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Abstract
Fine-tuning of bio-ink composition andmaterial processing parameters is crucial for the development
of biomechanically relevant cartilage constructs. This study aims to design and develop cartilage
constructs with tunable internal architectures and relevantmechanical properties.More specifically,
the potential ofmethacrylated hyaluronic acid (HAMA) added to thermosensitive hydrogels
composed ofmethacrylated poly[N-(2-hydroxypropyl)methacrylamidemono/dilactate] (pHPMA-
lac)/polyethylene glycol (PEG) triblock copolymers, to optimize cartilage-like tissue formation by
embedded chondrocytes, and enhance printability was explored. Additionally, co-printingwith
polycaprolactone (PCL)was performed formechanical reinforcement. Chondrocyte-laden hydrogels
composed of pHPMA-lac-PEG and different concentrations ofHAMA (0%–1%w/w)were cultured
for 28 d in vitro and subsequently evaluated for the presence of cartilage-likematrix. Young’smoduli
were determined for hydrogels with the differentHAMAconcentrations. Additionally, hydrogel/PCL
constructs with different internal architectures were co-printed and analyzed for theirmechanical
properties. The results of this study demonstrated a dose-dependent effect ofHAMAconcentration
on cartilagematrix synthesis by chondrocytes. Glycosaminoglycan (GAG) and collagen type II content
increasedwith intermediateHAMAconcentrations (0.25%–0.5%) compared toHAMA-free controls,
while a relatively highHAMAconcentration (1%) resulted in increased fibrocartilage formation.
Young’smoduli of generated hydrogel constructs ranged from14 to 31 kPa and increasedwith
increasingHAMAconcentration. The pHPMA-lac-PEGhydrogels with 0.5%HAMAwere found to
be optimal for cartilage-like tissue formation. Therefore, this hydrogel systemwas co-printedwith
PCL to generate porous or solid constructs with differentmesh sizes. Young’smoduli of these
composite constructs were in the range of native cartilage (3.5–4.6MPa). Interestingly, the co-printing
procedure influenced themechanical properties of thefinal constructs. Thesefindings are relevant for
future bio-ink development, as they demonstrate the importance of selecting properHAMA
concentrations, as well as appropriate print settings and construct designs for optimal cartilagematrix
deposition andfinalmechanical properties of constructs, respectively.
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DMA dynamicmechanical
analyzer

DMEM Dulbecco’smodified
eaglemedium

DMMB dimethylmethylene blue

dwt dryweight

FBS fetal bovine serum

GAG gycosamminoglycan

HA hyaluronic acid

HAMA methacrylated hyaluro-
nic acid

HPMA N-(2-hydroxypropyl)
methacrylamide

ICAM-1 intercellular adhesion
molecule-1

LCST lower-critical solution
temperature

MW molecular weight

PBS phosphate buffered saline

PCL polycaprolactone

PEG polyethylene glycol

pen/strep penicillin/streptomycin

pHPMA-lac methacrylated poly[N-(2-
hydroxypropyl)metha-
crylamidemono/
dilactate]

s.d. strand distance

v.o.t. valve opening time

1. Introduction

Three-dimensional (3D) bioprinting is a promising
technique for the fabrication of regenerative con-
structs. It allows accurate positioning of cells and
biomaterials in a layered fashion and can thus be used
for the fabrication of organized tissue-like structures
[1], e.g. articular cartilage constructs in which a depth-
dependent matrix composition andmechanical resist-
ance are addressed [2–4]. Overall, cartilage tissue
consists of glycosaminoglycans (GAGs), collagen type
II, and water, and contains only a limited number of
cells. The low cell number in combination with the
lack of vasculature and nerves, leads to the limited
regenerative capacity of this tissue [5]. As a conse-
quence, most untreated cartilage defects eventually
result in arthritic changes of the whole joint [6].
Therefore, regenerative treatments based on bioprint-
ing to reproduce the cartilaginous organized architec-
ture, are currently under investigation [7–9].

The most commonly used biomaterials for the 3D
bioprinting of cartilage constructs are hydrogels, as
they allow homogeneous encapsulation of cells and
biological cues, and support survival of relevant cell

