bioRxiv preprint doi: https://doi.org/10.1101/2022.11.29.518172; this version posted December 2, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Hypotrochoidal scaffolds for cartilage regeneration.

Kenny A. van Kampen?!, Elena Olaret?, Izabela-Cristina Stancu?, Daniela F. Duarte Campos?3, Horst
Fischer4, Carlos Mota?!, Lorenzo Moroni!

!Department of Complex Tissue Regeneration, MERLN Institute for Technology-Inspired Regenerative Medicine, Maastricht
University, Universiteitsingel 40, 6229ER Maastricht, The Netherlands

2Advanced Polymer Materials Group, University Politehnica of Bucharest, 1-7 Gh. Polizu Street, 011061, Bucharest, Romania
SBioprinting & Tissue Engineering Group, Center for Molecular Biology Heidelberg (ZMBH), Heidelberg University, Germany
“Department of Dental Materials and Biomaterials Research, RWTH Aachen University Hospital, Aachen, Germany

* Corresponding author: l.moroni@maastrichtuniversity.nl



mailto:l.moroni@maastrichtuniversity.nl
https://doi.org/10.1101/2022.11.29.518172

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.29.518172; this version posted December 2, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Abstract:

The main function of articular cartilage is to provide a low friction surface and protect the underlying
subchondral bone. The extracellular matrix composition of articular cartilage mainly consists of
glycosaminoglycans and collagen type Il. Specifically the collagen type Il organization has a
characteristic organization in three distinct zones; (1) the superficial zone which has collagen fibers
oriented parallel to the surface, (2) the intermediate zone where there is no predominant orientation,
and (3) the deep zone which shows a high orientation with fibers perpendicular to the underlying bone.
Collagen type Il fibers in these 3 zones take an arch-like organization that can be mimicked with
segments of a hypotrochoidal curve. In this study, a script was developed that allowed the fabrication of
scaffolds with a hypotrochoidal design. This design was investigated and compared to a regular 0-90
woodpile design. The results showed that the hypotrochoidal design was successfully fabricated. Micro-
CT analyses divided the areas of the scaffold in their distinct zones. In addition, the mechanical analyses
revealed that the hypotrochoidal design had a lower component Young’s modulus while the toughness
and strain at yield were higher compared to the woodpile design. Fatigue tests showed that the
hypotrochoidal design lost more energy per cycle due to the damping effect of the unique
microarchitecture . Finite element analyses revealed that the hypotrochoidal design had an improved
stress distribution compared to the 0-90 woodpile design due to the lower component stiffness. In
addition, data from cell culture under dynamic stimulation demonstrated that the collagen type Il
deposition was improved in the hypotrochoidal design. Finally, Alcian blue staining revealed that the
areas where the stress was higher during the stimulation produced more glycosaminoglycans. Our
results highlight a new and simple scaffold design based on hypotrochoidal curves that could be used
for cartilage tissue engineering.
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1. Introduction

Articular cartilage is an avascular tissue that is located in the joints [1]. The main function of cartilage is
to protect the underlying subchondral bone from compressive loads and to provide a low-friction surface
[2]. Injury or damage to cartilage can hamper this function and could lead to osteoarthritis [3].
Unfortunately, articular cartilage has a poor regenerative capacity due to the avascular and scarce cell
density nature within the tissue [4]. Chondrocytes are the main cell population in articular cartilage and
are responsible for synthesizing the extracellular matrix (ECM) [5]. The ECM of articular cartilage mainly
consists of collagen type Il, aggrecan and other proteoglycans [6]. The organization of the ECM is
important in cartilage, specifically the collagen type Il fibers have a particular organization which helps
to improve the mechanical properties [7]. Cartilage is characterized by three distinct zones; (1) the
superficial zone which has collagen fibers oriented parallel to the surface, (2) the intermediate zone
where there is no predominant orientation and (3) the deep zone which shows a high orientation with
fibers perpendicular to the underlying bone [8, 9]. Each of these zones have a different composition in
ECM and cell density [10], which contributes to the unique properties of articular cartilage.

The organization of the collagen type Il fibers could be mathematically described with arches or
arch-like structures. A hypotrochoid is one of type of curve that could be used to describe an arch-like
structure. This geometric curve that is generated by tracing a point that is linked to a smaller circle,
which is rolling inside a larger circle [11, 12]. The hypotrochoidal curve is used to describe in a simplified
way the satellite orbits around a planet in a solar system [13] and can be drawn using a tool called
Spirograph [14]. The hypotrochoid is characterized by a closed outer surface with the outer shape being
round in most cases. Depending on the parameters used, the hypotrochoidal curve can have a dense
outer part with lines running parallel to the circle. These parallel lines, in combination with a more porous
inner core with lines that run perpendicular to the surface of the circle, make it an interesting geometry
that can be used to mimic cartilage ECM architecture. The generated arch-like structure resembles the
collagen type Il organization, especially if a segment on the top of the curve is taken. In addition, the
complex arch-like structure should be able to distribute the forces through the whole scaffold more
evenly [15, 16].

