 10%, except PCU + 25%
CA, which shows ~ 15%.

3.2 | Mechanical properties

3.21 | Compressive tests

The stress-strain curves obtained in the compression tests
performed with the different hydrogels are depicted in Figure 3.
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The variation of the compressive tangent modulus along the experi-
ments, as well as the absorbed energy during the compression esti-
mated from these curves, are also shown. The addition of CA at a
percentage > 15% or of CNT at 2% led to materials with the highest
mechanical resistance (Figure 3A). Regarding the tangent modulus
(Figure 3B), the addition of CA led to a significant increase in the
whole strain range. Above 20% strain, the modulus becomes similar
for concentrations > 15%. As for CNT, while 1% reinforcement
almost did not change the modulus values relative to PCU (except
for high strains), 2% resulted in the highest modulus among the stud-
ied hydrogels. The absorbed energy values till a deformation of 60%
are shown in Figure 3C (see also Table S1 in Supplementary Informa-
tion). The highest values were obtained for PCU + 15%CA and PCU
+ 2%CNT (p < .003).

PCU surface

' sk W LE Y-

3.22 | Tensile tests

The stress-strain curves obtained for the tensile tests are shown in
Figure 4A. The mechanical behavior of the hydrogels depends on the
nature and concentration of the reinforcement agent. The curve
shape was different in the case of PCU + 2%CNT. This material
stands out due to its much superior tensile tangent modulus for
strains under 130% (Figure 4B). The elongation-to-break average
values did not present statistically significant differences for the stud-
ied hydrogels (p > .08, Figure 4C and Table S1 in Supplementary Infor-
mation). Both the addition of CA and CNT improved the materials'
toughness (Figure 4D and Table S1 in Supplementary Information):
19%-35% in the former case, while CNTs led to an increase of 4%-
48%, being the highest value observed for PCU + 1%CNT.

PCU cross-cut

FIGURE 5 Scanning electron microscope (SEM) images of the surface and cross-cut of PCU, PCU + 15%CA, and PCU + 2%CNT
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Concerning the ultimate tensile strength, the average values also
increased except for the highest concentrations of the reinforcements
(Figure 4E and Table S1 in Supplementary Information).

Since cartilage replacement materials' compressive behavior is
more relevant for their in vivo performance, PCU + 15%CA and PCU
+ 2%CNT were considered the best performing materials and

selected for further characterization.

TABLE 2  Amounts of drug loaded and percentage of drug
released for the different materials

Amount of drug

loaded (pg/mg % Drug

dry hydrogel) released
PCU 0.74 +0.16 792+33
PCU + 15%CA 0.65 = 0.05 83.7+16
PCU + 2%CNT 0.64 +0.08 83.6 +3.0

3.3 | Morphology

The microstructure of the studied materials is depicted in Figure 5. It
can be observed that PCU presents a porous structure both on its sur-
face and in the cross-cut. The addition of 15% CA led to an increase
of heterogeneity with the appearance of pores of distinct sizes. PCU
+ 2%CNT shows fewer pores on the surface and a particular irregular

cross-cut area.

3.4 | Wettability

The contact angle results for PCU, PCU + 15%CA, and PCU + 2%
CNT are depicted in Figure 6. It can be observed that all materials are
hydrophilic, being the contact angle for PCU + 15%CA and PCU
+ 2%CNT significantly lower than for PCU (p = .01 and p < .001,
respectively). PCU + 2%CNT shows the highest reduction.

3.5 | Friction coefficient

The CoF results are presented in Figure 7. CoF values change
with the applied load: the higher the load, the higher the CoF. PCU
+ 15%CA presents a higher CoF than PCU both for 5 N (p = .003)
and 10 N (p <.001). PCU + 2%CNT present similar values to
PCU (p > .2).

3.6 | Drugrelease

The cumulative DFN release profiles from PCU, PCU + 15%CA, and
PCU + 2%CNT samples are shown in Figure 8. The drug release pro-
files are quite similar, although PCU + 15%CA had led to a slightly
lower amount of drug released. The materials ensured a sustained
release during more than 4 days (96 h), being observed a decrease in
the drug release rate along the time.

