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Abstract: The treatment of articular cartilage defects remains a significant clinical challenge. This is
partially due to current tissue engineering strategies failing to recapitulate native organization. Ar-
ticular cartilage is a graded tissue with three layers exhibiting different cell densities: the superficial
zone having the highest density and the deep zone having the lowest density. However, the intro-
duction of cell gradients for cartilage tissue engineering, which could promote a more biomimetic
environment, has not been widely explored. Here, we aimed to bioprint a scaffold with different
zonal cell densities to mimic the organization of articular cartilage. The scaffold was bioprinted us-
ing an alginate-based bioink containing human articular chondrocytes. The scaffold design in-
cluded three cell densities, one per zone: 20 x 10° (superficial), 10 x 10° (middle), and 5 x 10° (deep)
cells/mL. The scaffold was cultured in a chondrogenic medium for 25 days and analyzed by
live/dead assay and histology. The live/dead analysis showed the ability to generate a zonal cell
density with high viability. Histological analysis revealed a smooth transition between the zones in
terms of cell distribution and a higher sulphated glycosaminoglycan deposition in the highest cell
density zone. These findings pave the way toward bioprinting complex zonal cartilage scaffolds as
single units, thereby advancing the translation of cartilage tissue engineering into clinical practice.

Keywords: bioprinting; biofabrication; tissue engineering; articular cartilage; human chondrocytes;
cell density; cell gradient

1. Introduction

Articular cartilage (AC) may be damaged due to aging, disease, or trauma. AC has a
limited regenerative capacity that has been attributed to the lack of innervation and the
avascular nature of the tissue [1]. AC defects may progress to the subchondral bone to
create an osteochondral defect. If left untreated, such defects can potentially lead to the
development of osteoarthritis [2,3], a cartilage-degenerating disease affecting over 300
million worldwide and representing a burden on the healthcare systems globally [4,5].
The treatment of AC defects often results in a fibrocartilage tissue with poor long-term
outcomes [6], thus presenting a significant clinical challenge. This is partially because the
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current regenerative and tissue engineering strategies fail to recapitulate the native organ-
ization of the AC tissue. AC is a graded tissue that has three main zones: superficial, mid-
dle, and deep. These zones are associated with differences in matrix composition, matrix
structural organization, and cell number, which result in gradients with complex physical,
mechanical, and biological properties [7]. In adult healthy human articular cartilage, the
superficial zone is characterized by thickly packed collagen type II fibers, a high tensile
strength, and a high cell density, while the deep zone is characterized by a high sulfated
glycosaminoglycan (sGAG) content, high compressive strength, and a low cell density as
compared to the other layers [8].

Different biofabrication strategies, such as bioprinting, have been exploited to reca-
pitulate few of the gradients connecting the three zones [9]. Graded scaffolds aim to mimic
the highly organized native tissue. Several studies have explored the fabrication of multi-
layered constructs exhibiting differences in biological [10] or chemical composition [11-
14] and physical or mechanical properties [15-17]. Different gradient strategies have also
been combined to tailor physical (stiffness) and biochemical (growth factor) gradients that
better control stem-cell behavior [18].

To the best of our knowledge, there has been only one study introducing a cell den-
sity gradient in a bioprinted construct [19], where swine articular cartilage-derived con-
structs with different density gradients of rabbit chondrocytes were compared to con-
structs with equivalent homogeneous cell distribution. In the study, gene expression and
sGAG deposition were quantified for the overall constructs. However, limited infor-
mation was presented regarding the extracellular matrix (ECM) that was deposited by the
cells at different densities in each zone. Therefore, further research is warranted to char-
acterize the cell-derived tissue deposition in each of the zones within a graded construct,
especially using human material.

The aims of this paper were (i) to design and fabricate scaffolds with three-zone cell
density using bioprinting with an alginate-based bioink containing human articular chon-
drocytes and a poly-e-caprolactone (PCL) support structure, (ii) to characterize the cell
viability and cell gradient stability overtime, and (iii) to evaluate the time-dependent dep-
osition of ECM by the cells embedded in the scaffolds. To achieve the cell density gradient,
the design of the scaffolds included three zones with three different cell densities. The
different zones aimed to mimic both the dimensions and cell density of the superficial,
middle, and deep zones as seen in the native structure of articular cartilage.