Additive manufacturing (AM) techniques such as fused deposition modeling (FDM) and
bioprinting have been widely used to fabricate scaffolds for cartilage regeneration [17, 18]. The main
advantage of AM techniques is the possibility to tailor the design and porosity of the scaffold [19]. Many
scaffold fabrication approaches focus on matching the mechanical properties of native cartilage with a
common strategy of changing geometry or by adding materials to the scaffold [20, 21]. While techniques
such as FDM do pose the ability to produce complex shapes, in most cases a woodpile design is used
where each layer is a composition of parallel running lines stacked in different angles with each layer
[22]. Some efforts have been made to introduce complexity in the design, such as introducing gradients
by increasing the spacing between the fibers in each layer [23, 24] or using different periodic infilling
patterns [25]. However, none of these studies take a biomimicking approach from both a morphological
and a mechanical point of view in the design of the scaffold. This could both be achieved by using a
hypotrochoidal design.

In this study, we propose a new strategy to fabricate additive manufactured scaffolds with a
hypotrochoidal pore network architecture. The mechanical properties of several hypotrochoidal designs
were compared to a classical 0-90 woodpile structure. In addition, a finite element model was used to
simulate the stress distribution through the scaffold. Finally, the effect of the hypotrochoidal design on
cellular behavior was studied in both static and dynamic culture conditions.

2. Materials and methods

2.1 Scaffold fabrication
Poly(e-caprolactone) (PCL) (Ma 45.000, Sigma-Aldrich,USA) was used to fabricated scaffolds via FDM
using a Bioscaffolder (SysENG, Germany). Briefly, pellets of PCL were placed in a stainless steel
syringe and heated up to 110 °C. A pressure of 4 bar was used to force the molten polymer to the
extrusion screw, which was set at a constant rotational speed of 45 rpm. A 25G nozzle (260 pum internal
diameter) was used for extrusion. The layer thickness and speed was kept constant at 180 um and 400
mm/min, respectively.
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A custom written python script (Python Software Foundation, Version 3.7.0) was developed to generate
the deposition pattern for extrusion. Using a hypotrochoidal function both X and Y coordinates were
calculated (Eq. 1 and Eq. 2 respectively). R = the radius of the large circle, r = the radius of the rolling
circle and d = the distance between the center of the rolling circle and the point which is traced.
Afterwards, cut off values were set to mark the boundaries of the scaffold. The hypotrochoidal scaffold
followed the equation R = 10 and d = 4 with cutoff values between -5 and 5 in the X and bigger than 8
in the Y direction. As a variable parameter for the mechanical characterization, r was changed between
0.17 and 0.68. After each hypotrochoidal layer, two meandering layers that matched the outline of the
scaffold were deposited with a fixed strand distance of 800 um. The radius of this surface can be
calculated with R = the radius of the large circle, r = the radius of the rolling circle and d = the distance
between the center of the rolling circle and the point which is traced (Equation 3). As control, the
hypotrochoidal layer was replaced with a meandering woodpile layer of similar tool pathway length but
with a 90° rotation between layers (0-90).

Eq. 1 X(®) = (R —r)cos 6+ d cos (?9)
Eq. 2 Y(6) = (R —r)sin6 + dsin (20)

Eq. 3 Superficial zone radius = (R — r) + D

2.2 Scaffold characterization

Scaffold geometry and architecture was characterized by Stereomicroscopy (SMZzZ25, Nikon
instruments) with a dark field illuminator (Nikon instruments). MicroCT was used to qualitatively and
guantitatively investigate the 3D structure, volume and available surface area. The obtained
micrographs were reconstructed using Nrecon software (Version 1.7.1.6.,Bruker MicroCT). The
scanning parameters were set as follows: 2452x1640 camera resolution, 6.5 um pixel size, source
voltage and current of 50 kV and 130 pA respectively, 0.2 degree rotation step and 4 averaged frames.
Pore shape was visualised using Ctvox (Version 3.3.0r1403, Bruker MicroCT) software and the
guantitative data was analysed through Ctan software (1.18.4.0+, Bruker MicroCT). The scaffold was
divided in three different sections based on the three zones found in articular cartilage [26], the deep,
middle and superficial zone set at 25%, 55% and 20% of the scaffold, respectively. The fraction of the
pore volume in each zone was derived from Eqg. 4.

Eq. 4 (1 - 22teena) , 10004

Viotal

Where Vsoiidizone) from each zone was obtained from the micro-CT analysis. Viota Was calculated based
on an equivalent solid block that was generated with computer-assisted design (CAD) (Rhino 6, Robert
McNeel Associates, Version 6.19) with the dimension of the full scaffold.