The amount of drug loaded into each material as well the
corresponding percentage of drug released at the end of the experi-
ment are presented in Table 2. The amount of drug loaded by PCU
was slightly higher than that observed for the reinforced materials.
However, the difference is not statistically significant (p = .174). Con-
cerning the percentage of drug released relative to the total amount

of drug loaded, although PCU has led to a slightly lower value than
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PCU 4 15%CA and PCU + 2%CNT, again, the differences are not sig-
nificant (p = .073).

3.7 | Cytotoxicity evaluation

Cytotoxicity tests were carried out with PCU, PCU + 15%CA, and
PCU + 2%CNT samples. The MTT indirect test showed that cho-
ndrocytes cultured with extract conditioned medium for 48 h pres-
ented in all cases high cell viability (= 100%, Figure 9A) in relation
to the negative control. In addition, cells cultured in direct contact

with the materials for 48 h showed typical chondrocyte morphology

with no evidence of cell death and any inhibition halo effect
(Figure 9B).

4 | DISCUSSION

In this work, PCU-based hydrogels intended for articular cartilage
replacement were developed. Different amounts of CA and CNT were
incorporated as reinforcements to improve the material's properties.
Their equilibrium water content and compressive and tensile mechani-
cal behavior were accessed. The materials that revealed the most

promising properties were selected and characterized in terms of
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morphology, wettability, and CoF. Besides, DFN was loaded in the
hydrogels, and drug release profiles were obtained. Finally, the mate-
rial that showed the best drug release behavior was submitted to
cytotoxicity tests to investigate its biocompatibility.

PUs are segmented copolymers constituted by a soft segment
(a polyester, a polyether, or a polycarbonate) and hard segments
(a diisocyanate and chain extender).’® Polyester urethanes suffer fast
hydrolytic degradation of the aliphatic polyester soft segment, which
turns them into unsuitable materials to be used in long-term implanta-
tion devices. Contrarily, polyether urethanes present high hydrolytic
stability, but they undergo oxidative degradation, namely environmen-
tal stress cracking and metal ion oxidation®*~>® PCUs reveal a superior
performance since they allow to minimize cracking or degradation
upon implantation for a long period of time,.>* PCU usually gives rise
to hydrophobic materials (water contact angle >100°>° with low water
uptake capacity (1.2%-2.1%).>° In this work, PCU was used to pro-
duce hydrogels for cartilage replacement. As far as the authors know,
this was the first time that PCU hydrogels were produced. PCU was
dissolved in a mixture of acetone and DMF which was poured into a
petri dish and left in open air for 24 h. This resulted in an increase of
the polymer concentration due to the partial evaporation of the sol-
vents (mainly acetone, due to its higher volatility). Thereafter, the
plate was immersed in water (nonsolvent) to coagulate the solution by
exchanging the solvents. The immersion of the homogeneous polymer
solution in the water coagulation bath leads to the formation of two
phases: a polymer-rich phase and a liquid-rich phase.>” The solvent
diffuses through the nonsolvent and the nonsolvent through the poly-
mer solution. The concentration of the polymer, the nature of the sol-
vent and nonsolvent, the time of precipitation and the temperature of
the bath, may significantly affect the morphology and properties of
the obtained material (e.g., porosity, mechanical behavior). If the mate-
rial is not dried, it will have a high content of water, presenting a
hydrogel-like behavior. Such high water content usually leads to low
mechanical properties. In order to improve the material's
tribomechanical performance, they were reinforced with CA and car-
bon nanotubes (CNT).

The addition of CA and CNT almost did not affect the equilibrium
water content of the PCU hydrogels. The obtained values are close to
the range found in the literature for the articular cartilage, which is
65-80% of its wet weight.>® In order to evaluate the reversibility of
the swelling process after drying, dried samples were immersed in
water and left equilibrate. The swelling capacity (%SC) was deter-
mined and it was found that with exception of PCU, which led to a %
SC of 3%, all the other materials present %SC close to 10% or higher.
The highest value was observed for PCU + 25%CA (~15%) and may
be explained by the hydrophilic nature of CA reinforcement and/or
differences in porosity. During the drying process, water evaporates
leading to the structure collapse and to shrinking of the material.
When immersed in water, the materials only were able to absorb a
limited amount of water compared to the initial one, showing the
hydration process is only barely reversible. There is no lower limit to
define how much water a material has to absorb to be called a hydro-

gel.”>” The amount of water can vary considerably, from 10% up to a

thousand times of their dry Weight.f’o'61 Therefore, all materials,
except PCU can be classified as hydrogels. Since the produced mate-
rials are intended to be used for cartilage substitution, it is desirable
that they present properties as similar as possible to articular cartilage
tissue. For this reason, in the following characterization tests, we
opted by proceeding with the materials as-produced (without drying).