2. Materials and Methods
2.1. Scaffold Design

Solidworks was used to design a standard tessellation language (.STL) file of scaffold
solid form that incorporated both the PCL outer skeleton and the cell-embedded bioink
part. The PCL skeleton design was composed of a square base of 8 x § mm? with a thick-
ness of two layers (0.4 mm) and four vertical pillars at the corners with a height of 3 mm.
The scaffold was designed as a 7.2 mm x 7.2 mm x 3 mm cube. The designed STL file was
then processed in Slic3r [20] to generate the gcode file used by the bioprinter (BIO-X bi-
oprinter, Cellink, Sweden). Briefly, the parameters used in Slic3r were as follows: infill
pattern, rectilinear; infill density, 100% for PCL frame design and 10% for scaffold design;
infill angle, 90°; solid infill threshold area, 10; layer height, 0.2 mm; nozzle diameter, 0.2
mm. Two types of scaffolds were designed: a scaffold corresponding to a homogeneous
cell density with one zone of 15 layers and a scaffold with three different zones corre-
sponding to the three different cell densities. The dimensions of the zones were chosen to
mimic the dimensions of the three different zones in the human articular cartilage. The
top zone had a thickness of three layers (0.6 mm), the middle zone had a thickness of seven
layers (1.4 mm), and the bottom zone had a thickness of five layers (1 mm), resulting in a
total of 15 layers per scaffold.
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2.2. Bioink Formulation

An alginate-based biomaterial (IK1020000303, Cellink Bioink, Cellink, Sweden) was
mixed with human chondrocytes according to the manufacturer’s instructions to create
the bioink. Briefly, human articular chondrocytes isolated from hyaline cartilage in the
knee and expanded to the second passage were purchased from Lonza (NHAC-kn, Lonza
Bioscience, Breda, The Netherlands). The cells were expanded until the third passage in
chondrocyte growth medium (CC-3216, Lonza Bioscience, Breda, The Netherlands) ac-
cording to the manufacturer’s instructions, in an incubator at 37 °C, 5% CO», and 90%
humidity. The cells were trypsinized when confluency was reached, counted, and re-sus-
pended in a growth medium. The hydrogel was taken up from the stock cartridge by a
syringe and was mixed gently 10:1 with the cell suspension using a sterile female—female
luer lock, and a second syringe was used to homogenize the cells in the bioink. The mix-
ture was transferred to a new cartridge for bioprinting. According to the study by
Hunziker et al., the total cell density within the human articular cartilage of a medial fem-
oral condyle is 10 x 10 cell/mm? [21]. Therefore, the homogeneous scaffold was given a bio-
mimetic total cell density of 10 x 10¢ cell/mL. Hunziker et al. also described the different cell
densities in the different zones of articular cartilage in which it was established that the cell
densities corresponding to the superficial, middle, and deeps zones are 24 + 3 x 10° cells/mm?,
10+0.5 x 10% cells/mm?, and 7 + 0.5 x 10° cells/mm?, respectively [21]. The gradient scaffold was
given a similar biomimetic cell density corresponding to each zone of the articular cartilage:
superficial (top), middle (middle) and deep (bottom) zones. The top, middle, and bottom
zones were designed to respectively have 20 x 106 cells/mL, 10 x 10¢ cells/mL, and 5 x 10¢
cells/mL, respectively (Figure 1).