types, i.e. mesenchymal stem cells and chondrocytes.
Although hydrogels are potentially suitable for this
purpose, optimizing them for bioprinting is challen-
ging. In order to print with high shape-fidelity, the
hydrogel needs to possess certain rheological proper-
ties, e.g. high yield stress and viscosity, while for cell
encapsulation and optimal tissue production by
embedded cells, low yield stresses and viscosities are
favorable [10, 11]. Hydrogels based on UV-curable
copolymers of a polyethylene glycol (PEG) midblock
flanked by two partially methacrylated poly[N-(2-
hydroxypropyl)methacrylamide mono/dilactate]
(pHPMA-lac) outer blocks are attractive systems for
tissue engineering applications because their char-
acteristics, e.g. in vitro degradation rate and mechan-
ical properties can be accurately tuned via adjustments
of the building block’s architecture and polymer
concentration [12–15]. Recently, we have demon-
strated that pHPMA-lac-PEG hydrogels with rela-
tively low concentration and degree of methacrylation
supported cartilage matrix deposition by embedded
chondrocytes [16]. In addition, the partial replace-
ment of pHPMA-lac-PEG triblock copolymers with
methacrylated polysaccharides, i.e. hyaluronic acid
(HAMA) [16] and chondroitin sulfate [17] further
prolonged the in vitro degradation profile and
enhanced the mechanical properties of the hydrogel
blends. Importantly, the addition of HAMA to
pHPMA-lac-PEG hydrogels allowed bioprinting with
sufficient shape-fidelity of hydrogels even when a
relatively low total polymer concentration was used
[16]. Hyaluronic acid (HA) and chondroitin sulfate are
polysaccharides present in articular cartilage tissue
and have been reported to influence multiple biologi-
cal processes, e.g. cell proliferation, migration, attach-
ment, and differentiation [18–20]. Especially HA
forms an interesting component for cartilage tissue
engineering as multiple studies have demonstrated an
anabolic effect of both HA and HAMA on chon-
drocytes in various culture systems in vitro and in vivo
[21–28]. However, several studies also indicated a cri-
tical role of the HA or HAMA concentration on chon-
drogenesis, as too low or too high HA or HAMA
concentrations can be ineffective or even inhibitory
[25–28]. Therefore, it is important to identify the cur-
rently unknown optimal concentration of HAMA in
pHPMA-lac-PEG triblocks/HAMA hydrogels for car-
tilage regeneration.

An additional aspect that has to be taken into
account for cartilage repair constructs, is the require-
ment to withstand the high compressive and shear for-
ces present in the articulating joints. However, the
maximum stiffness that any hydrogel can reach, with-
out hampering matrix production of embedded cells,
is limited [29]. Multiple reinforcement strategies, such
as the inclusion of fibers [30, 31] or microparticles
[32], consisting of different materials, e.g. poly-
caprolactone (PCL) [33–35], poloxamer-based hydro-
gels [36], and ceramics [37] have been explored.
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Especially PCL is a promising reinforcement material
as it is biocompatible, cost-effective, and it has a rela-
tively slow degradation rate (ranging from months to
years) [38]. The co-printing of a (cell-laden) hydrogel
with a PCL fiber reinforcement offers a construct
design in which the hydrogel provides the necessary
milieu for cells to thrive, and the thermoplastic frame-
work provides the required mechanical properties, to
overall mimic the biomechanical profile of native car-
tilage. The mechanical performance of co-printed
hydrogel/PCL constructs is dominated by that of the
PCL framework [30]. Therefore, by modifying the
PCL molecular weight (MW) and the geometry of
the PCL skeleton, the compressive modulus and ten-
sile strength can be tailored to that of the target tissue
[39]. The strand size, strand distance, and to a lesser
extent strand orientation, have been identified as the
most important geometrical parameters to influence
the mechanical features of the printed construct
[33, 39, 40]. Hence, co-printing of pHPMA-lac-PEG
triblocks/HAMA hydrogel with PCL might be an
attractive approach for the fabrication of cartilage
repair constructs. Hence, the aim of this study was to
generate bioprinted constructs for cartilage regenera-
tion with optimized bioactivity, and a tunable
mechanical performance. As such, the optimal con-
centration of HAMA in pHPMA-lac-PEG triblocks/
HAMA hydrogels for cartilage-like tissue formation of
embedded chondrocytes was evaluated, and co-print-
ing with PCL, using multiple construct architectures,
was explored to match the mechanical properties of
native cartilage.

2.Materials andmethods

2.1.Materials
All chemicals were obtained from Sigma-Aldrich
(Zwijndrecht, the Netherlands) and all solvents from
Biosolve (Valkenswaard, the Netherlands) unless indi-
cated otherwise. Chemicals and solvents were used as
received. HA sodium salt (120 kDa) was supplied by
Lifecore Biomedical (Chaska, MN, USA) and PEG
(10 kDa) byMerck (Darmstadt, Germany). GMP grade
homopolymer of ε-caprolactone (PCL, Parasorb PC12,
185001) and L-lactide were obtained from Corbion
(Gorinchem, The Netherlands), and Irgacure 2959 was
a kind gift of BASF (Ludwigshafen, Germany). N-(2-
hydroxypropyl) methacrylamide mono- and dilactate,
and PEG10 kDa−4,4’-azobis(cyanopentanoate) macro-
initiator were synthesized as previously reported
[41, 42]. Phosphate buffered saline (PBS), penicillin/
streptomycin (pen/strep; 10 000 units ml−1 penicillin
and 10mgml−1 streptomycin) and picogreen DNA
assaywere supplied by Invitrogen (Carlsbad,California,
USA). Fetal bovine serum (FBS) was purchased from
Gibco (Invitrogen corporation) and type II collagenase
was obtained from Worthington Biochemical Corp
(Lakewood, NJ, USA). Two types of Dulbecco’s