Regarding the materials' compressive mechanical properties, the
stress-strain curves follow a typical behavior of hydrogels. Since the
hydrogel is a biphasic material, at the beginning of the compression
tests, the applied load is supported essentially by the fluid phase. With
the increase in the load, the fluid begins to exit the matrix, and load is
transferred from the fluid to the solid phase. The curves' analysis
shows that in the first stages of compression (till ~ 1 MPa), the addi-
tion of 1% of CNT to PCU does not affect the mechanical behavior of
the hydrogel (Figure 3A). For higher stresses, there is a visible increase
of resistance to deformation of PCU + 1%CNT: the compressive tan-
gent modulus increases for the reinforced material (Figure 3B), indi-
cating that it is stiffer than the original material. The addition of 2%
CNT led to an initial decrease in the tangent modulus, which can be
attributed to the water exit that shall interact less with the polymeric
matrix due to the presence of the CNTs. Above 10% strain, the resis-
tance to deformation of PCU + 2%CNT increases significantly (the
modulus increases) due to the solid phase response. The improvement
in tangent modulus can be attributed to the load transfer from the
polymeric matrix to the CNTSs, which present a high elastic modulus
(400 GPa-4.15 TPa®?). Such reinforcement resulted in a material able
to absorb a higher amount of energy among the studied hydrogels.
Regarding CA incorporation, it also led to an improvement of the PCU
performance at compression, with a significant increase in the tangent
modulus. It is observed that for 15% CA, until 40% strain, the modulus
increases almost linearly, which suggests that the fluid phase does not
affect the compressive behavior of the hydrogel. Bellow and above
this content in CA a decrease in the tangent modulus is observed in
the initial stages of compression which should be related to the out-
flow of water, as referred above. For higher strains, the mechanical
behavior of the reinforced materials with 215% CA becomes similar.
PCU + 15%CA presented the highest capacity of energy absorption.
The improvement resultant from CA addition may be attributed to the
formation of hydrogen bonds between the N—H groups from ure-
thane carbonate and C=0 groups of CA. Both CNT and CA reinforce-
ments led to tangent modulus values that, although varying with
strain, are of the same order of magnitude of those found in the litera-
ture for human articular cartilage (0.24-10 MPa).3-%> Comparison of
the values obtained for the absorbed energy is more difficult since it
depends on the limits defined for its calculation (e.g., stress, percent-
age strain) and testing parameters.

Concerning the tensile behavior, it was observed that the addition
of both CA and CNT reinforcements led, in general, to the improve-
ment of the mechanical behavior of all hydrogels, except PCU + 25%
CA. There is a notorious difference between the PCU + 2%CNT and
the other reinforced hydrogels (Figure 4A). Until 1 MPa, there is a fast
increase of the strength behavior that shall result from the mechanical

anchorage provided by the CNTs. However, for higher applied loads,
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an inflection of the curve is observed, suggesting a decrease of the
support action of the CNTSs, which shall be due to the loss of adhesion
of the reinforcement with the matrix. For a deformation until ~25%,
the tangent modulus is between 5 and 12 MPa (Figure 4B), which falls
in the range of the values found for human articular cartilage
(5-25 MPa).%¢ In respect of the ultimate tensile strength, both for CA
and CNTs, a decrease was noticed after a threshold of the reinforce-

.57 results from the dis-

ment content, which according to Huang et a
persion heterogeneity that shall occur for higher concentrations.
Values found in the literature for the ultimate tensile strength of artic-
ular cartilage range between 9 and 40 MPa, while elongation-at-break
presents values within 60-120%. These values are somehow different
from those observed for the studied materials, but as mentioned
before, tensile properties are less relevant for the in vivo performance
of the materials than the compressive ones.

The reinforcement effect of both CNTs and CA agrees with what
was observed by other authors for different polymers. Tong et al.*°
and Huang et al.®” reinforced PVA with different contents of CNTs
and found an increase of the tensile modulus, tensile strength, and
elongation-to-break. In turn, Knapczyk-Korczak et al.®® found that the
addition of CA to polystyrene led to a more durable and mechanically

1.5% observed that the mechanical

stable material. Also, Kurokawa et a
properties of polylactic acid were improved by CA addition. Tang
et al.®® fabricated CA/PU composite nanofibers with different con-
centrations of CA and observed that 20% of CA led to the best tensile
performance.