2.3 Mechanical characterization

A custom designed adapter made of aluminum was used with a matching curvature of the scaffolds to
maintain full contact area of the surface during mechanical testing (ElectroForce 3230, TA instruments,
USA). Compression tests were performed using a 45 N load cell (ElectroForce) and the compression
rate was set at 1% strain/s with a limit to 30%. A camera (DMC-G3, Panasonic) with macro lens
(Panagor 90mm 2.8, Komine) was used for video acquisition during the compression test to observe
the deformation. The Young’s Modulus was calculated from the linear part of the stress strain curves.
The vyield strain and strength were determined from the yield point that was set at the intersection
between the stress-strain curve and the linear line drawn from the Young’s modulus with a 0.2% offset.
The toughness of the scaffold was calculated as the area under the stress/strain curve up until the yield
point. The maximum strain for the fatigue test was set at 2.5% based on the data obtained from the
compression test. During that test 100 cycles were performed with a frequency of 1Hz. A single cycle of
the hysteresis curve was plotted and the amount of energy lost per cycle was calculated as the difference
in area under the curve between the loading and unloading part of the hysteresis. This was normalized
against the total amount of energy to correct for differences between the scaffold designs.
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2.4 Finite element modeling
A custom written script in Rhino grasshopper was used to convert the G-code of the hypotrochoidal
design from the printer into a 3D CAD model. The CAD files of the tested designs were imported in finite
element modeling software (COMSOL Multiphysics, COMSOL B.V. Version 6.0). The model was fixed
at the bottom part and a concave fixture was made in the software to match the curvature of the scaffold.
A strain of 10% was simulated in steps of 2% and the Von Mises stress along with the displacement
were plotted.

2.5 Cell culture

ATDCS5 (RIKEN cell bank), a teratocarcinoma derived chondrogenic cell line, was used to test the effect
of the hypotrochoidal design on cells. Cells were trypsinized before reaching 80% confluence and
75.000 cells were seeded per scaffold. After 4 hours of attachment, the scaffolds were transferred into
Dulbecco's Modified Eagle Medium: nutrient mixture F-12 (DMEM-F12) (Sigma-Aldrich) expansion
media supplemented with 5% fetal bovine serum (FBS) (Sigma-Aldrich) and 1% Penicillin Streptomycin
(Thermo Fisher Scientific). After 1 day, the media was switched to differentiation media, which consisted
of DMEM-F12 supplemented with 5% FBS, 1% Insuline, Transferin, sodium and Selenite (ITS) (Thermo
Fisher Scientific), and 1% Penicillin Streptomycin. After 7 days, some of the scaffolds were transferred
to a custom made bioreactor for dynamic stimulation. The stimulation was performed for 2 hours per
day at 1Hz and 2.5% strain. The scaffolds were kept for a total of 28 days with media changes every
other day.

2.6 Microscopy and cell analysis

Scaffolds were harvested after 28 days and used to analyze DNA, glycosaminoglycans (GAG) and
collagen content or fixated for histological evaluation. A plate reader (CLARIOstar, BMG labtech) was
used to quantify the biochemical assays. Scaffolds that were used for quantification were freeze/thawed
3 times before being submerged in 1 mg/ml proteinase K Tris’/EDTA buffer solution. Samples were
freeze/thawed again for three times after an overnight incubation at 56 °C in proteinase K solution. A
part of the lysate solution was used to analyze DNA content through a DNA analysis kit (CyQUANT™
Cell Proliferation Assay Kit, Thermo Fischer Scientific) according to the manufacturer’s protocol. The
samples were excited at 480 nm and emission was measured at 520 nm. The amount of DNA present
in the sample was calculated from a known bacteriophage A DNA standard. Another part of the solution
was used to perform a GAG assay with 1,9-dimethylmethylene blue (DMMB) (Sigma-Aldrich) dye. The
absorbance was measured both at 525 nm and 595 nm. The amount of GAGs in the sample was
calculated by the difference in absorbance from both wavelengths and compared to a known chondroitin
sulfate standard. The final part portion of the lysate was used to quantify the collagen content according
to a hydroxyproline assay (Sigma-Aldrich). The absorbance was measured at 570 nm and the collagen
content in the sample was determined from a hydroxyproline standard.

The scaffolds used for microscopy were fixed with 4% Paraformaldehyde (PFA) (VWR) for 1 hour and
subsequently placed in PBS until further processing. Cells were stained with 1/250 dilution (0.23 pg/ml)
DAPI (Sigma-Aldrich), 1/200 (0.5 uM) Phalloidin (Thermo Fisher Scientific), 1/400 dilution Collagen type
Il (Anti-Collagen type I, ab34712, Abcam) and 1/200 dilution Collagen type X (Anti-Collagen type X,
ab49945, Abcam). The scaffolds were stained with an Alcian blue staining (Sigma-Aldrich) with a
Nuclear red counterstaining (Sigma-Aldrich) to check the presence of GAGs. Fluorescent images were
taken (Nikon Eclipse Ti-e) and the bright field images were acquired with the stereomicroscope (SMZ25,
Nikon instruments).