modified eagle medium (DMEM) were used: DMEM
31885 from Gibco (referred to as DMEM) and high
glucoseDMEMD6429 fromSigma-Aldrich (referred to
as high glucose DMEM). Recombinant human TGF-β1
was obtained from Peprotech (London, UK), hyalur-
onidase (H2126) from Sigma-Aldrich, pronase
(11459643001) from Roche Life Sciences (Indiana,
USA), and ITS+ premix (human recombinant insulin,
human transferrin, selenous acid, bovine serum albu-
min, linoleic acid) from BD Biosciences (Breda, the
Netherlands). Antibody against collagen type I (1:100;
EPR7785, ab138492)was obtained from Abcam (Cam-
bridge, UK). Antibodies against collagen types II and VI
(1:100; II-6B3II and 1:5, 5C6, respectively) were
obtained from the Developmental Studies Hybridoma
Bank (IowaCity, IA, USA). Antibody against proteogly-
can IV (1:50; H00010216-M01) was obtained from
Novus (Abingdon, United Kindom). Secondary horse
radish-peroxidase conjugated antibodies for collagen
type I (EnVision+, K4010), collagen type II (1:100, IgG
HRP, P0447), collagen type VI and proteoglycan IV
(EnVision+, K4007) were ordered from DAKO
(Heverlee, the Netherlands). Calcein-AM (to stain
living cells) and ethidiumhomodimer-1 (to stain nuclei
of dead cells) were obtained from Life Technologies
(L3224, Bleiswijk, theNetherlands).

2.2. Synthesis and characterization of polymers
A triblock copolymer composed of two poly[N-(2-
hydroxypropyl) methacrylamide mono/dilactate]
outer blocks (∼15 kDa) flanking a PEG (10 kDa)mid-
block, was synthesized and characterized as previously
described, and 10% of the hydroxyl groups from the
pendent lactate side-unites wasmethacrylated (chemi-
cal structure reported in scheme S1 is available online
at stacks.iop.org/BF/9/015026/mmedia) [12]. The
methacrylated pHPMA-lac-PEG triblock copolymer
is hereafter termed M10P10 [M10 refers to a degree of
methacrylation (DM) of 10%, and P10 refers to a PEG
block with a MW of 10 kDa]. HA was methacrylated
(DM=10%, indicating the presence of 10 methacry-
late groups per 100 disaccharide units) as previously
described (chemical structure reported in scheme S1)
[43]. The characteristics of M10P10, i.e. number
average MW (Mn), polydispersity index (PDI), CP and
DM, as well as those of HAMA, i.e. MW and DMwere
in linewith our previousfindings [12, 16, 17].

2.3. Experimental design
First, a screening of five different hydrogel formula-
tions (table 1) was performed to find the optimal
concentration of HAMA for cartilage tissue engineer-
ing with chondrocyte-laden M10P10/HAMA hydro-
gels. Equine chondrocytes were encapsulated in the
different hydrogel formulations and constructs were
cast for in vitro culture. At days 1 and 28, the hydrogels
were harvested and evaluated for cartilage-like tissue
formation. In addition, Young’s moduli were
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evaluated for cell-free cast hydrogel constructs of
different compositions (table 1).

Second, 3D printed constructs were fabricated
with the best performing formulation of the first
screening, i.e. MHA0.5. Additionally, multiple con-
structs with different architectures were fabricated by
co-printingMHA0.5 and PCL, and the Young’smoduli
were determined.

2.4. Chondrocyte isolation and fabrication of
chondrocyte-laden cast hydrogels
Primary chondrocytes were harvested from macrosco-
pically healthy full-thickness cartilage of equine meta-
carpophalangeal joints (n=3; 3–10 years old), obtained
from the local slaughterhouse. Cartilage was removed
from the joints and digested overnight at 37 °C in
DMEM supplemented with collagenase II (1.5 μgml−1,
hyaluronidase (1mgml−1, FBS (10%), and pen/strep
(1%). After digestion, the cell suspension was filtered
through a 40 μmcell strainer and the chondrocyteswere
stored in liquidnitrogenuntil further use.

Before use, chondrocytes (passage 0) were expan-
ded inmonolayer culture for∼14 d (seeding density of
5× 103 cells cm−2 in chondrocyte expansion medium
consisting of DMEM, FBS (10%) and pen/strep (1%).
The chondrocytes were harvested when they reached
80%–90% confluence. Stock solutions of 30%M10P10
and 3% HAMA were prepared by dissolving the right
amount of both polymers in PBS with Irgacure
(0.05%) at 4 °C overnight. Next, the stock solutions
were mixed at different ratios and diluted if necessary
to obtain the five different formulations (table 1).
Chondrocytes were mixed with the M10P10/HAMA
mixtures on ice, to obtain a final concentration of
15–20× 106 chondrocytes ml–1 (n=3, concentration
slightly varied per donor). Constructs were cast by
injecting the cell-laden polymer mixtures into cylind-
rical Teflon molds (sample size: 6 mm in diameter,
2 mm in height). The molds were incubated for
15 min at 37 °C to allow physical hydrogel formation.
Subsequently, chemical cross-linking was induced by
irradiation with UV light (UV-Handleuchte lamp A.
Hartenstein, Germany, wavelength: 365 nm, intensity
at 3 cm: 1.2 mW cm−2, irradiation time: 5 min).
Cross-linked constructs were removed from the
molds andwere cultured for 28 d at 37 °C and 5%CO2

in chondrogenic differentiation medium consisting of
high glucose DMEM supplemented with ITS+ premix
(1%), dexamethasone (0.1 μM), L-ascorbic acid-2-
phosphate (0.2 mM), recombinant human TGF-β1
(10 ng ml−1), and pen/strep (1%) to stimulate chon-
drogenesis and redifferentation of the chondrocytes
[44, 45]. As a positive control, fibrin samples contain-
ing chondrocytes from the same donors were prepared
and cultured as previously described [16].

