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ARTICLE

Bio-ink development for three-dimensional bioprinting of hetero-cellular
cartilage constructs
Vivian H. M. Mousera, Riccardo Levatoa, Anneloes Mensingaa, Wouter J. A. Dhertb, Debby Gawlittac,
and Jos Maldaa,b

aDepartment of Orthopaedics, University Medical Center Utrecht, Utrecht University, Utrecht, The Netherlands; bDepartment of Equine
Sciences, Faculty of Veterinary Medicine, Utrecht University, Utrecht, The Netherlands; cDepartment of Oral and Maxillofacial Surgery &
Special Dental Care, University Medical Center Utrecht, Utrecht University, Utrecht, The Netherlands

ABSTRACT
Bioprinting is a promising tool to fabricate organized cartilage. This study aimed to investigate the
printability of gelatin-methacryloyl/gellan gum (gelMA/gellan) hydrogels with and without metha-
crylated hyaluronic acid (HAMA), and to explore (zone-specific) chondrogenesis of chondrocytes,
articular cartilage progenitor cells (ACPCs), and multipotent mesenchymal stromal cells (MSCs)
embedded in these bio-inks.

The incorporating of HAMA in gelMA/gellan bio-ink increased filament stability, as measured
using a filament collapse assay, but did not influence (zone-specific) chondrogenesis of any of the
cell types. Highest chondrogenic potential was observed for MSCs, followed by ACPCs, which
displayed relatively high proteoglycan IV mRNA levels. Therefore, two-zone constructs were
printed with gelMA/gellan/HAMA containing ACPCs in the superficial region and MSCs in the
middle/deep region. Chondrogenic differentiation was confirmed, however, printing influence
cellular differentiation.

ACPC- and MSC-laden gelMA/gellan/HAMA hydrogels are of interest for the fabrication of
cartilage constructs. Nevertheless, this study underscores the need for careful evaluation of the
effects of printing on cellular differentiation.
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Introduction

Articular cartilage damage often results in osteoarthritic
changes of the joint if no interventions are taken (1,2).
Articular cartilage is the tissue covering the bone extre-
mities and consists of predominantly water, proteogly-
cans, and collagen type II (2,3). The tissue contains
depth-dependent characteristics and can be divided
into three zones: the superficial zone (10–20%), the
middle or intermediate zone (40–60%), and the deep
zone (30–40%). Matrix composition, collagen orienta-
tion, and mechanical properties differ among these
layers, as well as chondrocyte density (4,5). In the super-
ficial layer, chondrocytes synthesize more proteoglycan
IV (PRG4, or lubricin) (6,7), clusterin (8), and collagen
type I (7) compared to chondrocytes in the other zones.
Additionally, proteins, such as cartilage oligomeric pro-
tein (COMP) (9) and collagen type X (7) are predomi-
nantly synthesized by cells in the middle and deep zones.
Current clinical therapies, e.g. microfracture or (matrix-
induced) autologous chondrocyte implantation, result in

the formation of homogeneous (fibro)cartilage, which
provides pain relief for the patient, but often fails
mechanically on the long term (10,11). The implantation
of tissue-engineered hydrogel constructs is a promising
future approach to repair cartilage defects. Additionally,
the incorporation of depth-dependent organization
mimicking that of native cartilage is believed to improve
construct integration in the defect site compared to
traditional cartilage repair strategies, and may impact
on clinical outcomes (12,13).

Bioprinting techniques are a unique tool to imple-
ment spatial variations in tissue-engineered constructs,
as they enable precise control over the positioning of
biomaterials and cells (14). However, the search for
suitable biomaterials, the bio-inks, remains challenging.
Hydrogels have been identified as the most promising
materials for bioprinting as their high water content
provides sustenance and easy incorporation of cells and
other biological components, e.g. growth factors or
proteins. However, multiple material properties identi-
fied as beneficial for the printing process, such as high
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polymer concentration, cross-linking density, yield
stress, and viscosity, do interfere with matrix synthesis
of embedded cells (15,16). A strategy to overcome this
challenge involves the fine-tuning of a bio-ink with
additives to generate polymer blends with both the
required material properties for accurate printing and
the biological properties to support matrix production
and chondrogenesis of embedded cells.

A promising cartilage bio-ink consists of the col-
lagen-derived gelatin-methacryloyl (gelMA). GelMA
contains methacryloyl groups to allow UV cross-
linking of the polymer chains, and was demonstrated
to support cartilage-like matrix production of
embedded chondrocytes and multipotent mesenchymal
stromal cells (MSCs) (17–19). However, printing of
gelMA is challenging as the filament stability, during
printing, has to rely on the thermo-gelation behavior of
gelMA, which is a relatively slow process (20,21). The
printability of gelMA can be improved by the incor-
poration of the polysaccharide gellan gum (21). Gellan
gum increases the viscosity of the gelMA/gellan blend
and initiates ionic interactions. These ionic interactions
induce pseudo-plastic behavior and increase the yield
stress, which improves the filament stability during
printing, resulting in constructs with high shape-
fidelity (16,21). In addition, we recently demonstrated
that the presence of relatively low gellan gum concen-
trations did not hamper cartilage matrix production by
embedded chondrocytes, making gellan gum an inter-
esting additive to gelMA bio-inks for cartilage bioprint-
ing (16). Also, hyaluronic acid (HA), an element of
native cartilage, has been demonstrated to improve
the printability of hydrogels by increasing the viscosity
of the polymer blend (22–24). In addition, HA can be
methacrylated (HAMA) to allow UV cross-linking with
gelMA and its presence in low concentrations was
demonstrated to improve cartilage tissue formation by
embedded chondrocytes (17,25). Therefore, the incor-
poration of HAMA in gelMA/gellan hydrogels may
further improve the bio-ink properties.