2.7 Statistics
Statistical analyses were performed with GraphPad Prism 8.1.2. Significant differences were tested
using an ANOVA test with a Dunnett multiple comparisons test and a student’s t-test to compare among
two groups. The tests were considered significant when p<0.05.

3. Results
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3.1 Scaffold fabrication and morphology
The nomenclature and fabrication parameters are shown in figure 1. Briefly, the full hypotrochoid was
sectioned by boundaries to mimic the collagen type Il alignment. The scaffolds were fabricated through
FDM after digital sectioning. The final scaffolds were divided in three distinct zones based on literature,
deep (25%), middle (55%) and superficial zone (20%) (supplementary information, Figure S1) [26]. For
the hypotrochoidal designs, parameters R, d and the boundaries were kept the same while r varied
between 0.17 and 0.68. As control a 0-90 design was compared to the hypotrochoidal designs.
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Figure 1. Nomenclature of the hypotrochoidal scaffold (A). Section of the hypotrochoidal scaffold (B). Different zones
of the hypotrochoidal scaffold representing the different zones in articular cartilage, the fiber diameter in the scaffold
is in the micron range while the bundles of collagen fibers is in the sub-micron range (C). Rendered images of the
three tested designs with different r values (D).

As seen from both stereomicroscopy and micro-CT images the hypotrochoidal designs were
successfully fabricated (Figure 2). The hypotrochoidal scaffolds had a curved top surface due to the way
a hypotrochoid was generated. The meandering layers between the hypotrochoidal layers served as a
support during the fabrication process. Signs of fiber collapse were noted in the designs that were more
porous, due to the lack of support for the fabricated fiber that had to span in air multiple millimeters
(Figure S2). The pores in all of the tested designs were interconnected. In the hypotrochoidal design, a
gradient in pore size was observed with the smallest pores in the superficial zone and the largest pores
in the deep zone. The volumetric analyses revealed that the scaffold volume of the hypotrochoidal
design increased from 40.0 £ 0.4 mm?3 to 65.0 * 2.4 mm?3 with a lower r value (r=0.68 and r=0.17
respectively) (table 1). A similar observation was made with the available surface area, increasing from
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636.8 £ 14.5 mm2to 919.3 £ 79.7 mm?Z in the r=0.68 and r=0.17 samples respectively while the surface
area to volume ratio remained similar between the hypotrochoidal conditions. The 0-90 structure was
similar in volume to the r=0.68 scaffold (42.4 + 1.2 mm? and 40.0 + 0.4 mm? respectively) while having
a higher surface area (722.0 + 40.3 mm? and 636.8 + 14.5 mm? respectively). The 0-90 structure,
however, showed a higher surface area to volume ratio compared to the hypotrochoidal designs. The
curvature of the different designs was shown in table 1 with minimal differences in radius between the
scaffolds. The curvature for the 0-90 structure was set equal to the r=0.17 design.

Table 1. Volumetric micro-CT data of the different tested designs. Each condition contained n=3 samples. Values
represent average + standard deviation.

Sample Scaffold Volume Surface area Surface area/ Superficial zone
(mm?3) (mm?) Volume (1/mm) radius (mm)
r=0.68 40.0+0.4 636.8 £ 14.5 159+0.5 13.32
r=0.34 61.9+3.1 804.7 £ 114.8 16.3+1.3 13.66
r=0.17 65.0+2.4 919.3+79.7 142+1.3 13.83
0-90 424 +1.2 722.0+40.3 17.0+ 0.5 13.83
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Figure 2. Overview of the tested designs. (A) Stereomicroscopy images of the frontal view of the tested designs.

(B) The micro-CT images of the scaffolds, the frontal view in the left panels and the perspective view in the right
panels. Scale bar represents 500 pm.