2.5.Histology, immunohistochemistry, and
biochemical assays
To evaluate cartilage-like tissue formation, hydrogels
were harvested at days 1 and 28. Part of each sample
was fixed overnight in formalin (37%) and dehydrated
through a graded ethanol series. After a clearing step in
xylene, the samples were embedded in paraffin.
Sections with a thickness of 5 μm were generated and
stainedwith safranin-O to visualize proteoglycans, fast
green to visualize collagens, and hematoxylin to stain
cell nuclei, as previously described [46]. Collagen types
I, II, and VI were visualized on sections with immuno-
histochemistry as previously described [16]. For pro-
teoglycan IV immunohistochemistry, the same
protocol was used as previously described for collagen
type VI, but with only a pronase antigen retrieval. All
sections were visualized with a light microscope
(Olympus BX51 microscope, Olympus DP70 camera,
Hamburg, Germany). The remaining parts of the
different harvested cell-laden hydrogels were weighed,
freeze dried, andweighed again to determine the water
content. Next, the samples were digested overnight at
60 °C in digestion buffer (0.2 M NaH2PO4+0.01 M
EDTA·2 H2O in milliQ, pH=6.0) supplemented
with papain (31 units mg–1 protein, final concentra-
tion of 0.24 mg protein ml–1) and cysteine (0.01 M).
After digestion, the GAG content was determined as a
measure for proteoglycan, with a dimethylmethylene
blue (DMMB) assay [47], using chondroitin sulfate C
as standard. The amount of DNA as a measure of
proliferation was measured with the Quant-iT Pico-
Green dsDNA kit and read on a spectrofluorometer
(Biorad, Hercules, California, USA), according to the
manufacturer’s protocols. The GAG content mea-
sured at day 28 was corrected for the initial readout at
day 0, due to the presence of HAMA (figure S1). This
corrected GAG content was normalized to the DNA
content for comparison between groups. In addition,
the average change in water content normalized to the
samples wet weight (wwt) was determined for each
hydrogel formulation. The DNA content was normal-
ized to the dryweight (dwt) of the samples.

2.6. Evaluation ofmechanical properties of hydrogel
constructs
Cell free, cylindrical hydrogels cast as described
in section 2.4. were analyzed using a dynamicmechan-
ical analyzer (DMA) (DMA Q800, TA Instruments,

Table 1.Overview of the concentrations ofM10P10 andHAMA in
PBS for thefive evaluated hydrogel formulations with their
abbreviations.

Polymer concentration (%w/w)

Abbreviation M10P10 HAMA

M 20 —

MHA0.1 19.9 0.1

MHA0.25 19.75 0.25

MHA0.5 19.5 0.5

MHA1 19 1
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Etten-Leur, The Netherlands) in an uniaxial uncon-
fined compression test, after the equilibrium state of
swelling (�5 h)was reached in PBS. A preload force of
0.001 N and a ramp force of 0.1 Nmin−1 with an
upper force limit of 1 N were applied, and the elastic
modulus (E, Young’s modulus) was calculated as the
slope of the initial linear segment of the stress/strain
curves (n=3).

2.7. Fabrication and characterization of printed
constructs with andwithout reinforcement
Constructs of different designs and with or without
PCL reinforcement were printed with formulation M
or MHA0.5 (table 2) using a 3DDiscovery bioprinter
(regenHU, Villaz-St-Pierre, Switzerland) equipped
with a Bluepoint 4 UV lamp (point light source,
wavelength range: 300–600 nm, UV-A intensity at
5 cm=103 mW cm−2, Hönle UV Technology AG,
Gräfelfing, Germany). Pneumatically driven robotic
dispensers were used for the extrusion of the hydrogel
and PCL filaments. The hydrogel precursor mixture
was loaded into a syringe connected to a micro
valve (CF300H) nozzle, while PCL pellets were
loaded into a stainless steel cartridge furnished with a
phosphor bronze thin-wall conical nozzle (inner
diameter=0.56 mm; Integrated Dispensing Solu-
tions, Agoura Hills, CA). Each layer of the PCL/
hydrogel hybrid constructs was generated by printing
parallel filaments of PCL (strand distance=1.5 or
2.0 mm), followed by deposition of hydrogel filaments
between adjacent PCL strands. Subsequent layers were
printed with a filament orientation perpendicular to
that of the underlying layer. To achieve a solid or a
porous hydrogel filling of the PCL framework, the
hydrogel was deposited in the center of adjacent PCL
filaments or at a distance of ¼ of the strand distance,
respectively. Additionally, the amount of the extruded
hydrogel was adjusted by varying the valve opening
time (v.o.t.) and pressure (detailed print settings
reported in table 3). Different temperatures of the
deposition plate were used to obtain desired flow-
behavior of the hydrogel after extrusion. For all
designs (table 2), square sheets (15×15 mm) were
printed with a height of 2.4 mm, and after each
hydrogel layer was printed, chemical cross-linking was
induced by 3 s of irradiation with the Bluepoint UV
lamp from a distance of 5 cm. After printing, con-
structs were irradiated for an additional time period to
reach a total irradiation time of 69 s. After cross-
linking, cylindrical samples were punched out of the
printed sheets with a 6 mm biopsy punch, and visually
inspected and photographed using an Olympus ZS61
microscope (Tokyo, Japan) coupled with an Olympus
digital camera (Tokyo, Japan). As controls, hydrogel-
free PCL constructs and PCL constructs infused with
hydrogel by injection molding were generated. More
specifically, two PCL sheets with different strand
distances, i.e. 1.5 or 2.0 mm were printed as described