Multiple cell types can be incorporated in bioprinted
cartilage constructs. Most research groups focus on the
incorporation of chondrocytes, as these cells already
have the correct fate for cartilage formation (14).
However, obtaining autologous chondrocytes can result
in donor-site morbidity and chondrocyte expansion in
monolayer culture stimulates chondrocyte dedifferen-
tiation toward a fibroblastic phenotype (26). An alter-
native cell source is the sub-population of articular
cartilage progenitor cells (ACPCs, or chondroprogeni-
tor cells), which are mainly located in the superficial
zone of articular cartilage (27,28). ACPCs allow expan-
sion in monolayer culture without losing their

chondrogenic phenotype (27). Another alternative are
MSCs, derived from, e.g. bone marrow, adipose tissues,
or muscle (29), and thus limiting donor-site morbidity.
MSCs may also be expanded in monolayer culture and
can be manipulated to differentiate into chondrocyte-
like cells with specific growth factors, such as the
members of the transforming growth factor beta
(TGF-β) superfamily (30). Thus, chondrocytes,
ACPCs, and MSCs form interesting cell types for car-
tilage tissue-engineering purposes.

The aim of this study was to generate cartilage repair
constructs that mimic the depth-dependent character-
istics of the native cartilage. This requires the identifi-
cation and optimization of specific bio-ink/cell-type
combinations for each zone. Therefore, this study
explored the suitability of two hydrogel systems,
gelMA/gellan (GG) and gelMA/gellan/HAMA (GGH),
for 3D printing. Additionally, chondrocytes, ACPCs,
and MSCs were embedded in both bio-inks, and the
production of (zone-specific) cartilage matrix was eval-
uated. Finally, this study explored the feasibility of
obtaining a two-zone construct with zone-specific
matrix production in each layer, via the bioprinting of
the two optimal bio-ink/cell combinations for super-
ficial zone cartilage and middle/deep zone cartilage.

Experimental section

Experimental design

Filament collapse, as a measure for filament stability and
thus the printability, was evaluated for two gelMA-based
bio-inks, gelMA/gellan (GG) and gelMA/gellan/HAMA
(GGH) (Table 1), with plain gelMA (G) as a control.
Next, constructs were cast using both bio-ink formula-
tions (GG and GGH) combined with chondrocytes,
ACPCs, or MSCs. The cell-laden constructs were cross-
linked and cultured for 1 or 28 days to evaluate (zone-
specific) cartilage matrix production and chondrogenic
gene expression levels. Based on the results of the first
two experiments, two-zone constructs were printed
using an optimized combination of hydrogel formula-
tion and cell type for each region (superficial and

Table 1. Overview of the polymer concentrations within the
evaluated bio-ink compositions and their abbreviations.
Polymer concentrations were based on previous findings
(16,17,25) and all polymers were dissolved in MilliQ with 10%
PBS v/v, 0.1% Irgacure, and 4.86% D-(+)-mannose.

Name
% gelMA
(w/v)

% gellan gum
(w/v)

% HAMA
(w/v)

G 10.5 - -
GG 10 0.5 -
GGH 9.5 0.5 0.5
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middle/deep). The two-zone constructs were cultured
for 1, 28, or 42 days, and samples were analyzed for
(zone-specific) cartilage matrix production and chondro-
genic gene expression levels.

Preparation of polymer solutions

GelMA and HAMA were synthesized from gelatin
(type A from porcine skin, 175 g Bloom; degree of
functionalization = 80%, Sigma Aldrich, Zwijndrecht,
the Netherlands) and hyaluronic acid (120 kDa, degree
of methacrylation = 10%, indicating the presence of 10
methacrylate groups for each 100 disaccharide units,
Lifecore Biomedical, Chaska, USA), respectively, as pre-
viously described (21,31). GelMA, gellan gum, and
HAMA stock solutions were prepared as previously
described (16,24). In short, gelMA and gellan gum
were dissolved at 70°C and HAMA at 4°C in Milli-Q
with 10% PBS v/v, 0.1% Irgacure 2959 (gift from BASF,
Ludwigshafen, Germany), and 4.86% D-(+)-mannose
(Sigma Aldrich, to generate an isotonic solution).
Stock solutions were stored overnight at 4°C, after
which they were mixed in the correct ratio at 80°C to
obtain the desired formulations (Table 1).

Screening of filament stability

The different polymer solutions were pipetted into 3-ml
syringe barrels (Nordson EFD, Bedfordshire, England),
which were loaded into a 3DDiscovery bioprinter
(RegenHU, Villaz-St-Pierre, Switzerland). For each for-
mulation, five filaments were printed onto substrates
with aligned pillars at 1, 2, 4, 8, and 16 mm intervals, as
previously described (32), using a 23-gauge metal nee-
dle (Precision Tip PN, Nordson EFD) and optimized
print settings for each hydrogel formulation (Table S1).
Filament deposition was recorded with a USB micro-
scope (Bresser, Rhede, Germany) at a magnification of
20x. The average overhang the filaments reached with-
out collapsing was determined for each formulation as
a measure for filament stability.