3.2 Mechanical testing and Finite element modeling
The mechanical properties of the hypotrochoidal designs were tested via compression and fatigue tests.
CAD models of the scaffolds were also imported in finite element software and a compression test was
simulated. The compression tests revealed that the Young’s modulus in the 0-90 structure was
significantly higher compared to the r=0.17 hypotrochoidal designs (21.0 + 1.8 MPa and 14.1 + 1.8 MPa,
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respectively) (Figure 3A). In addition, the increase in r caused a decrease in Young’s modulus from 14.1
+ 1.8 MPato 1.4 = 0.1 MPa for r=0.17 and r=0.68 samples respectively. The differences in yield strain
between hypotrochoidal designs was small ranging from 7.9 + 0.0% and 11.0 £ 2.6% strain in the r=0.34
and r=0.68 respectively (figure 3B). The yield strain in the 0-90 design was significantly lower at 4.2 +
0.4% compared to the hypotrochoidal designs. The yield strength in the hypotrochoidal designs
decreased significantly with the increase in r from 36.9 £ 2.2 N to 5.9 + 2.6 N (Figure 3C). The 0-90
design had a yield strength that was significantly different, between the r=0.17 and r=0.34 design (21.8
+3.6N,36.9+2.2Nand 10.9 + 0.6 N respectively). The toughness in the r=0.17 was significantly higher
at 0.035 + 0.001 N-mm?2 compared to the other tested design at 0.008 + 0.002 N-mm?, 0.011 + 0.001
N-mm? and 0.006 + 0.004 N-mm? for the 0-90, r=0.34 and r=0.68 design respectively (Figure 3D). The
stress strain curves showed that the stress in 0-90 structure after the yield point decreased, while in all
of the hypotrochoidal designs kept increasing (Figure 3E). Time lapsed snapshots showed that near the
yield point 0-90 structure buckled in the middle of the scaffold and the square pore shape became
rhomboidal (Figure 3F, supplemental video S1). However, the hypotrochoidal designs did not show this
behavior. Instead, the top pores collapsed while the bottom pores remained intact, even far beyond the
yield point (Figure S3). This was also confirmed during the compression test and micro-CT analyses
where the 0-90 structure buckled in the top half of the scaffold, while the hypotrochoidal designs
collapsed inward (Figure 4). Even at 25% strain the bottom part of the hypotrochoidal scaffolds showed
interconnected pores (Figure S4).
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Figure 3. Compression test of the investigated designs: (A) Young’s modulus, (B) yield strain, (C) yield strength,
(D) toughness, (E) representative stress strain curve, and (F) time-lapsed snapshots during the compression test.
Each condition contained n=5 samples and values represent average + standard deviation. Statistical significance:
* p<0.05, ** p<0.01, *** p<0.005, **** p<0.0001.
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Persepctive Combined front 25% 20% 15% No strain
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Figure 4. Micro-CT in combination with a compression test on the different tested designs. Images were taken at
15%, 20% and 25% strain. Panels from the bottom three rows are superimposed. Scale bar represents 500 pm.

A finite element model simulated up to 10% strain on the scaffolds with increments of 2% was performed.
The model revealed that the vertical fibers in the 0-90 design endured the highest von Mises stress
while the horizontal fibers were unaffected (Figure 5A). The displacement in the scaffold was evenly
distributed from the bottom to the top of the scaffold. The stress distribution in the hypotrochoidal designs
was improved compared to the 0-90 design, where the arches distribute the stress throughout the
scaffolds and even in the meandering layer there was an increase in von Mises stresses. The highest
stress was found in the superficial part of the scaffold (Figure 5B, C and D).
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Figure 5. Finite element model of a compression test of the different designs, (A) the 0-90, (B) r=0.17, (C) r=0.34
and (D) r=0.68 design. The bottom fixture was fixed while a displacement of 0.6 mm was simulated on the curved
top fixture (10% strain). The left hand panel show the von Mises stress and the right hand panel show the
displacement.
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Based on the results from the compression test, a fatigue test of 100 cycles at 1 Hz with a fixed 2.5%
strain was performed. The data from the fatigue test showed that the hysteresis loop was the steepest
in the 0-90 designh compared to the hypotrochoidal designs (Figure 6A). The percentage energy lost per
cycle, however, was significantly higher in the r=0.34 and the r=0.68 design compared to r=0.17 and O-
90 design (4.7 £ 0.5%, 6.0 + 0.5% and 3.8 + 0.5% respectively) (Figure 6B). The peak force in all of the
samples decreased by a small amount in the initial cycles and stabilized after that initial decrease (Figure
6C). The average peak force in the 0-90 structure was the highest stabilizing around 12N while in the
r=0.68 it was the lowest at around 2N.
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Figure 6. Fatigue test data with a frequency of 1 Hz until a strain of 2.5%. (A) Hysteresis loop of a single cycle
during the fatigue test. (B) Average energy lost per cycle during the fatigue test. (C) Average peak force of each
cycle. Each condition contained n=5 samples and values represent average * standard deviation. Statistical
significance: * p<0.05, ** p<0.01, *** p<0.005, **** p<0.0001.