Poly-&-caprolactone Alginate-based bioink Cell-gradient Chondrogenic medium Analysis
(PCL) with human chondrocytes scaffold 25 days
S - PCL & -
; Sup. zone % - [ @
| - ' 3
® Mid. zone °
+ © N
® Deep zone
=4 pu | 7 o } 4
5E6 10E6 20E6 90 mM Cacl, 2 min Cell viability ~ Histology

cells/ml cells/ml cells/ml

Figure 1. A schematic representation of the fabrication methodology and the in vitro setup of the study. A PCL-reinforced
alginate-based scaffold containing human chondrocytes was 3D bioprinted with different cell densities mimicking the cell
gradient of the human articular cartilage zones. The scaffold was ionically crosslinked post bioprinting before supple-
menting with chondrogenic medium for 4 weeks. After in vitro culture, the samples were analyzed for cell viability and
for matrix deposition through histological staining.

2.3. Bioprinting

The BIO-X bioprinter (Cellink, Sweden) was UV-sterilized and used inside a cell cul-
ture hood to ensure that the bioprinting process would run under sterile conditions. After
sterilization, the gcode file was used to print the scaffold. Briefly, the printing surface,
nozzle size, temperature, pressure, and speed of each print-head was selected through the
bioprinter’s interface. The selected parameters for each print-head are presented below
(Table 1). Next, the three printheads were manually calibrated to the same spot in the
printing surface to ensure a complete match when swapping printheads during the print-
ing process for the different bioinks and biomaterials printed (Video S1). A 10 cm petri
dish was used as the printing surface to provide better visibility between the nozzle tip
and the printing surface during the calibration phase. The scaffolds were printed on 16
mm coverslips which were placed radially into the 10 cm petri dish. After printing, the
scaffolds were treated with 1 mL of crosslinking solution (90 mM CaClz, Cellink, Sweden)
for 2 min.
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Table 1. The parameters used for each printhead during bioprinting. Printheads 1 and 2 were used
for the hydrogel layers, while printhead 3 was used to print the outer frame of PCL (RT: room tem-
perature).

Title 1 Material Nozzle Size Temperature Pressure Speed
Printhead 1 0908l 5 m RT 14 kPa 12 mm/s
(deep zone)
Hydrogel (su-
Printhead 2  perficial and 0.2 mm RT 14 kPa 12 mm/s

middle zones)
4 mm/s (base)

Printhead 3 PCL 0.2 mm 210 °C 200 kPa
0.4 mm/s (struts)

2.4. In Vitro Culture

The bioprinted constructs were cultured in chondrocyte differentiation basal me-
dium (CloneticsTM CDMTM BulletKitTM, Lonza, Delft, The Netherlands) containing
FBS, insulin, R3-IGF-1, gentamicin/amphotericin B, transforming growth factor-g1, and
transferrin (undisclosed concentrations by Lonza). The differentiation medium was fur-
ther enriched with 10 ng/mL fresh transforming growth factor-3 (SRP3171, Sigma, Delft,
The Netherlands) and 70 mM L-ascorbic acid 2-phosphate (A8960, Sigma, The Nether-
lands) for each medium change, according to the manufacturer’s instructions (TS-CC-112-
7 02/20, Lonza). The differentiation medium was changed three times a week for 25 days
using 2 mL of medium per well (each well contained one scaffold), which was kept in a
24-well plate in an incubator at 37 °C, 90% humidity, and 5% CO.. The experiment in-
cluded three scaffolds per condition (graded, homogeneous) per timepoint (day 0 and day
25).

2.5. Mechanical Characterization

The 3D printed scaffolds (cell-free) were mechanically characterized using a uniaxial
unconfined compression test using the LLOYD Instruments LR5k compression machine
(AMETEK test & calibration instruments). The PCL frame, hydrogel, and the combined
scaffolds (PCL and hydrogel) were tested separately using a 100 N load cell with a 0.1 N
preload, a 1 mm deflection, and a strain rate of 0.002 s ! (i.e., a crosshead speed of 0.36
mm/min). From the load-deflection curve generated by the machine on the Nexygen soft-
ware, 200 data points were exported per test for further analysis. Each of the data points
included the recorded time (s), load (N), crosshead travel (mm), and deflection from the
preload (mm), which were used for the generation of the stress—strain curves and the cal-
culation of the compressive stiffness of the scaffolds. The stress was calculated by dividing
the compression force by the cross-section area, and the strain was defined as the ratio of
the crosshead travel to the initial length of the specimens. The stiffness calculations were
performed using a moving regression algorithm generated with Gnu R [22] that was used
to calculate the linear line with the steepest slope fit of the stress—strain curve. The slope
of the linear curve was taken as the value for the compressive stiffness of the scaffolds (E
= a/e, MPa).