Isolation, characterization, and expansion of cells

Chondrocytes, ACPCs, and MSCs were isolated, char-
acterized, and expanded as previously described
(16,33,34). In short, chondrocytes and ACPCs were
isolated from macroscopically healthy full-thickness
cartilage of equine metacarpophalangeal joints (N = 3
for each cell type; 3–10 years old). MSCs were isolated
from bone marrow aspirates of the sternum of healthy
living equine donors (N = 3), with approval of the local
animal ethical committee. The bone marrow was

diluted in PBS, filtered through a 100-µm cell strainer,
and pipetted onto a layer of Ficoll-Paque
(1.077 g cm−3). After centrifugation, the white mono-
nuclear cell layer was isolated. Subsequently, the cells
were washed and cultured in monolayer (seeding den-
sity of 0.25*106 cells cm−2) with high glucose
Dulbecco’s modified Eagle’s medium (DMEM, D6429,
Sigma Aldrich) supplemented with 10% fetal bovine
serum (FBS; Gibco), 1% penicillin/streptomycin (final
concentration of 100 units ml−1 penicillin and
100 µg ml−1 streptomycin), and 1 ng ml−1 recombinant
human fibroblast growth factor-basic (bFGF, E.coli
produced, R&D systems, Abingdon, UK). All cells
were stored in liquid nitrogen (chondrocyte passage 0,
ACPCs passage 3, MSCs passage 3) until further use.

The multipotency of the ACPCs and MSCs was
previously evaluated in vitro with a three-way differen-
tiation assay (34–36), as well as the expression of the
characteristic cell membrane markers (34). Upon con-
struct preparation, cells were expanded one more pas-
sage in monolayer culture as previously described to
reach the desired passage (chondrocytes passage 1,
ACPCs passage 4, MSCs passage 4) (16,33,34).

Construct preparation for the screening of
zone-specific cartilage-like tissue formation

Polymer solutions with formulations GG and GGH
were cooled to 45°C and mixed with the different cell
pellets, chondrocytes (passage 1, 20*106 cells ml−1),
ACPCs (passage 4, 20*106 cells ml−1), and MSCs (pas-
sage 4, 20*106 cells ml−1). Cell-laden polymer solutions
were pipetted into custom-made cylindrical Teflon
molds (diameter 6 mm, height 2 mm) to be cross-
linked 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). After
cross-linking, hydrogel constructs were cultured for 1
or 28 days at 37°C and 5% CO2 in chondrogenic differ-
entiation medium consisting of high glucose DMEM
(D6429, Sigma Aldrich) supplemented with 1%
ITS + premix (BD Biosciences, Breda, The
Netherlands), 0.1 µM dexamethasone (Sigma Aldrich),
0.2 mM L-ascorbic acid-2-phosphate (Sigma Aldrich),
10 ng ml−1 recombinant human TGF-β1 (Peprotech),
and 1% penicillin/streptomycin (final concentration:
100 units ml−1 penicillin and 100 μg ml−1 streptomycin)
to stimulate chondrogenesis of the embedded cells
(37,38). Culture medium was refreshed twice a week
and 0.1 µM monensin (Sigma Aldrich) was added to
the culture medium of samples used for quantitative
and histological evaluation, the night before sample
harvest, to trap proteoglycan IV intracellularly(39).
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Evaluation of (zone-specific) cartilage matrix
production

Three samples (n = 3) of each hydrogel/cell type and
donor combination were harvested at days 1 and 28.
Half of each sample was weighed (wet weight), freeze
dried, and weighed again (dry weight) to determine the
water content. Next, samples were digested and GAG
and DNA contents were measured with
a dimethylmethylene blue (DMMB) assay and a Quant-
iT PicoGreen dsDNA kit, respectively, as previously
described (16). Since the DMMB assay also detects the
introduced HAMA, the GAG content measured at day
28 was corrected for the initial readout at day 1 for the
cast samples containing a single cell type.

The other half of each sample was fixed overnight
in 10% formalin, followed by dehydration through
a graded ethanol series, and clearing in xylene.
Sequentially, samples were embedded in paraffin, and
tissue sections with a thickness of 5 µm were cut.
Tissue sections were stained with safranin-O, fast
green, and hematoxylin to visualize proteoglycans
(red), collagens (green), and cell nuclei (purple),
respectively (40). Collagen types I, II, and VI, and
proteoglycan IV were visualized with immunohisto-
chemistry as previously described (25,41). All sections
were evaluated and photographed with a light micro-
scope (Olympus BX51 microscope, Olympus DP70
camera, Hamburg, Germany).

Gene expression of embedded cells

At days 1 and 28, three samples (n = 3) of each condi-
tion were harvested in RLT-buffer (Qiagen, Germany).
Samples were crushed manually and then minced with
a QIAshredder column (Qiagen, Germany).
Subsequently, mRNA was isolated, and amplification
and cDNA synthesis were performed, all as previously
described (34). Quantitative RT-PCR (qPCR) was used
to analyze the mRNA expression levels of aggrecan
(ACAN), collagen type II (COL2A1), collagen type
I (COL1A1), proteoglycan IV (PRG4), collagen type
X (COL10A1), and the housekeeping gene HPRT1 for
normalization, using the primers as reported by Levato
et al. (2017) (34).