3.3 Dynamic cell culture
Cell culture experiments were performed on the r=0.17 design and the 0-90 woodpile structure to assess
the cellular behavior on the hypotrochoidal design. The r=0.17 design was chosen since the pore size
of the r=0.34 and the r=0.68 design were too large and would likely not be closed by sufficient
regenerated tissue after the culture period. The fraction of the pore volume in both the 0-90 woodpile
structure and the r=0.17 design was similar for each zone (Figure 7A). The scaffolds were seeded with
ATDCS cells and some of the scaffolds were transferred to a bioreactor after 7 days. A dynamic culture
was performed by applying a mechanical stimulation for 2 hours every day at 1Hz and 2.5% strain until
28 days. The DNA in the samples was normalized against the pore volume. A division was made based
on the fraction of the pore volume found in each zone with the assumption that the cells were equally
distributed throughout the scaffold. The dynamic stimulation increased the DNA per pore volume in the
r=0.17 samples from 2.9 + 0.6 ug/mm?3to 3.7 + 0.2 pg/mm? respectively while there was a slight decrease
observed in the 0-90 woodpile design from 3.9 + 0.9 pg/mms3 to 3.7 £ 0.5 pg/mm? (Figure 7B). Between
the tested designs it was noted that the DNA per pore volume was approximately similar. The GAG/DNA
per pore volume remained similar in all of the tested conditions (Figure 7C). Dynamic stimulation did
increase the collagen/DNA per pore volume in the 0-90 woodpile design (4.7 £ 0.5 ng/pug/mm?3 and 5.8
+ 0.4 ng/pg/mm3 respectively), while in the r=0.17 design it remained similar. Comparable values were
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observed if the values were corrected by the available surface area instead of the pore volume (Figure
S5).
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Figure 7. DNA, GAG and collagen analyses of the tested scaffolds after 28 days of culture. (A) Volumetric analyses
of the pore volume as a fraction of the total volume. (B) DNA content normalized against the pore volume. (C) GAG
per DNA content normalized against the pore volume. (D) Collagen per DNA content normalized against the pore
volume. Each condition contained n=3 samples and values represent average + standard deviation.

Alcian blue staining revealed that there was GAG deposition through the entire scaffold in all of the
conditions (Figure 8). More pores in the 0-90 woodpile static condition seemed to be open compared to
the dynamically stimulated samples. The intensity of the staining however was stronger in the static
samples. The majority of the pores in r=0.17 hypotrochoidal design were open in both the static and
dynamic samples, except for the smaller pores that were mainly located in the superficial zone of the
scaffold. The r=0.17 dynamically stimulated samples showed darker areas with more GAG deposition
that correlated with areas that should have received less stress during the culture located in the deep
zone of the scaffold.
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Figure 8. Alcian blue staining of the tested scaffold after 28 days of culture. The left panels show a stained scaffold
and in the right panels a close up of selected areas. A finite element model with the von Mises stress as a reference
in the dynamic samples. (A) 0-90 woodpile design after static culture. (B) 0-90 woodpile design after dynamic
culture. (C) r=0.17 hypotrochoidal design after static culture. (D) r=0.17 hypotrochoidal design after dynamic culture.
Scale bar in the left panels represents 1 mm; in the close up panels 200 pm.

Fluorescent images from the dynamic culture revealed collagen type X expression in the 0-90 woodpile
design. Combining the data from the finite element model revealed that in the areas where there was
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more von Mises stress the amount of collagen type X expression was higher. There was almost no
collagen type Il expression in the 0-90 woodpile design. In the hypotrochoidal design, higher collagen
type Il expression was observed in the areas where the von Mises stress was increased. In the static
conditions there was no collagen type Il expression observed (Figure S6). The expression of collagen
type X was comparable throughout the scaffold.
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Figure 9. Cells after 28 days in dynamic culture. On top of the panel an overview image of the scaffold with the finite
element model as reference. The left panel set with orange boundaries an area with a high amount of von Mises
stress and the right panel set with blue boundaries an area with a low amount of von Mises stress. (A) 0-90 woodpile
design. (B) r=0.17 hypotrochoidal design. Scale bars represent 500 um in the overview panel and 200 pum in the
close up.
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4. Discussion

In this study, a scaffold was created from a hypotrochoidal deposition pattern. The morphology of the
hypotrochoidal scaffold resembled that of the collagen fiber architecture in articular cartilage [8]. In
addition, micro-CT analyses revealed that the hypotrochoidal scaffold had a fully interconnected pore
network, which is necessary to have a proper access to nutrients [27]. The mechanical tests showed
that the hypotrochoidal design had a lower Young’s modulus while having a significantly higher yield
strain and higher toughness. In addition, the finite element model demonstrated that the stress
distribution was improved with the hypotrochoidal design compared to the 0-90 woodpile structure.
Further mechanical analysis from the fatigue test revealed that the hypotrochoidal design dissipated
more energy per compression cycle. Finally, the dynamic culture demonstrated that the hypotrochoidal
design had improved collagen type Il deposition. Hence, the hypotrochoidal design could potentially be
used for cartilage tissue regeneration.