2.6. Live/Dead Assay

Cell viability was assessed at day 0 (post-printing) and day 25 after culture using
live/dead staining (LIVE/DEAD® Viability/Cytotoxicity Kit, ThermoFisher, Delft, The
Netherlands). Briefly, the samples were washed twice with 1 x PBS for 5 min before sup-
plementing the scaffolds with 2 mM ethidium homodimer-1 (red, for dead cells) and 5
mM calcein-AM (green, for live cells) in 1 x PBS. The samples were allowed to incubate
for 1h at 37 °C before being washed twice in 1 x PBS and being imaged under a fluorescent
microscope (ZOE fluorescent cell imager, Biorad, Delft, The Netherlands).
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2.7. Histology Staining

All the specimens were fixed overnight in 4% paraformaldehyde at 4 °C with a tis-
sue—fixative volume ratio of 1:20. Next, the scaffolds were washed twice with PBS, and
were placed in a 1:1 solution of 100% EtOH:90 mM Cellink crosslinking agent (final 45
mM CaCl2) for storage. The samples were paraffin-embedded and were sectioned at a
thickness of 6 um. The sections were stained with hematoxylin (HHS32, Sigma, The Neth-
erlands) and eosin (HT110232, Sigma, The Netherlands) to examine their cell distribution,
with 1% Alcian Blue (TMS-010-C, Sigma, The Netherlands) to analyze their sGAG content,
and with Picrosirius Red (365548, Sigma, The Netherlands) for collagen deposition. The
stained histological slices were imaged under a DM500 optical Leica microscope.

2.8. Image Analsis

The histological images were analyzed for the cell density in each of the three zones,
as well as for the neo-tissue formation (sGAG and collagen deposition) within the hydro-
gel for all three zones. The analysis of the data was performed using Image J v2.0.0 soft-
ware. The images were spatially calibrated using their integrated scale bar. For the analy-
sis of H&E staining, the microscopic images were first split into the three-color channels
RGB. Then, the green channel was selected as the optimum channel for the identification
of the nuclei. Next, the threshold was adjusted before using the “analyze particles” plugin.
The minimum size was set between five and 35 pixels depending on the image, while the
maximum size was set at 300 pixels. The circularity range was set between 0.45 and 1.00
for all the images. This analysis of the H&E images was performed using the ROI (region
of interest) manager to select three regions of interest corresponding to the three different
zones and to analyze them separately using a different threshold and size spectrum de-
pending on their specific data. For the samples stained with Alcian Blue and Picrosirius
Red, the image analysis was performed with the use of the Trainable Weka Segmentation
plugin [23]. This plugin utilizes a segmentation algorithm that combines a collection of
machine learning algorithms with a set of selected image features to produce pixel-based
segmentations. Three classes were used for the training of the algorithm and the classifi-
cation of the results: (a) a class for the negative background staining of the alginate, (b) a
class for the stained cell nuclei, and (c) a class for the positively stained areas (areas with
darker blue or red color for AB and PR, respectively). The training of the algorithm was
performed by manually selecting multiple areas belonging to each of the classes using the
Image J’s selection tool and categorizing them according to their corresponding class. Af-
ter that, the features of the input image were extracted and converted to a set of vectors of
float values (format for Weka classifiers). Finally, the plugin created and displayed the
resulting image. This image was equivalent to the current overlay (8 bit color with each
color corresponding to a specific class). The training features used for the training of the
algorithm were Gaussian blur, Sobel filter, Hessian matrix, and the difference of the
Gaussians. After training, the same classifier was applied to all the images of the same
staining. The plugin performed the image segmentation on the basis of the current classi-
fier and the selected features and created a stack of images, each one highlighting one of
the selected features. By selecting the desired 8 bit color image from the stack and setting
an appropriate threshold, we performed area measurements on the objects within the im-
ages to evaluate the sGAG content of the areas positively stained for collagen (for all the
zones and timepoints). The ratio between positive area and total area for the samples an-
alyzed is presented as a percentage.