above but without dispensing hydrogel between the
PCL filaments. Subsequently, six cylindrical samples
were punched out from each sheet, and three con-
structs per sheet were inserted in a Teflon-based
injection mold, infused with the hydrogel, incubated
at 37 °C for 5 min, and cross-linked for 69 s using the
Bluepoint UV lamp from a distance of 5 cm. The
remaining three constructs per sheet were used as
hydrogel-free controls. Finally, the mechanical stiff-
ness of the different printed constructs was evaluated
using a DMA with an unconfined compression set up.
Samples were preloaded with a force of 0.1 N and
further compressed up to 18 N using a force ramp rate
of 1.8 Nmin−1. Young’s moduli were calculated using
stress strain curves.

2.8. Statistics
Statistical analysis was performed with SPSS software
(version 21, IMBCorp.). For quantitativemeasurements
of matrix production within one cell donor, a one-way
analysis of variance (ANOVA) was performed, while a
randomized block design ANOVA was performed for
the average matrix production, to correct for donor
variations. Differences in Young’s moduli and viability
were determined with a one-way ANOVA. Differences
in Young’s moduli between constructs fabricated with a
different strand distance within each co-print condition
were determined with an independent t-test. A signifi-
cance level of 0.05 was used. When the ANOVA
highlighted significant differences, a Bonferroni post hoc
test was performed except for the GAG/DNAdata in the
casthydrogelswhichwere comparedwith aDunnett post
hoc test to explore whether the presence of HAMA had
an effect compared toHAMAfreehydrogels.

3. Results and discussion

3.1. Effect ofHAMAconcentration on
chondrogenesis by embedded chondrocytes
The evaluated hydrogel formulations supported carti-
lagematrix production of embedded chondrocyteswith
a hydrogel composition-dependent extent (figure 1).
During culture, rounded cell clusters rich in newly
formed matrix were observed in samples with average
HAMA concentrations (MHA0.25,MHA0.5, table 1) and
to a lesser extent in the hydrogels without HAMA or
with the lowestHAMAconcentration (MandMHA0.1).
The largest cell clusters surrounded by newly formed
matrix were observed in samples with the highest
HAMA concentration (MHA1), however these clusters
were observed sporadically and had irregular shapes
compared to the rounded clusters in the other formula-
tions. Additionally, the cells and cell nuclei within these
irregular shaped clusters had a stretched appearance
(samples MHA1). Contrarily, cells and cell nuclei in the
hydrogels with lowerHAMAconcentrations orwithout
HAMAcontained a rounded shape after 28 d of culture.
The tissue matrix around the circular cell clusters

5
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Table 2.Construct designs for printingwith hydrogelMHA0.5 (green)with andwithout PCL (white) reinforcement.

Abbreviation Materials Layer design Descriptiona

pMH MHA0.5 Porous

s.d.=1.5 mm

pPCL_1 PCL Porous

s.d.=1.5 mm

pPCL_2 PCL Porous

s.d.=2.0 mm

pMH/

PCL_1

MHA0.5+PCL Solid

s.d.=1.5 mm

pMH/

PCL_2

MHA0.5+PCL Porous

s.d.=1.5 mm

pMH/

PCL_3

MHA0.5+PCL Solid

s.d.=2.0 mm

pMH/

PCL_4

MHA0.5+PCL Porous

s.d.=2.0 mm

a s.d.=strand distance.

6
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reacted strongly with the collagen type II antibody, as
well as with safranin-O, indicating the presence of
cartilage-like tissue (figure 1). As safranin-O also stains
HAMA, a pink color was observed in all HAMA-
containing hydrogels also at day 0. However, the
intensity of the staining was higher near the cells for
samples at day 28. More collagen type II positive and
intense red (safranin-O) areas were observed in hydro-
gels with intermediate HAMA concentrations
(MHA0.25, MHA0.5) compared to hydrogels without
HAMA or with the lowest HAMA concentrations (M
and MHA0.1). Hydrogels with formulation MHA1

contained hardly any safranin-O positive areas at day
28, but did reveal intense collagen type II positive areas.
However, the collagen type II staining was restricted to
the sporadic cell clusters. On the other hand, in
hydrogels with intermediate HAMA concentrations
(MHA0.25,MHA0.5) some collagen type II positive areas
were also observed in the inter-territorial regions. The
presence of collagen type I, a marker for fibrocartilage,
increased with increasing HAMA concentration
(figure 1). Additionally, the presence of collagen type
VI, a marker of chondron formation, decreased in the

areas directly around the chondrocyte membranes in
hydrogels with increasing HAMA concentrations,
although the matrix clusters in MHA1 stained overall
positive for collagen type VI. Finally, proteoglycan IV, a
zonal marker found predominantly in the cartilage
surface, was mainly expressed at the hydrogel border of
constructs without HAMA or with a low HAMA
concentration (0.1%).Overall, all samples showed some
proteoglycan IVpositive areas.