The micro-CT analysis revealed that there was a pore gradient in the hypotrochoidal design,
where the smallest pores resided in the top part of the scaffold and the largest pores in the bottom. This
gradient can be beneficial since the structure of articular cartilage is heterogeneous, resulting in different
regions of cartilage having a different range in mechanical properties [10]. Due to how a hypotrochoid
is generated, the superficial zone of the scaffold always has a curved surface. The surface of healthy
articular cartilage, however, is not perfectly round and is almost flat [28]. A solution to this could be to
have R at least a factor 1000 bigger compared to r. This would approximate a flat surface while still
creating a hypotrochoidal design. The chondrocytes in the superficial zone are responsible for the
synthesis of superficial zone protein that acts as a lubricant [29]. As the hypotrochoidal curve is a closed
curve, the hypotrochoidal design always lead to a non-porous surface. Therefore adding a single layer
of a woodpile structure could be a strategy to introduce some porosity in the surface, which may facilitate
the migration of cells to the surface of the scaffold to secrete superficial zone protein.

It was noted that the surface area to volume ratio in the hypotrochoidal design was lower
compared to the 0-90 woodpile structure. An explanation for this could be that the fibers in the 0-90
design have the least amount of overlap in fibers due to a fiber angle of 90°, while the fiber angle in the
hypotrochoidal design vary with every fiber. Having a lower surface area to volume ratio could interfere
with transportation of nutrients and vasculature [30]. However, for cartilage this could be less important
since it is avascular and relies on nutrients through diffusion [31].

The mechanical properties for a tissue such as cartilage are important [32]. The Young’s
modulus of articular cartilage ranges from 10.6 — 18.6 MPa in the ankle joint to 5,5 — 11.8 MPa in the
knee [33]. Specifically the r=0.17 design resulted within this range with an average of 14.1 MPa while
the 0-90 woodpile design was slightly above the maximum range with 21 MPa. Even though the 0-90
woodpile structure is stiffer, it can absorb less energy before permanently deforming as was shown by
the compression test. The contribution of the arches in the hypotrochoidal design could be the reason
why the 0-90 woodpile design is less tough and stiffer. The arch architecture of the hypotrochoidal
design can distribute the force through the scaffolds, as was shown in the finite element models. Similar
findings from Chen et al. showed that a pillar design caused a higher stress more focused on the pillars
compared to an octet design with more curved features [34]. The arch architecture in the hypotrochoidal
design also showed that the collapse behavior was different. While the vertical fibers in the 0-90
woodpile structure buckled, the hypotrochoidal scaffold collapsed gradually, with the superficial zone
collapsing before the deeper zone. Similar to articular cartilage, after impact the superficial zone is the
first zone to receive permanent damage [35]. Besides compressive forces, articular cartilage is also
subjected to shear forces [36]. The hypotrochoidal design could prove beneficial as it is known that
arches can distribute the shear forces through the entire structure [37]. Another observation that was
made is that the energy lost per cycle in the fatigue test was higher in the r=0.34 and r=0.68
hypotrochoidal design compared to the 0-90 woodpile structure, indicating that having less arches in the
scaffold resulted in a higher energy loss. It is reported that articular cartilage behaves as an elastic
material during hysteresis, with a relative energy loss of 28% [38]. The same study also found that a
higher energy loss is also linked to cartilage damage. All the tested designs were below 10% energy
loss which is well below the relative energy loss in articular cartilage. This value can change however,
depending on the magnitude of the strain applied [39, 40].

GAG content is important for cartilage as it retains the water in the cartilage that can act as a
lubricant [41, 42]. Our results showed that the GAG content per DNA remained similar in all of the
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conditions. It is important to note that the GAG content from the biochemical assay is performed on the
entire scaffold, averaging the results from all the zones. The division of the zones was based on the
micro-CT analyses with the assumption that the cells were distributed equally through the scaffolds.
However, it could be that local areas that experienced more stress can contain higher amounts of GAG.
This was demonstrated by histological analysis where certain areas were darker for Alcian Blue staining,
thus possibly containing more GAGs. Specifically in the deeper zone of the hypotrochoidal scaffold, the
intensity of the Alcian blue staining was higher. This correlates with a native hyaline cartilage tissue
where GAG content is higher in the deeper zone compared to the middle and superficial zone [10, 43],
Possibly due to GAG content being linked to improved mechanical properties and its deposition
increased during mechanical loading [44]. Similar observations could be made for collagen content
guantification, as also the collagen content is different for each zone with the highest amount of collagen
found in the superficial surface [5]. The total collagen content was increased with the dynamic
stimulation in the 0-90 woodpile structure. While the dynamic stimulation had no effect on the
hypotrochoidal design. Examining immunostaining, however, revealed that the collagen that was
deposited in the 0-90 woodpile design was collagen type X, which is a known hypertrophic marker [45].
ATDCS cells are known to be hypertrophic and deposit collagen type X [46]. A study by Shukunami et
al. shows that collagen type X deposition starts after 21 days in 2D [47]. In this study, the collagen type
X deposition was primarily deposited in the areas where the von Mises stress was the highest according
to the finite element model. The fibers within the samples that were unstimulated had a lower collagen
type X deposition. Interestingly, collagen type Il expression was increased in the hypotrochoidal design,
specifically in the areas where the von Mises stress were high. The von Mises stress in the
hypotrochoidal design were not as high as in the 0-90 structure indicating that collagen type Il deposition
can be enhanced by modulating the von Mises stress. Another method to increase collagen type |
deposition for this study is to extend the dynamic stimulation until 4 weeks, as was shown with primary
chondrocytes [48]. Culturing the scaffolds under a lower oxygen concentration in combination with the
dynamic stimulation could be an additional step that might be considered in future studies, since a lower
oxygen concentration is known to improve collagen type Il expression [49, 50].