Bioprinted two-zone constructs

Three-dimensional bioprinting of two-zone
constructs
Two-zone constructs were bioprinted with an opti-
mized bio-ink for each region. Based on the results
of the previous experiments, the combination of

hydrogel formulation GGH with ACPCs was selected
for the superficial region and the combination of for-
mulation GGH with MSCs was selected for the mid-
dle/deep region. Cell-laden polymer solutions were
prepared as described in section “2.5. Construct
Preparation for the Screening of Zone-Specific
Cartilage-Like Tissue Formation” (N = 1).
Sequentially, the bio-inks were loaded into
a 3DDiscovery bioprinter (RegenHU) and printed on
top of each other in cuboid sheets (15 x 15 mm, 3 mm
in height, of which 2 mm middle/deep region and
1 mm superficial region) with optimized print settings
(Table S1). To reduce the shear stresses on the
embedded cells, a 22-gauge conical needle (Precision
Tip PN, Nordson EFD) was used, with a decreased
print pressure compared to the settings used for the
filament screening (Table S1). After printing, the
printed sheet was covered with a glass slide and cross-
linked for 96 s 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). The printed
sheets were cut into nine samples of (5 x 5 mm,
3 mm in height) which were cultured in chondrogenic
differentiation medium as described in section
“Construct Preparation for the Screening of Zone-
Specific Cartilage-Like Tissue Formation.” As con-
trols, constructs of the same dimensions consisting
solely out of GGH with ACPCs or MSCs were printed
and cross-linked. Additionally, both bio-inks were cast
in cylindrical Teflon molds and constructs were cross-
linked with the Bluepoint 4 UV lamp using the same
protocol as for the printed constructs, to generate
unprinted controls.

Evaluation of two-zone constructs
Samples of all conditions were harvested at days 1, 28,
and 42 of culture to evaluate (zone-specific) cartilage-
like tissue formation as described in section “Evaluation
of (Zone-Specific) Cartilage Matrix Production.” For
the evaluation of the gene expression of embedded
cells, the upper part of the superficial region and bot-
tom part of the middle/deep region of the two-zone
constructs were separated to be analyzed individually.
The other constructs were evaluated as a whole, all
according to the protocol described in section “Gene
Expression of Embedded Cells.”

Statistics

For the screening of (zone-specific) chondrogenesis
(content and gene expression) in the bio-inks, differ-
ences between cell types within a hydrogel formulation
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and time points were determined with a randomized
block design ANOVA to correct for donor variability.
Differences between the hydrogel formulations GG and
GGH within a cell type were determined with an inde-
pendent t-test. Comparison of the gene expression
levels or GAG and DNA contents of the printed con-
structs (layered or single layer) were determined with
a one-way ANOVA per time point. Furthermore, dif-
ferences in content and gene expression levels between
printed and cast constructs were determined with an
independent t-test. Normality and homogeneity were
assumed, and a significance level of p < 0.025 was used
for all statistical tests (Bonferroni correction of the
p value to correct for the double tests). When the
ANOVA tests indicated a significant difference,
a Bonferroni post hoc test was performed.

Results

Screening of filament stability

All filaments printed with 10% gelMA (formulation G)
were able to bridge a gap of 2 mm before breaking,
while only three out of five filaments could bridge
a 4-mm gap (Figure 1). The addition of 0.5% gellan to
the gelMA hydrogel (formulation GG) increased the
bridging distance; 100% of the filaments were able to
bridge a gap of 4 mm wide without breaking and one
filament could also bridge a gap of 8 mm wide. The
bridging distance was further increased by the addition
of HAMA (formulation GGH). Printing with this for-
mulation allowed the bridging of gaps of 8 mm wide for
all filaments and one filament was able to bridge a gap
of 16 mm.

Screening of (zone-specific) chondrogenesis in GG
and GGH hydrogels

GAG content normalized to the DNA content was
significantly lower in chondrocyte-laden hydrogels
compared to ACPC-, and MSC-laden constructs
at day 28 (Figure 2a). Moreover, no differences in
GAG content were observed between the hydrogel for-
mulations (GG and GGH) for each cell type. The DNA
content normalized to the dry weight and the water
content normalized to the wet weight were similar for
all cell types and hydrogel formulations (Figure 2b,c).
Additionally, no changes in DNA per dry weight and
water per wet weight contents were observed between
days 1 and 28 of culture.

MSC-laden hydrogels, and to a lesser extent ACPC-
laden hydrogels, revealed intense staining for GAGs
(safranin-O) and collagen type II (Figure 3a,b). In addi-
tion, large cell clusters formed in these hydrogels, and
most intense staining was observed around these clus-
ters. In contrast, hydrogels with embedded chondro-
cytes had limited areas that stained positive for GAGs
and collagen type II and contained predominantly sin-
gle cells. All hydrogel samples stained positive for col-
lagen type I, both at day 1 and day 28 (Figure 3c).
Furthermore, the staining intensity was higher at day
28 compared to their day 1 control. No clear differences
in staining intensity for safranin-O, collagen type I, or
collagen type II were observed between hydrogel for-
mulations GG and GGH with the same cell type.