2.9. Statistical Analysis

All quantitative results are presented as the mean * standard deviation. Statistical
analysis was performed using GraphPad Prism 8 (GraphPad Software, San Diego USA,
Version 8.0.2). For the analysis of the cell density, sGAG content, and collagen content, the
experimental groups were analyzed for significant differences using a two-way analysis
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of variance (ANOVA) and the results were corrected for multiple comparisons using Bon-
ferroni’s post hoc test. For the comparison of the stiffness, as well as for the differences in
the cell viability and cell density between the two different scaffold designs, an unpaired
t-test or one-way ANOVA was performed. Probability p-values <0.05 were considered
statistically significant.

3. Results

3.1. Pcl-Reinforced Alginate Scaffolds with Different Cell Density Zones Can Be Successfully
Fabricated as Single Units Using Bioprinting

Firstly, we designed a structure that could combine both an outer frame of stiff PCL
and the soft alginate-based bioink with an overall size of 8 mm x 8 mm x 3 mm (Figure
2a—c). For the PCL frame, two different designs were tested: a closed design (Figure Sla)
and an open design (Figures 2a and S1b). The open design resulted in a higher viability of
the cells in the bioink (Figure Slc—e) and was, therefore, chosen for further experiments.
For the bioink, a 10% infill density was selected in order to create channels in the z-direc-
tion (Figure 2e) that resulted in visible pores in the scaffold of ~0.230 mm? (Figure 2c) to
allow for sufficient nutrient diffusion to all the layers of the cell-laden hydrogel. The dif-
ferent parts of the zonal scaffold showing the PCL frame in yellow and the three different
cell density zones in red were sliced into a printing pattern suitable for 3D printing (Figure
2d). The design used for the fabrication of the biomimetic cartilage scaffolds was bi-
oprinted monolithically as a single unit (Figure 2e). The mean compressive stiffness of the
scaffolds (PCL + hydrogel) was 8.35 + 0.43 MPa. This was mostly attributed to the PCL
framework, since the mean compressive stiffness of the PCL framework alone was 8.02 +
0.69 MPa while the hydrogel alone was 0.23 MPa + 0.01 (Figure 2f).

The next step was to verify that we could 3D print the different zones (top, middle,
and bottom) with different cell densities of human chondrocytes (i.e., 20 x 10¢, 10 x 106,
and 5 x 10° cells/mL, respectively), recapitulating some aspects of the cytocomplexity of
the human hyaline articular cartilage. Live/dead staining at day 0 post bioprinting demon-
strated that it was possible to control such cell distribution, as evidenced by a higher cell
density in the top zone and the lowest cell density in the bottom zone (Figure 2g). Overall,
a high viability (>90%) of the bioprinted cells was observed throughout the different zones
of the scaffolds (Figure 2h).
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Figure 2. PCL-reinforced alginate scaffolds with different cell density zones can be bioprinted as a single unit. (a) The solid
structure created in Solidworks corresponding to the outer PCL frame; (b) the solid structure corresponding to the
hydrogel part; (c) a macroscopic image of the top view of a 3D printed scaffold after ionic crosslinking; (d) the different
solid structures combined by Slic3r software, showing the PCL in yellow and the hydrogel in different shades of red for
the different cell density zones; (e) Slic3r design of the printing pattern showing a 100% infill for the PCL and a 10% infill
for the hydrogel; (f) a bar chart showing the mechanical properties (stiffness) of the outer PCL frame, the combined PCL
frame + hydrogel, and the hydrogel alone printed scaffolds (1 = 3); (g) a fluorescent microscopic image of cell viability
with live/dead staining (green: live; red: dead) showing the cell distribution in the scaffold bioprinted with three different
cell densities for each of the zones: bottom (5E6 cell/mL), middle (10E6 cells/mL), and top (20E cells/mL) at day 0. Lines
are drawn on the image to illustrate the approximate division of the zones. Scale bar = 200 um; (h) the corresponding
quantification of the overall live and dead cells (1 = 4).