Quantitative measurements for GAG content nor-
malized to the DNA content of donor 1 and 2
(figures 2(a) and (b))matched the visualization of GAGs
with the safranin-O staining in figure 1. Contrary, no
clear differences between hydrogels with different
HAMA concentrations were observed in samples cul-
turedwith chondrocytes fromdonor 3 (figure 2(c)). This
illustrates that the influence of HAMA on matrix synth-
esis by the chondrocytes is varying between chondrocyte
donors [48, 49]. On average, significantly more GAG/
DNA was measured in hydrogels with intermediate
HAMA concentrations (MHA0.25, MHA0.5), compared
to the hydrogels without HAMA (M) (figure 2(d)).
Hydrogels with the lowest (MHA0.1) and highest
(MHA1)HAMA concentrations did not show significant
differences in GAG/DNA compared to hydrogels with-
outHAMA (M). Sampleswith 1%HAMA, culturedwith
chondrocytes of donor 2, did contain significantly less
GAG/DNA compared to the HAMA free hydrogels
(figure 2(b)). Moreover, GAG/DNA levels measured in
samples with intermediate HAMA concentrations
(0.25%–0.5%) were similar to the fibrin controls for
donors 1 and 2, while the GAG/DNA levels were higher
in thefibrin samples fordonor3 (figure S2).

These observations demonstrate a dose-dependent
effect of HAMA on the cartilage matrix production by
chondrocytes in pHPMA-lac-PEG/HAMA hydrogels.
More specifically, hydrogels with intermediate HAMA
concentrations (0.25% and 0.5%) showed increased car-
tilage-like matrix production by the embedded cells
compared to HAMA-free hydrogels, while a higher
HAMA concentration (1%) stimulated a shift from hya-
line cartilage to fibrocartilage formation. Chondrocytes
are known to interact with HA via their membrane
receptors e.g. CD44, intercellular adhesion molecule-1,
and receptor for hyaluronan mediated motility [26, 50–
53]. This interaction is believed to be responsible for the
anabolic effect that HA can have on the matrix produc-
tion by chondrocytes, as disruption of this HA-chon-
drocyte binding is associated with matrix degradation in
native cartilage [54]. The dose-dependent response of
chondrocytes toHAmaybe attributed to a negative feed-
back system, in which limited receptor bindingwithHA,
especially via CD44, stimulates matrix production by
chondrocytes, while more receptor interactions inhibit
chondrocyte redifferentiation [26, 43, 44, 55]. The
hypothesis of receptor binding, would also explain why
the optimal HA and HAMA concentration for cartilage
matrix stimulation appears to increase with increasing
cell numbers. In the present study, we demonstrate an

Table 3.Optimized settings applied for the 3Dprinting of hydrogel,
PCL and hydrogel/PCL constructs.

pMH Hydrogel print settings PCL print settings

Pressure 0.1 MPa

Temperature

Cartridge 37 °C
Deposition plate 40 °C
XYplane speed 40 mm s−1

—

Microvalve CF300H

Dosing distance 0.1 mm

Valve opening time 300 μs

PCL Hydrogel print settings PCL print settings

Pressure 0.3 MPa

Temperature

Cartridge 80 °C
Deposition plate — 35 °C
XY plane speed 1 mm s−1

pMH/PCL Hydrogel print settings PCL print settings

Pressure 0.1a or 0.13bMPa 0.3 MPa

Temperature

Cartridge 37 °C 80 °C
Deposition plate 35c or 40d °C 35c or 40d °C
XYplane speed 40 mm s−1 1 mm s−1

Microvalve CF300H

Dosing distance 0.1 mm

Valve opening time 300e, 500f or 1300gμs

a Applied to pMH_1, pMH_2 and pMH_4.
b Applied to pMH_3.
c Applied to pMH_1 and pMH_3.
d Applied to pMH_2 and pMH_4.
e Applied to pMH_2 and pMH_4.
f Applied to pMH_1.
g Applied to pMH_3.
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optimum with 0.25%–0.5% HAMA in pHPMA-lac-
PEG triblock copolymers based hydrogels with 20× 106

chondrocytes ml–1. Kawasaki et al [28] reported an opti-
mum with 0.001%–0.01% of HA in collagen-based
hydrogels with 2 × 106 chondrocytes ml–1, Akmal et al
[26] found an optimum with 0.01%–0.1% HA in algi-
nate beads with 5 × 106 chondrocytes ml–1, whereas
Levett et al [27] found an optimumwith 0.5%HAMA in
collagen type I based hydrogels with 10 × 106

chondrocytes ml–1. Nevertheless, in contrast to our find-
ings, Levett et al [27] and Akmal et al [26] reported a
decrease in collagen type I gene expression and protein
level, respectively, by chondrocytes in hydrogels with
increasing HA or HAMA concentrations. Both studies
were conducted with hydrogels based on natural poly-
mers with known cell attachment sites that influence cell
behavior, which could explain the differentfindings [43].
Intuitively, the optimal HA or HAMA concentration for
matrix production is likely also dependent on the hydro-
gel system in which the cells are cultured. The polymer
network influences cell migration, which can affect the
establishment of a receptor-HA interaction [56]. Addi-
tionally, other materials properties, such as construct
stiffness and cross-linking densities, have also been
demonstrated to influence cell behavior and could,
therefore, also influence the response of chondrocytes to
thepresence ofHAMA [57, 58].

The water content normalized to the samples wwt
increased for all hydrogel formulations during cul-
ture with approximately 5%–7% (figure 2(e)). How-
ever, no significant differences in swelling were
observed between the various formulations, regard-
less the HAMA content. This finding is in line with

previous studies that also reported a negligible
change in swelling of samples with 0%–1%
HAMA [21, 27].