For all cell types, aggrecan and collagen type II
mRNA expression relative to the housekeeping gene
HPRT was upregulated at day 28 compared to day 1
(Figure 4a). No significant differences were observed

Figure 1 Evaluation of filament collapse in gap bridging as a measure of filament stability. Overview of the total number of filaments
out of five that could bridge each distance (a). Each shade of gray represents the proportion of filaments for each separate hydrogel
formulation. Three-dimensional printing with formulation GGH formed the most stable filaments as these could bridge the largest
gaps without collapsing (8 mm, all evaluated filaments; 16 mm, one filament). Examples of the filament appearance of formulations
G (b), GG (c), and GGH (d). Scale bar represents 4 mm for all pictures. With G = 10% gelMA, GG = 10% gelMA + 0.5% gellan gum,
and GGH = 9.5% gelMA + 0.5% gellan gum + 0.5% HAMA.
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for aggrecan gene expression levels between the differ-
ent cell types in formulation GG at day 28. However, in
formulation GGH, chondrocytes had significantly
lower aggrecan mRNA levels compared to ACPCs and
MSCs at day 28. In addition, MSCs showed the highest
mRNA expression levels of collagen type II at the end

of the culture period (Figure 4b). Furthermore, collagen
type I mRNA expression was highest for MSCs at day 1,
but no differences were measured between the different
cell types at day 28 when being cultured in hydrogel
GGH (Figure 4c). Moreover, ACPCs embedded in for-
mulation GG had significantly lower mRNA levels for
collagen type I compared to chondrocytes and MSCs in
this formulation at day 28. No significant differences in
gene expression levels were observed between the

Figure 2 Quantitative evaluation of cartilage-like tissue forma-
tion of the three cell types in GG and GGH hydrogels (N = 3,
n = 3). GAG/DNA was highest in samples with MSCs and ACPCs
(a). No differences in DNA/dry weight (dwt, b) or water/wet
weight (H2O/wwt, c) were measured between cell types or
hydrogel formulations. * Indicates a significant difference
(p < 0.025). Values represent the mean ± standard deviation.
With GG = 10% gelMA + 0.5% gellan gum, and GGH = 9.5%
gelMA + 0.5% gellan gum + 0.5% HAMA.

Figure 3 Histological assessment of cartilage-like tissue forma-
tion at day 28 in hydrogel constructs with the different cell
types and formulations (N = 3, n = 3). Safranin-O/fast green
staining (a). Collagen type II staining (b). Collagen type
I staining with the day 1 appearance in the inserts (c). Scale
bars represent 100 µm for all images. With GG = 10%
gelMA + 0.5% gellan gum, and GGH = 9.5% gelMA + 0.5%
gellan gum + 0.5% HAMA.
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hydrogel formulations, GG and GGH, for each of the
cell types.

All cell types synthesized proteoglycan IV at day 28
of culture, as determined with immunohistochemistry
(Figure 5a and S1). No differences were observed
between formulations GG and GGH for each cell
type. Moreover, proteoglycan IV mRNA was detected
for all cell types at both day 1 and day 28 (Figure 5b).
Significantly higher proteoglycan IV mRNA expres-
sion levels were observed for chondrocytes and
ACPCs embedded in GGH compared to MSCs in
this formulation. In formulation GG, ACPCs con-
tained significantly higher proteoglycan IV mRNA
levels at day 28 compared to both chondrocytes and
MSCs in this formulation at this time point.
Furthermore, collagen type X mRNA expression was
similar for all cell types at day 1 and 28, except for
chondrocytes embedded in formulation GG at day 28,
which had significantly lower collagen type X mRNA
levels compared to MSCs.

Printed two-zone constructs

Constructs with two regions were successfully 3D printed
with ACPC-laden GGH for the top region (representing
the superficial zone cartilage) and MSC-laden GGH for
the bottom region (representing the middle/deep zone
cartilage), as well as constructs consisting of only one of
the two material/cell combinations. GAG content nor-
malized to the DNA content increased during culture
for both the two-zone constructs and the single-zone
constructs (Figure 6a). In addition, the DNA content
normalized to the sample dry weight remained stable
during culture for all constructs (Figure 6b). After
42 days of culture, the two regions of the two-zone con-
structs could be distinguished on histological sections. In
both regions, cell clusters had formed, which stained
positive for GAGs (safranin-O, Figure 6c). The extracel-
lular matrix surrounding the cell clusters also stained
positive for GAGs. Immunohistochemical stainings of
collagen types I and II stained positive in both regions
of the two-zone constructs (Figure 6d,e). Collagen type II
staining was most intense in and around the cell clusters,
while the collagen type I staining was weakest at these
locations. Moreover, both the ACPCs in the superficial
region and the MSCs in the middle/deep region stained
positive for proteoglycan IV (Figure 6f).