3.2. Cell Density Can Be Maintained in the Different Zones Overtime In Vitro

To investigate the maintenance of the zonal distribution of the cells over time, we
cultured human chondrocytes in the hydrogel for 25 days. We compared the scaffolds
with different cell densities, herein called the zonal scaffolds, with the scaffolds in which
the cell density (10E6 cells/mL) was constant throughout the entire scaffold. At day 0, right
after the bioprinting process took place, a high cell viability was detected for the embed-
ded cells (Figure 3a). In addition, the quantification of the H&E staining at day 0 showed
significant differences between the bottom/middle, middle/top, and bottom/top zones of
the graded scaffolds (Figure 3b, left), whereas no difference in the cell density was ob-
served throughout the homogeneous scaffolds (Figure 3b, right). After 25 days of culture,
cell viability remained high for all the specimens (Figure 3c). In addition, a decrease in the
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cell density of the middle zone was observed, rendering the cell density between the mid-
dle and the bottom zones as not significantly different, while the cell density in the top
zone remained significantly higher than the other zones (Figure 3d, left). The cell density
of the homogeneous scaffolds remained constant throughout the scaffold thickness for all
the timepoints (Figure 3d, right).
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Figure 3. Gradient cell density can be maintained in the zonal scaffold over time in in vitro culture; (a) fluorescent
microscopic images indicate cell viability based on live/dead staining (green: alive; red: dead) and bright-field microscopy
images of the H&E staining (matrix: violet; nuclei: dark purple) showing the cell distribution for the three different zones,
bottom, middle, and top, of the zonal and homogeneous bioprinted scaffolds at day 0; (b) the quantification of the number
of the cells from the H&E staining at day 0; (c) the live/dead and H&E images of the zonal and homogeneous scaffold at
day 25; (d) the quantification of the number of cells from the H&E staining at day 28 (n = 3; p-values <0.05 are shown).
Scale bar: 100 um.

3.3. Bioprinted Zonal Scaffold with Different Cell Densities Leads to A Gradient Cell-Derived
Ecm Deposition

The evaluation of the sGAG and collagen deposition in the bioprinted scaffolds was
performed on the basis of the analysis of Alcian Blue and Picrosirius Red histological
staining of the scaffold cross-sections. At day 0, the histological analysis showed the back-
ground staining for the basal bioink material (alginate and methylcellulose) with a weak
staining for Alcian Blue (Figure 4a) and a strong pink (negative for collagen) staining for
Picrosirius Red (Figure 4c). A semiquantitative analysis of the stained samples was per-
formed using an optimized threshold to subtract the background staining from positively
stained areas (Figure 4b,d).
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At day 25 of culture, both types of staining demonstrated that the scaffolds supported
the deposition of cartilage-like tissue components. In the zonal scaffold, Alcian Blue stain-
ing revealed an increased deposition of sGAG in the top zone of the scaffold at day 25, as
indicated by a strong Alcian Blue signal (Figure 4e, zonal, AB, top). The semiquantification
of the staining revealed the zonal manner in which sGAG was deposited within the scaf-
folds over time, displaying a significantly increase from the bottom to the top zone (Figure
4f, left), which was in accordance with the cell density distribution within the scaffolds.
The homogeneous scaffolds deposited a similar amount of sGAG in all the different zones
at day 25 (Figure 4e, homogeneous, AB and 3f, right). For the collagen deposition, it was
observed that chondrocytes appeared to mainly secrete small amounts of pericellular col-
lagen according to the intense orange-red staining observed (which is positive for collagen
staining) after 25 days of culture (Figure 4g). Similar to the result of Alcian Blue staining,
some samples exhibited a trend toward stronger staining in the top zone of the specimens.
By comparison, the homogeneous scaffolds revealed no differences in their staining
throughout the section. The statistical analysis of the semiquantitative values correspond-
ing to Picrosirius Red revealed a trend of increasing collagen deposition in the top zone
of some of the zonal scaffolds. However, no significant differences were found between
the groups after 25 days of culture (Figure 4h).
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Figure 4. Bioprinted zonal scaffolds with cell density gradients result in differential cartilage-like
tissue deposition; (a) histological images of zonal or homogeneous scaffold bioprinted with human
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chondrocytes and evaluated for sGAG with Alcian Blue staining (AB) at day 0; (b) the correspond-
ing semiquantitative zonal analysis of the AB staining; (c) histological images evaluated for collagen
deposition with Picrosirius Red staining (PSR) at day 0; (d) the corresponding semiquantitative
zonal analysis of the PSR staining; (e) the histological images evaluated for sGAG with AB after 25
days in culture; (f) the corresponding semiquantitative zonal analysis of the AB staining; (g) histo-
logical images evaluated for collagen with PSR; (h) the corresponding semiquantitative zonal anal-
ysis of the PSR staining (1 = 3; p-values <0.05 are shown). Scale bar: 100 pum.