The DNA content normalized to the samples’ dwt
significantly increased for all hydrogel formulations
during the culture period (figure 2(c)). All hydrogel
formulations reached a similar DNA/dwt content at
day 28 (∼50–70 μg mg−1, implying that all hydrogels
supported proliferation to a similar extent. Although
HA is capable to influence proliferation of multiple
cell types, this was not observed in the current study
for chondrocytes, in line with Levett et al[27]. Contra-
rily, Kawasaki et al [28], Akmal et al [26], and Park et al
[23], reported an increase in DNA content due to the
presence of HA.However, the initial cell densities used
in those studies were lower compared to the cell den-
sity used by Levett et al [27] and by us in the current
study which may explain the observed difference [59].
Additionally, Akmal et al [26] only observed an
increase in proliferation in hydrogels with the lowest
HA concentrations, suggesting that this effect can also
be dose-dependent and thus not present in the higher
HA concentrations used by Levett et al [27] and in this
study.

3.2. Effect ofHAMAconcentration on hydrogel
mechanical properties
All studied hydrogel formulations were shape-stable
after swelling in PBS (�5 h). Young’s moduli ranged
from14.0±0.6 to 30.8±0.9 kPa (figure 3).

Figure 3 shows that the Young’smodulus ofM10P10/
HAMA hydrogels increased with increasing HAMA

Figure 1.Overview of the histology and immunohistochemistry of chondrocytes cultured inM10P10/HAMAhydrogels with different
HAMAconcentrations for 28 d. Scale bar represent 50 μmand it is the same for all images of the same staining. Square insert in the
safranin-O images are fromday 1 samples.
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concentration. The Young’s moduli of all evaluated
hydrogel formulations were statistically different from
each other, except for MHA0.1 and MHA0.25 that had
similar moduli. Clearly, the presence of HAMA led to
stiffer hydrogels compared to hydrogel M, despite an
equal total polymer concentration, i.e. 20% w/w and a
comparable total number of methacrylate groups. These
findings are in line with our previous observations [15]
and can find an explanation in the microstructure of

these hydrogels.M10P10/HAMAhydrogels are known to
exhibit phase separation [60], as also observed in the
safranin-O histology at day 0 (figure 1) for HAMA-con-
taining hydrogels. We have recently demonstrated that
micro-phase separation in these hydrogels leads to the
formation of highly hydrated, HAMA-rich domains and
partially dehydrated more hydrophobic regions, where
the majority of M10P10 is located [60]. The extent of this
phase separation is highly dependent on the HAMA

Figure 2.Biochemical analysis ofmultiple chondrocyte-laden hydrogel formulations. (a)–(d)GAGcontent normalized to theDNA
content at day 28 for (a)donor 1, (b) donor 2, (c) donor 3, and (d) the average of all donors. (e)Difference inwater content between day
28 and day 0. (f)DNAcontent normalized to the dwt. * indicates a significant difference between the groups.# indicates a significant
difference compared to groupswithout a# but similar to groupswith a#.

Figure 3.Young’smoduli obtained from stress/strain curves whichwere generatedwith unconfined compression, where * indicates a
significant difference (p<0.05) from all other groups and# indicates a significant difference to all groups except to each other.
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concentration. In that study, we have also found that
when using lowHAMA concentrations (<1%w/w), the
relative increase in M10P10 concentration in the hydro-
phobic domains due to their partial dehydration (driven
by the presence of HAMA), resulted in stiffer physical
hydrogels. In a similar way, this phenomenon could
explain the effect of HAMA concentration on the
Young’s moduli of chemically cross-linked hydrogels
found in the present study. The effect of HAMA on con-
struct stiffness may also be partially attributed to the
muchhigherMWofHAMA (120 kDa) compared to that
of M10P10 (40 kDa). In fact, the relatively longer HAMA
molecules are likely able to generate more chain entan-
glements that provide higher stiffness to the entire poly-
mer network. The general increase of hydrogel stiffness
with increasing HAMA concentration, likely responsible
for a tighter network in hydrogels with higher HAMA
content, can also explain the observed cell clusters with
irregular shapes and confined matrix deposition in the
histological analysis of MHA1 hydrogels. In fact, it has
been reported that dense polymer networks can hamper
the diffusion of newly formed matrix [11, 29, 61]. In
addition, the differences in construct stiffness may also
contribute to the difference in matrix production by the
embedded chondrocytes [57, 58].