Generally, bundles of collagen fibers have a diameter ranging from 0.7 to 5 um [51, 52]. The
diameter of the fibers produced in this study are two orders of magnitude bigger. Therefore, mimicking
the collagen fiber arrangement could prove challenging with a technique such as FDM. However, the
hypotrochoidal design could serve as a blueprint for collagen fiber deposition as collagen is synthesized
intra-cellular and assembled extracellular into fibrils by chondrocytes [53]. The cells that attach to the
fibers of the scaffold could start secreting pro-collagen and assemble it into collagen fibrils following the
hypotrochoidal pattern. Other techniques such as single cell acoustic patterning already allow cells to
be arranged in a way that mimics the deep zone of cartilage [54]. The combination of cell patterning and
having a template for the cells to follow could be worth exploring. The manufacturing of hypotrochoidal
design scaffolds is not limited to FDM systems. Since the equations to generate X and Y coordinates
are known, any system that uses an XY gantry could fabricate hypotrochoidal designs. Some alternative
methods to produce these scaffolds might be with bioprinting or melt electrowriting systems
(supplemental Figure 7). Specifically with melt electrowriting smaller fiber diameter can be obtained
reaching the diameter of the collagen fiber bundles [55]. The hypotrochoidal design could potentially be
used for other tissues where a gradient occurs such as long bones [56], due to the empty inner circle in
the hypotrochoid that resembles the medullary cavity and the dense outer structure resembling the
compact bone [57] (supplemental Figure 7).

5. Conclusion

Here, we showcased a hypotrochoidal design for cartilage tissue engineering. Such scaffolds mimic the
morphological architecture of collagen fibers in articular cartilage, despite being still an order of
magnitude larger than native collagen. It was shown that the hypotrochoidal design had an improved
toughness compared to a 0-90 woodpile design. In addition, the stress distribution in the hypotrochoidal
was improved due to the arched architecture that was introduced. The dynamic culture showed that the
collagen deposition was improved and the hypotrochoidal design showed synthesis of collagen type Il
deposition in the specific areas of the scaffolds with a higher amount of stress.
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Figure S1. Division of the different scaffold designs into the three zones. The deep zone in blue, middle zone in
yellow and superficial zone in red. Scale bar represents 200 pum.
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‘Figure S2. Fiber collapse in the r=0.68 hypotrochoidal design. Top panel displays tH‘e frontal view, the bottom left
panel top view and the bottom right panel the cross sectional view. The red arrow indicates the collapse of the
fiber. The scale bar represents 2 mm.
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Figure S3. Time-lapsed snapshots during the compression test of the different tested designs.
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Figure S4. Micro-CT images after a compression test at 25% strain. Left panels reveal the cross-sections from
different planes and the right panels reveal the 3D assembly of each plane. (A) r=0.17 design, (B) r=0.34 design
and (C) the r=0.68 design.
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Figure S5. DNA,GAG and collagen analyses of the tested scaffolds after 28 days of culture. (A) Micro-CT analyses
of the surface area in fraction of the surface area. (B) DNA content normalized against the surface area. (C) GAG
per DNA content normalized against the surface area. (D) Collagen per DNA content normalized against the pore
surface area. Each condition contained n=3 samples and values represent average + standard deviation. * p<0.005.
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Figure S6. Cells after 28 days in static culture. On top of the panel an overview image of the scaffold. The bottom
panel sets represent different areas in the scaffold. (A) 0-90 woodpile design. (B) r=0.17 hypotrochoidal design.
Scale bars represent 500 um in the overview panel and 200 um in the close up.
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4 Melt electrowriting Bioprinting Fused deposition modeling )

i/

Figure S7. Hypotrochoidal designs fabricated with various techniques and printers. From left to right, Melt
electrowritting, Bioprinting and Fused deposition modeling. With PCL Mn 45,000 as material for the melt
electrowritten and fused deposition modeling scaffolds and Xanthan gum (7% wi/v) as material for the bioprinted
scaffolds. Scale bar represents 1000 pm.
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