4. Discussion

In this study, we aimed to generate a cartilage scaffold of a clinically relevant size
that mimics the gradient distribution of cells that is observed across the three distinct
zones of the native tissue in hyaline articular cartilage of the human condyle and to ana-
lyze the cell viability and cell-derived matrix deposition. Over time in culture, the gener-
ated zonal scaffolds led to a gradient in cartilage-like matrix deposition. For printing each
zonal scaffold, four different inks (one ink and three bioinks) were used to print different
parts of the scaffold. Every printing part used its own printhead except for the middle and
top zones where the bioink-containing cartridge had to be interchanged for every printed
scaffold. This allowed us to simultaneously 3D print a PCL frame and the different chon-
drocyte-embedded zones with clinically relevant thicknesses and zone-specific cell densi-
ties. Few papers have investigated the 3D printing of more than one bioink for a single
construct [10,19,24-26], probably due to the lack of several printheads or impracticality
due to the constant changing of the printing cartridges that results in a time-consuming
process. Recent studies suggest the use of coaxial needles [27] or continuous chaotic print-
ing [28] as alternatives to generate multicellular heterogeneous systems. Several studies
have combined PCL with bioinks to enhance the compressive stiffness of hydrogels [29-
31]. In our study, the PCL frame helped the maintenance of the structural integrity of the
scaffolds during bioprinting and subsequent in vitro culture. In addition, a PCL frame can
be useful for future in vivo implantation [32,33]. Previous studies have shown that differ-
ent cell densities can lead to different mechanical properties which are correlated with the
amount of sSGAG produced. In this study, we did not perform mechanical characterization
of the hydrogel overtime. Therefore, future studies should also focus on the effect of dif-
ferent cell densities on the mechanical properties of the scaffold overtime. Regarding the
PCL reinforcement, in most studies, this reinforcement is done by printing a mesh of PCL
fibers in between hydrogel fibers, where the fiber orientation alternates orthogonally after
every layer. In this study, however, it was determined that passing the hot (210 °C) ther-
moplastic nozzle right next to the cell-embedded hydrogel fibers negatively affects the
chondrocyte viability, which has been also noted in other studies [34]. Therefore, another
design approach was chosen in which the PCL would act as an outer skeleton for the hy-
drogel, concentrating the cell-embedded volume of the bioink at the center and maintain-
ing its shape throughout its thickness. This approach was able to significantly increase the
bulk mechanical properties compared to the bioink alone, as others have demonstrated
[29-31]. Other studies also explored the pre-printing of PCL structures and then either
cast or z-printed the bioink in the channels of the PCL mesh [35]. Despite this option giving
more freedom, as it decouples the fabrication process of the outer frame and the bioprint-
ing of the bioink, z-print is not yet an option available in all 3D printing systems. After
fabrication of such complex structures, live/dead and histological analysis demonstrated
that human chondrocytes still retained high viability and zone-specific cell densities. In
addition, this cell density gradient was shown to be maintained during in vitro culture for
25 days, resulting in a gradient in tissue deposition as compared to homogeneous scaf-
folds. Previous studies aiming to fabricate similar constructs with different cell density
layers through bioprinting have not shown such clear cell distribution or its maintenance
over time [19]. For example, it has been reported that cell gradient in scaffolds of 3 mm
thickness fail due to the fusion of the zones during bioprinting. Moreover, the analysis of
that study was focused on the overall scaffold rather than on the individual zones [19]. It