No significant differences in mRNA expression of
aggrecan were observed between conditions within each
time point (Figure 7a). A significantly higher collagen

Figure 4 mRNA expression of chondrogenic genes relative to
the housekeeping gene (HPRT), for chondrocytes, ACPCs, and
MSCs, within the two hydrogel formulations (GG and GGH,
N = 3, n = 3). After 28 days of culture, aggrecan (ACAN)
expression of chondrocytes in hydrogel GGH was lower com-
pared to ACPCs and MSCs in this hydrogel formulation (a).
Collagen type II (COL2A1) gene expression increased for all
cell types with culture, but highest mRNA levels were mea-
sured in MSC-laden constructs at day 28, please note the
different scale on the y-axes. (b). Collagen type I (COL1A1)
expression was highest for MSCs at day 1, but at day 28
similar levels were measured for all cell types in formulation
GGH, while a lower expression was observed for ACPCs in
formulation GG (c). No significant differences were observed
between formulation GG and GGH for any of the cell types.
Values represent the mean ± standard deviation. With
G = 10% gelMA, GG = 10% gelMA + 0.5% gellan gum, and
GGH = 9.5% gelMA + 0.5% gellan gum + 0.5% HAMA. *
Indicates a significant difference (p < 0.025).
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type II gene expression level was measured for the ACPCs
in the superficial region of the two-zone constructs, com-
pared to the ACPCs and MSCs in the single-zone con-
structs (Figure 7b). Furthermore, mRNA expression of
collagen type I was similar in both regions of the two-zone

constructs, and in the single-zone controls at all time
points (Figure 7c). In addition, no differences in proteo-
glycan IV gene expression were measured between the
ACPCs in the superficial region or the MSCs in the
middle/deep region of the two-zone constructs, nor in

Figure 5 Evaluation of zone-specific cartilage production (N = 3, n = 3). All cell types produced proteoglycan IV (PRG4) in
formulation GGH during culture (a). Highest relative mRNA expression of proteoglycan IV was measured in chondrocytes and
ACPCs at day 28. Relative mRNA expression of collagen type X (COL10A1) was similar for all cell types after 28 days of culture (b).
Scale bar represents 100 µm for all images. Values represent the mean ± standard deviation. With GG = 10% gelMA + 0.5% gellan
gum, and GGH = 9.5% gelMA + 0.5% gellan gum + 0.5% HAMA. * Indicates a significant difference (p < 0.025).

Figure 6 Cartilage production within the printed two-zone constructs (N = 1, n = 3). GAG normalized to the DNA content (a) and DNA
normalized to the dry weight (dwt, b) for printed two-zone constructs (two-zone), printed superficial zone only constructs (superficial), and
printed middle/deep zone constructs (middle/deep). Values represent the mean ± standard deviation. Histological assessment of two-
zone constructs for safranin-O (c), collagen type I (d), collagen type II (e), and proteoglycan IV (f). The dotted lines indicate the transition
between the superficial zone (top) and middle/deep zone (bottom). Scale bar represents 100 µm for all images.
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the single-zone constructs (Figure 7d). Furthermore,
mRNA expression of collagen type X was similar for all
printed constructs at all time points (Figure 7e).

Along with the printed single-zone constructs, also cast
controls were cultured. Histological assessment of the cast
controls revealed more intense safranin-O staining com-
pared to the printed single-zone hydrogels at day 42
(Figure 8a). Furthermore, all printed constructs contained
several single cells without an intensely stained matrix
surrounding them, while these single cells were only
observed sporadically in the cast controls. Additionally,
the histological appearance of the printed single-zone con-
structs was similar to the matching region in the printed
two-zone constructs. The GAG content normalized to the
DNA content, and the mRNA expression levels for aggre-
can and collagen type II revealed a similar trend to that
observed in the histological sections; lower values in
printed hydrogels compared to the cast hydrogels (Figure
8b, 8c, and 8d). Furthermore, collagen type I staining was
more intense and relative mRNA expression was signifi-
cantly higher for the printed constructs compared to the
cast controls with the same cell type (Figure 8a,e).

Discussion

The results of this study demonstrate improved shape-
fidelity of printed gelMA/gellan filaments with the
incorporation of HAMA (formulation GGH).
Moreover, ACPCs, MSCs, and, to a lesser extent, chon-
drocytes produced cartilage-like tissue in cast GGH
hydrogels. More specifically, MSCs expressed the

highest levels of collagen type II mRNA, while ACPCs
exhibited higher proteoglycan IV mRNA expression
levels compared to the MSCs. Therefore, two-zone con-
structs were printed with GGH bio-ink with ACPCs in
the top region and MSCs in the middle/deep region.
Although both the ACPCs and MSCs produced GAGs
and collagen type II in their designated zone, bioprint-
ing of both cell types resulted in changes in the quality
of the produced neo-cartilage, compared to cast cell-
laden hydrogel controls. Both the ACPCs and MSC-
laden constructs stained less intense for GAGs after
printing, while an increase in collagen type I staining
intensity was observed, although collagen type II stain-
ing remained prominent. Similar trends were detected
for mRNA expression levels and GAG content. These
results strongly suggest that the printing procedure
influenced the chondrogenesis of the embedded cells.
Comparable observations were made by Müller et al.
(2016) (42), who demonstrated that high shear stresses
due to relatively small nozzle diameters delayed matrix
synthesis and affected cell spreading, but not cell viabi-
lity. They reported compromised chondrocyte
behavior when exposing the cells to shear forces of
above ~160 Pa. Furthermore, finite-element simula-
tions estimated that shear forces larger than 160 Pa
can already occur when printing cell-laden alginate-
based hydrogels with a pressure of 6 kPa and the needle
geometry used in the current paper. Due to the rela-
tively high yield stress of gelMA/gellan/HAMA hydro-
gels, we used a significantly higher pressure (80 kPa)
for successful filament deposition. Therefore, the