3.3. Fabrication of hydrogel/PCL co-printed
constructs
Among all evaluated hydrogel formulations, hydrogels
containing 0.5% HAMA (MHA0.5) induced the highest
cartilage-like tissue formation, and displayed a medium/

high Young’s modulus, which is beneficial for the
hydrogel filament stability during printing and handling.
Hence, the printing experiments were performed with
this formulation. Additionally, the incorporation of 0.5%
HAMA introduced yield stress behavior toMHA0.5 (yield
stress=28.7±0.2 Pa), which is reported to improve
shape-fidelity of 3Dbioprinted constructs [11, 16, 62, 63],
whereas in accordance with our previously reported
findings [17], no yield stress was found for the HAMA-
free formulation M (control, figure S3). In fact, 3D
printing of shape-stable MHA0.5 constructs without
supporting structures or reinforcement was successfully
achieved (figure 4(a)). Printing of PCL under optimized
conditions and using a strand distance of 1.5 or 2.0mm,
resulted in the generation of stiff thermoplastic meshes
with interconnected pores (figure 4(f)). For the co-
printing of PCL and MHA0.5, constructs with four
different designs, having a PCL framework with variable
strand distance and a final architecture with or without
pores, were printed (Figures 4(b)–(e) and (g)–(j)). To
obtain porosity in pMH/PCL constructs, a hydrogel
dispensing pressure of 0.1MPa and a v.o.t. of 300μswere
used. To obtain solid co-printed constructs, higher v.o.t.
(500 or 1300μs when using a strand distance of 1.5 and
2.0mm, respectively) and a slightly higher pressure
(0.13MPa,when using a strand distance of 2.0mm)were
used to increase the amount of extruded hydrogel. The

temperature of the deposition platewas set at 35 °Cwhile
printing solid constructs. In contrast, a higher temper-
ature, i.e. 40 °Cwas found to be beneficial for the stability
of thehydrogelfilaments, required tomaintain a constant
shape and size of the pores in the porous co-printed
constructs (pMH/PCL_2andpMH/PCL_4).

Figure 4(k) shows that PCLmeshes without hydrogel
and with a strand distance of 1.5 and 2.0mm possessed
Young’smoduli of 7.3±0.4 and 5.1±0.7MPa, respec-
tively. The Young’s moduli of pMH/PCL co-printed
constructs ranged from 3.5 and 4.6MPa, with slightly
higher values for constructs with lower strand distance
(i.e. 1.5mm), and no statistical difference between por-
ous and non-porous constructs. Porosity is considered
beneficial for cartilage tissue engineering as it facilitates
the nutrients/waste products exchange between the cell-
laden hydrogel matrix and the surrounding fluids
[64, 65]. Moreover, pore size and organization have been
shown to affect in vivo tissue maturation of tissue engi-
neered constructs [66, 67]. Additionally, in an in vivo
orthotopic scenario, cell-free co-printed porous scaffolds
combined with marrow-stimulation techniques e.g.
microfracture, may facilitate penetration of stem cells
from thebonemarrow into the implantedhydrogels [68].

Importantly, all the PCL-based constructs had
Young’smoduli of approximately three orders ofmagni-
tude higher than non-reinforced hydrogel constructs
(figure 3), reaching a stiffness comparable to that of
native cartilage (0.4–0.8MPa) [69–71]. This result con-
firmed the suitability of PCL as reinforcing material for
cartilage tissue engineering, in linewith previously repor-
ted findings [72, 73]. Interestingly, co-printed PCL/
hydrogel constructs had lower Young’s moduli com-
pared to the hydrogel-free PCLmeshes. This finding was
reproducible and the decrease was significant for con-
structs with a strand distance of 1.5mm. In contrast,
printed PCL meshes infused with hydrogel MHA0.5 had
similar Young’smoduli as the hydrogel-free PCLmeshes
(7.9±0.3 and 6.4±0.9MPa for constructs with strand
distance of 1.5 and 2.0mm, respectively), indicating that
the difference in construct stiffness is a result of the co-
printing process. Likely, the layer-by-layer hydrogel
deposition partially interferedwith the adhesionof newly
printed PCL filaments with underlining PCL strands.
Nevertheless, co-printed constructs were macro-
scopically stable and the PCL skeleton appeared intact
and coherent to the desired design, after selective
removal of the hydrogel for visualization purposes (data
not shown).However, this observation highlights the cri-
tical role of the chosenprint settings and construct design
on themechanical properties of thefinal construct.

4. Conclusions

In this study, hydrogel-based cartilage repair constructs
with optimized bioactivity and mechanical properties
were successfully fabricated, via the addition of HAMA
to a thermosensitive pHPMA-lac-PEG hydrogel and via
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co-printing with PCL. Results of the HAMA concentra-
tions screening demonstrate a dose-dependent effect of
HAMAon the cartilagematrix production by embedded
chondrocytes. More specifically, intermediate HAMA
concentrations (0.25%–0.5%) increased cartilage-like
matrix production compared to HAMA-free hydrogels,
while higher (1%) concentrations resulted in undesirable
fibrocartilage formation. These results may impact the
choice of HAMA content in bio-ink development. In
addition, the presence of HAMA was found to increase
the construct stiffness with increasing concentration.
These findings allowed the identification of an optimal
hydrogel composition of 19.5% pHPMA-lac-PEG with
0.5% HAMA. This formulation supported increased
cartilage matrix production compared to HAMA-free
hydrogels, contained limited fibrocartilage formation,
and displayed a medium/high Young’s modulus, and
yielding behavior, beneficial for the 3D printing of these
hydrogels. Hydrogel/PCL co-printing enabled the gen-
eration of complex 3D constructs with mechanical
stiffness in the range of native cartilage.However, the co-

printing procedure influenced the final construct prop-
erties, highlighting the crucial role of the print settings in
determining the final construct properties. In conclu-
sion, we developed advanced composite cartilage repair
constructs, with a chondrogenic hydrogel component
and amechanically adequate PCL reinforcement.Whilst
this further mimics biomechanical properties of native
articular cartilage, this is an interesting approach for
further optimization.
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