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is noteworthy that the difference in cell number between the middle and the bottom zones
in the gradient scaffold is less apparent after culture in differentiation medium. Although
cells do not tend to migrate in alginate, this particular bioink formulation containing
methylcellulose may allow for some cellular migration [36] from the middle to the bottom
layer, perhaps in the search for available nutrients and oxygen. This potential migration
may have been caused by the cell gradient itself, as no changes in cell number were ob-
served in the homogeneous scaffold. Further research is needed to verify this hypothesis.
Despite the presence of the tissue deposition gradients, low amounts of glycosaminogly-
can and collagen were seen in all the groups. This may be due to the alginate-based bio-
inks that offer good printability [25,30,35,37—41] but do not offer enzymatic-derived tissue
remodeling [42], which have been suggested to potentially act as a physical barrier for
tissue secretion in vitro, as also observed by others [43-45]. On the other hand, alginate-
based biomaterials have been shown to be capable of generating cartilage when implanted
in vivo [46,47], suggesting that other factors may also be playing a role in this regard. For
instance, chondrocytes from only one donor were used in our study, and it is known that
there can be some variability between donors or even between chondrocytes from differ-
ent zones [45]. Regarding tissue deposition, it is interesting to point out that the superficial
zone of native mature articular cartilage is characterized by a lower sGAG presence than
the other zones. Our scaffold demonstrated that having a higher cell density in the super-
ficial zone will result in higher sGAG. However, the tissue formed in our scaffold is still
in development and yet far from what is seen in articular cartilage tissue. It will be neces-
sary to evaluate how applications of these different zones would influence eventual tissue
that is formed using in vivo models. Our study is in agreement with the previous studies
showing that constructs with a higher cell density result in higher cartilage-like matrix
deposition [48,49] and enhanced gene expression of cartilage markers [19]. This study fo-
cused on the recapitulation of the cell gradient observed in native hyaline articular carti-
lage. However, there are other gradients that could be interesting to investigate or even
to combine. For instance, AC has been shown to have a gradient in stiffness [50-53]. Pre-
vious research has aimed to combine a stiffness gradient achieved by photo-crosslinking
with a growth factor gradient achieved by mixing both TGF-31 and BMP-2 in the hydrogel
(before crosslinking). These gradients proved capable of regulating the number of embed-
ded hMSCs and their differentiation toward bone- or cartilage-like matrix-producing cells
[18]. In addition, from a developmental biology perspective, cartilage starts as a soft tem-
plate. Therefore, it may be interesting to explore the generation of the stiffness gradients
that occur in time. This points to the need for the development of new 4D bioprinting
approaches that investigate the use of stimulus-responsive biomaterials to answer such
complex questions [54].

5. Conclusions

In this study, zonal cartilage scaffolds with clinically relevant sizes and cell densities
were successfully bioprinted as single units. The different zonal cell densities were par-
tially maintained in vitro for 25 days. In addition, the scaffolds led to a gradient in the
extracellular matrix components produced by the embedded human chondrocytes. These
findings shed some light on the effects of zonal cell gradients on the formation of new
tissue matrix and help in addressing the remaining obstacles in order to accelerate the
translation of cartilage tissue engineering into clinical practice.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/app11177821/s1: Figure S1. PCL design can affect cell viability; Video S1. A clip of the
bioprinting process.
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