Figure 7 Gene expression for cells in the superficial and middle/deep region of the two-zone constructs (“two-zone, superficial” and
“two-zone, middle/deep,” respectively), and the single-zone constructs (“superficial” or “middle/deep,” N = 1, n = 3). Expression
levels of mRNA for aggrecan (ACAN, a), collagen type II (COL2A1, b), collagen type I (COL1A1, c), proteoglycan IV (PRG4, d), and
collagen type X (COL10A1, e). * Indicates a significant difference (p < 0.025) and the values represent the mean ± standard deviation.
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embedded ACPCs and MSCs were likely exposed to
high shear forces, larger than 160 Pa during printing,
which could explain the differences in matrix deposi-
tion observed between printed and cast constructs.
These findings underscore that printing processes can
influence other biological functions of embedded cells
than just the viability, while often only the viability is
checked to confirm successful printing of cells (43–45).
Therefore, we believe that more extensive biological
evaluations after printing, as well as the inclusion of
cast control samples, are essential for future evaluation
of bio-inks. Such more extensive assessments will

provide valuable insights in the boundary conditions
for effective bioprinting (42).

Although the detailed mechanism behind the longer
term influence of the printing process on the cells is
currently unclear, it is known that shear forces can deform
cells, causing cell adaptation and realignment of the cytos-
keleton (43,46). Such adaptations start already after sev-
eral seconds of mechanical stress, and might therefore
play a role in the altered cell behavior observed after
printing. Moreover, cell deformations were also demon-
strated to steer MSC differentiation fate (47,48). For
example, stretching of MSCs stimulates differentiation

Figure 8 Chondrogenic potential of ACPCs and MSCs in printed and cast hydrogels at day 42 of culture in GG or GGH hydrogels
(N = 1, n = 3). Histological assessment of GAGs (safranin-O, top), collagen type II (middle), and collagen type I (bottom) matrix
production; scale bar indicates 100 µm for all images (a). GAG content normalized to the DNA content for printed and cast hydrogels
with ACPCs or MSCs (b). Relative gene expression of aggrecan (ACAN, c), collagen type 2 (COL2A1, d), and collagen type I (COL1A1,
e) for printed and cast hydrogels with ACPCs or MSCs. Values represent the mean ± standard deviation. With GG = 10%
gelMA + 0.5% gellan gum, and GGH = 9.5% gelMA + 0.5% gellan gum + 0.5% HAMA. * Indicates a significant difference (p < 0.025).
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toward the myogenic lineage (47) and shear forces via
fluid flow can drive MSC differentiation into the osteo-
genic lineage (48). Thus, gaining deeper understanding of
these processes might provide printing protocols to steer
cell fate in the future.

In the current study, also the possibility to improve
the printability of a gelMA/gellan bio-ink with the
incorporation of HAMA was explored. Indeed, the
addition of HAMA increased the filament stability.
On average, filaments printed with the bio-ink GG
started to collapse when bridging a gap of 8 mm,
while all evaluated filaments printed with bio-ink
GGH were able to bridge this distance. This observa-
tion is in line with previous findings that demonstrated
enhanced filament shape-fidelity, via an increase in
viscosity and yield stress, by the incorporation of
HAMA in gelMA or PEG-based hydrogels (22,24).

The incorporation of HAMA in a hydrogel has also
been demonstrated to improve cartilage-like tissue for-
mation by embedded chondrocytes (25). However, no
significant differences in matrix production or gene
expression by chondrocytes, ACPCs, or MSCs were
observed due to the presence of HAMA in the current
study (formulation GG compared to GGH). The effect
of HAMA on chondrogenesis is expected to be the
result of cell receptor binding with HAMA (i.e. CD44
and hyaluronan mediated motility receptor) (49–52).
Chondrocytes, ACPCs, and MSCs all have membrane
receptors capable of binding with HAMA and thus can
be influenced by its presence (51,53). However, the
effect of HAMA on chondrocytes embedded in PEG-
based hydrogels was demonstrated to be dose-
dependent (25), possibly via a negative feedback on
chondrogenesis due to cell receptor binding with
HAMA (31,37,51,54). Likely, the optimal HAMA con-
centration (0.5%), which was found for chondrocyte-
laden gelMA and PEG-based hydrogels in previous
studies, is dependent on the hydrogel platform itself
and the type of cells (17,25). Although the presence of
HAMA could not increase cartilage-like tissue forma-
tion or gene expression, it did improve filament stabi-
lity. Therefore, gelMA/gellan/HAMA hydrogels were
used for the fabrication of the two-zone constructs.