PCU + 15%CA and PCU + 2%CNT present the most encouraging
mechanical properties for each type of reinforcement, and therefore
they were chosen for further characterization. In fact, PCU + 15%CA
led to the highest compressive (until 20%) and tensile tangent modu-
lus. In turn, PCU + 2%CNT showed superior mechanical resistance at
compression and the highest tensile resistance until a deformation of
130% and tensile tangent modulus.

The morphology of the materials was studied by SEM. It was
observed that both PCU and the reinforced materials PCU + 15%CA
and PCU + 2%CNT have a porous structure (Figure 5). The porosity
of the materials may be strongly affected by the preparation condi-
tions, namely the solvent exchange. In fact, according to Lee et al.’°
the combination of two different solvents shall lead to a higher poros-
ity compared to the use of one unique solvent. Apart from the surface
tension of the exchanged solvents, the affinity between the solvents
and the polymer, structural changes induced during the solvents
exchange, and the shrinkage that occurs during the solvent exchange
and drying contribute to the increased porosity. The addition of CA
led to significant changes in the materials' morphology. The pores size
and respective size distribution increased. Contrarily, the presence of
CNTs turned the surface more compact, although the interior part
remained porous but with high heterogeneity. The addition of rein-
forcement agents may significantly change the porosity of the mate-
rials. Several factors may affect such characteristic, for example, the
chemical nature, the particle size and shape, and the amount of rein-
forcement, being difficult to predict the result of the reinforcement

addition. The increased heterogeneity in the pore size distribution

Y sk WILEY-_L#%

observed for PCU + 15%CA and PCU + 2%CNT may also be related
to difficulties in dispersing the strengthening agents. Although for CA
reinforced materials, no data were found in literature concerning its
effect on porosity, for CNTs, several authors report significant
changes, depending on the hydrogel nature and its interaction with
the CNTs.3%72 Lan et al.”? observed a decrease of porosity of polyvi-
nyl alcohol/biphasic calcium phosphate hydrogels till a certain content
of CNTSs. Also, Chen et al.”* found a decrease in the number of pores
with CNTs' addition and related it to the CNTs hydrophobic nature
and their ability to displace the hydrophilic components of the hydro-
gel network, decreasing its density.

Both the addition of CA and CNTs improved the PCU hydrophilic-
ity. CA presents a hydrophilic nature due to the hydroxyl groups,
which can explain the decrease in the water contact angle.”® Con-
trarily, CNTs are generally recognized by their hydrophobicity and
usually form insoluble aggregates.”* According to Wang et al.,”> the
presence of DMF is critical to minimize CNTs agglomeration because
the methyl groups are adsorbed on the CNTs, while the amine groups
attract the water molecules due to their high polarity. On the other
hand, Manorma et al.”® observed a reduction in the contact angle in
polysulfone nanofiltration membranes when CNTs were added, which
they attributed to a reduction of roughness. Thus, the nanotubes' sur-
face functionalization due to the action of DMF and the decrease of
the surface roughness, which is associated with the porosity decrease,
shall explain the observed reduction of the contact angle.

Since these materials are expected to be used as replacements
for articular cartilage, the assessment of the CoF is very important.
Indeed, a higher CoF usually leads to a higher effort by the patient in
the joint movement. For all tested materials, it was found an increase
of the average CoF with the applied load. This may be related to the
increase of the contact area, leading to a rise of the adhesion forces
and the penetration depth of the counterbody into the hydrogel. Dur-
ing reciprocating sliding, the hydrogel is submitted to compression
and tensile stress fields, leading to squeezing and swelling cycles of
the liquid, which shall influence the surface lubrication. The increased
amount of lubricant in the interfacial zone, due to the hydrogel's
squeezing, is expected to reduce the CoF. The higher compressive
tangent modulus of PCU + 15%CA (Figure 3B) shall turn the release
of water from the matrix more difficult than for PCU and PCU + 2%
CNT. Also, PCU + 15%CA presents a higher porosity which might
increase roughness and friction (Figure 5).