Significantly more cartilage matrix was produced by
the ACPCs and MSCs compared to the chondrocytes.
The GAG content measured in the chondrocyte-laden
GG(H) hydrogels in the current study is in line with
previously reported values for chondrocytes embedded
in similar hydrogels (16,34). To obtain a sufficient
amount of chondrocytes, the cells were expanded in
monolayer culture, which is known to cause dediffer-
entiation (26). This may explain our findings, even
though the growth factor TGF-β1 was used to induce

redifferentiation. Alternatively, this observation may
imply that the ACPCs and MSCs are more effective
than chondrocytes for in vitro cartilage tissue-
engineering when using GG(H) hydrogels.
Furthermore, both ACPCs and MSCs can be expanded
in monolayer culture to obtain large numbers of cells
without losing their phenotype. For these reasons,
ACPCs and MSCs may represent promising cell
sources for cartilage tissue-engineering purposes.
However, isolation of autologous ACPCs from
a patient is associated with donor-site morbidity (55).
Therefore, careful consideration of the harvest location
is required or the use of allogeneic ACPCs should be
explored (56). In contrast to ACPCs, autologous MSCs
can be obtained from more accessible tissues compared
to articular cartilage. However, a downside of MSCs for
cartilage repair is their tendency to progress into hyper-
trophic chondrogenesis or to initiate endochondral
bone formation after in vivo implantation (57).
Strategies to overcome this may be the incorporation
of growth factors, e.g. TGF-β, into the hydrogel to steer
chondrogenic differentiation (30,58), or direct co-
culture of MSCs with, e.g. chondrocytes (59).
However, further research on such methods is required
for clinical translation of tissue-engineered cartilage
constructs containing MSCs.

Based on the results from the cast hydrogel cultures,
ACPCs were found most suitable for the fabrication of
superficial zone cartilage, while MSCs have potential for
the fabrication of middle and deep zone cartilage. The
mRNA expression levels of proteoglycan IV were signifi-
cantly higher in ACPCs compared to the MSCs in formu-
lation GGH. As ACPCs are mainly found in the native
superficial cartilage (28), it is likely that they retain their
ability for producing superficial zone matrix components.
Indeed, previous studies have also reported higher proteo-
glycan IV gene expression levels in ACPCs compared to
MSCs (34,60). Furthermore, MSC-laden hydrogels stained
more intensely for GAGs (safranin-O) and collagen type II
compared to the chondrocyte or ACPC-laden hydrogels.
Additionally, similar trends in gene expression levels were
observed between these cell types at day 28. Therefore,
MSCs may be beneficial for relatively fast production of
hyaline-like cartilage within GGH constructs. Thus, MSCs
in a GGH bio-ink form a promising combination for the
fabrication of the middle and deep cartilage regions.

Two-zone constructs were successfully printed with
different cell types in each zone. However, limited differ-
ences between the two regions were observed during
culture (days 28 and 42), despite the differences observed
in monocultures. MSCs produced slightly more GAGs
compared to the ACPCs in the top layer, as observed
with the safranin-O staining. However, GAG content
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and aggrecan mRNA expression was similar for both
layers at all time points. Furthermore, proteoglycan IV
mRNA expression levels increased during the first
28 days of culture for both ACPCs and MSCs, reaching
similar levels at days 28 and 42. This is in contrast to the
proteoglycan IV mRNA expression levels measured for
the cast hydrogels used for the evaluation of (zone-
specific) cartilage-matrix production, where proteogly-
can IV mRNA expression levels of MSCs did not
increase during culture (mRNA expression relative to
HPRT in the cast MSC-laden hydrogels of the zone-
specific chondrogenesis screening: 0.6 ± 0.9, in printed
two-zone constructs: 5.0 ± 0.3, and in printed single-
zone constructs: 4.9 ± 3.0, at day 28). This observation
may indicate that the printing of MSCs stimulates gene
expression of proteoglycan IV. Other studies demon-
strated an increase in proteoglycan IV production by
chondrocytes due to shear forces (6,60). However,
a similar effect would then be expected for the ACPCs,
which was not the case (mRNA expression relative to
HPRT in the cast ACPC-laden hydrogels of the first
experiment: 9.8 ± 4.0, in printed two-zone constructs:
4.7 ± 1.2, and in printed single-zone constructs:
2.4 ± 0.9, at day 28). Possibly, ACPCs and MSCs react
differently to the printing procedure, highlighting the
importance of gaining deeper understanding of the
effects of this process on cell behavior.

Although two-zone cartilage constructs were
printed, limited zonal differences were observed after
culture. Additional strategies to stimulate zone-specific
matrix production by the embedded cells may improve
zonal cartilage formation within hydrogel constructs.
For example, the incorporation of biological cues, e.g.
chondroitin sulfate, matrix metalloproteinase-sensitive
peptides, growth factors, or differences in cell densities
(12,61–63), all have been demonstrated to steer cells
into producing zone-specific cartilage-like tissue.
Furthermore, imposing mechanical loading (compres-
sion and shear) onto cell-laden hydrogel constructs was
shown to increase cartilage-like matrix production
(64,65), proteoglycan IV production at the hydrogel
surface (6,66), and may it induce the characteristic
alignment of collagen fibers (67,68).

Conclusions

GelMA/gellan/HAMA (GGH) hydrogel is a promising
bio-ink that allows the printing of stable cell-laden
hydrogel filaments. Cast GGH constructs supported
chondrogenic differentiation of embedded ACPCs,
MSCs, and, to a lesser extent, chondrocytes. However,
cell differentiation was influenced by the printing pro-
cedure. The results of this study highlight the

importance of including cast controls when evaluating
bioprinted cartilage constructs. Additionally, further
evaluation of the influence of the printing process on
advanced biological functions of embedded cells is
required to provide more detailed boundary conditions
for successful bioprinting.
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