As previously referred, hydrogels may be used as platforms for
drug delivery. In this work, the potential of PCU + 15%CA and PCU
+ 2%CNT to elute an anti-inflammatory, diclofenac, after cartilage
repair surgery was evaluated and compared to bare PCU. Since it was
observed that the dry materials have a low swelling capacity
(Figure 2B), the materials were loaded by soaking the hydrated sam-
ples in a DFN solution. This shall allow a higher amount of drug
loaded, as an easier diffusion of the drug will occur into the material.
The drug release results (Figure 8 and Table 2) show that the addition
of both CNTs and CA did not significantly impact the amount of drug
loaded, as well as the percentage of drug released and drug release

profiles, when compared to PCU. All materials ensured a controlled
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release for at least 4 days. It was expected that DFN sodium, due to
its hydrophilic nature,”” had a higher affinity for the materials con-
taining hydrophilic CA, which is also hydrophilic. Although a slight
reduction was found in the amount of drug released (Figure 8), which
could mean a stronger interaction, this was not statistically significant.
Other authors reached similar conclusions: Adepu et al.,”® studied the
release of diclofenac sodium from electrospun CA nanofibers and
found that this drug does not establish any chemical interaction with
CA. Infra-red spectroscopy analysis suggested the formation of hydro-
gen bonding between the drug and the CA fibers. In order to infer
about the mechanism of drug transport, the release profiles were
fitted to the Korsmeyer-Peppas equation””:

M o
R =K (3)

where M; and M, are the masses released at time t and as the
time approaches infinity, respectively, n is the diffusional exponent
and K is the pseudo-kinetic constant. Table Curve 2D, v5 was used to
determine the M, and to fit the experimental values until the first
60% of the fractional release. The correlation coefficients (R?) are
> 0.988 in all cases showing that the model is suitable to describe the
drug release behavior. More, the values of n are close to 0.5 (0.527
for PCU, 0.454 for PCU + 15%CA, and 0.415 for PCU + 2%CNT),
indicating a Fickian or pseudo-Fickian behavior with a diffusion-
controlled mechanism.”?€°

Finally, the cytotoxicity of PCU, PCU + 15%CA, and PCU + 2%
CNT was studied. The results demonstrate that the materials do not
induce any harmful effect on human chondrocytes viability and mor-
phology, which is in accordance with previous studies reporting the
use of these materials individually to fabricate scaffolds for different
tissue regeneration applications.8¥®2 Moreover, Shrestha et al.®®
showed that electrospun CA-based nanofibrous scaffolds were bio-

compatible for the growth of primary chondrocytes.

5 | CONCLUSIONS

In this work, the possibility of producing PCU hydrogels for cartilage
replacement loaded with diclofenac was investigated. The materials
were reinforced with different amounts of CA (10%, 15%, and 25%
w/w) or carbon nanotubes (CNTs, 1% and 2% w/w). The results
showed that the addition of the reinforcements almost did not change
the equilibrium water content of PCU hydrogel, which remained
within the values found for natural human cartilage. The best mechan-
ical properties were found for PCU + 15%CA and PCU + 2%CNT.
Therefore, these materials were chosen for further characterization,
being compared to nonreinforced PCU.

Regarding morphology, the addition of 15% CA significantly
increased the porosity, while 2% CNT led to the opposite effect. The
hydrophilicity of the materials slightly increased for both reinforce-
ments. The CoF value in measurements against stainless steel 316 L

was not affected by the addition of CNTs. Contrarily, a slight increase

was observed when CA was present, but the values remained of the
same order of magnitude, being lower than 0.25. The materials were
loaded by soaking with diclofenac, aiming to obtain drug delivery
devices that can help to minimize the postsurgical inflammatory reac-
tions. The materials led to similar release profiles, being able to ensure
a controlled release of the anti-inflammatory for at least 4 days.
Although the therapeutic efficacy of the system only could be truly
accessed through in vivo systems, it shall be stressed that it can be
improved by adjusting the drug-loading concentrations to obtain higher
amounts of drug released. Finally, cytotoxicity tests carried out with
chondrocytes showed that none of the materials impaired cell viability.
As far as the authors know, this was the first time that PCU
hydrogels were produced. Drug loaded materials intended for articular
cartilage replacement were developed, but other applications may be
foreseen. Further studies will be needed to better characterize the
material's behavior and tune its properties for each specific

application.
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