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Abstract

Engineering the meniscus is challenging due to its bizonal structure; the tissue is cartilaginous at the
inner portion and fibrous at the outer portion. Here, we constructed an artificial meniscus mimicking
the biochemical organization of the native tissue by 3D printing a meniscus shaped PCL scaffold and
then impregnating it with agarose (Ag) and gelatin methacrylate (GelMA) hydrogels in the inner and
outer regions, respectively. After incubating the constructs loaded with porcine fibrochondrocytes for
8 weeks, we demonstrated that presence of Ag enhanced glycosaminoglycan (GAG) production by
about4 fold (p < 0.001), while GelMA enhanced collagen production by about 50 fold (p < 0.001).
In order to mimic the physiological loading environment, meniscus shaped PCL/hydrogel constructs
were dynamically stimulated at strain levels gradually increasing from the outer region (2% of initial
thickness) towards the inner region (10%). Incorporation of hydrogels protected the cells from the
mechanical damage caused by dynamic stress. Dynamic stimulation resulted in increased ratio of

collagen type IT (COL 2) in the Ag-impregnated inner region (from 50% to 60% of total collagen), and
increased ratio of collagen type I (COL 1) in the GelMA-impregnated outer region (from 60% to 70%).
We were able to engineer a meniscus, which is cartilage-like at the inner portion and fibrocartilage-like

at the outer portion. Our construct has a potential for use as a substitute for total meniscus

replacement.

1. Introduction

Meniscus is a wedge shaped, semilunar fibrocartilagi-
nous tissue that plays roles in load bearing and
transmission, and joint lubrication and stability. The
tissue is vascular and fibrous (type I collagen (COL 1)
constitutes 70%-80% of the collagen) in the outer
region, and avascular and cartilaginous (type II
collagen (COL 2) constitutes 50%—60% of the col-
lagen) in the inner region [1, 2]. Glycosaminoglycans
(GAGs) are also more abundant in the inner region of
the meniscus (2%—4% of dry weight) than the outer

region (1%) [2, 3]. During daily activities the knee joint
is subject to a load 2.7-4.9 times the body weight [4],
and 45%-75% of this load is transmitted to the
meniscus [5]. The meniscus is subject to axial com-
pressive and radial tensile stresses at 12% and 1%
strain levels, respectively, and the magnitude of strain
increases from the outer region towards the inner
region [6].

A functional, engineered meniscus should mimic
the biochemical organization of the native tissue and
have sufficient mechanical properties to withstand the
stress exerted on the knee joint [7]. There have been

© 2019 IOP Publishing Ltd


https://doi.org/10.1088/1758-5090/aaf707
https://orcid.org/0000-0002-6228-4745
https://orcid.org/0000-0002-6228-4745
https://orcid.org/0000-0002-4497-019
https://orcid.org/0000-0002-4497-019
https://orcid.org/0000-0002-7395-2315
https://orcid.org/0000-0002-7395-2315
https://orcid.org/0000-0002-3698-8861
https://orcid.org/0000-0002-3698-8861
mailto:vhasirci@metu.edu.tr
https://doi.org/10.1088/1758-5090/aaf707
https://crossmark.crossref.org/dialog/?doi=10.1088/1758-5090/aaf707&domain=pdf&date_stamp=2019-01-16
https://crossmark.crossref.org/dialog/?doi=10.1088/1758-5090/aaf707&domain=pdf&date_stamp=2019-01-16

10P Publishing

Biofabrication 11 (2019) 025002

many attempts to engineer constructs for total repla-
cement of the meniscus. Lyophilized foam-based con-
structs have poor mechanical properties and are
suitable for use in partial replacement of the meniscus
[8—10]. Electrospun mats are too thin to be considered
for total meniscal replacement although some have
good mechanical properties and others can mimic the
biochemical composition of the meniscus [11, 12].

3D printed constructs can be produced in the
desired shape and architecture, and with appropriate
mechanical properties. Poly(e-caprolactone) (PCL) is
the material of choice in melt-based extrusion printing
systems because of its biocompatibility, relatively low
melting temperature (60 °C), and good rheological
and viscoelastic properties [13—15]. One major draw-
back of PCL is that it lacks biofunctional groups neces-
sary for cells to adhere. Hence, most of the PCL-based
meniscal constructs fail to mimic the biochemical
composition of the native meniscus [16—19]. Lee and
colleagues have succeeded to engineer a construct with
a cartilaginous inner portion and a fibrous outer por-
tion by tethering microspheres loaded with trans-
forming growth factor (TGF)- 33 and connective tissue
growth factor (CTGF) on the respective regions of the
PCL scaffolds [20]. However, these and other 3D prin-
ted PCL-based constructs result in degeneration of the
underlying cartilage after being implanted, mainly
because of friction between the material and the tis-
sue[19,20].

A meniscal construct with zonal variation can also
be produced using hydrogels capable of inducing
chondrogenic and fibrogenic activity in the inner and
outer regions of the 3D printed PCL, respectively.
Recently, our group and others have shown that agar-
ose (Ag) is chondrogenic, while gelatin methacrylate
(GelMA) is fibrogenic [2, 16]. In addition, reports
show that gelatin induces angiogenesis [21, 22], while
Ag does not support it because of the limited cell
spreading on this gel [23]. The soft, hydrated hydrogels
would also serve as a cushion and protect the articular
cartilage from damage resulting from the mechanical
load exerted on the knee [24].

The aim of this study was to engineer a meniscal
construct that would have appropriate mechanical
properties and a biochemical composition closely
resembling that of meniscus. We printed a meniscus
shaped PCL scaffold, and impregnated its inner region
with Ag to induce chondrogenic phenotype and its
outer region with GelMA to induce fibrogenic pheno-
type. In order to test the response of the constructs to
physiologically relevant mechanical loads, a special
loading platen that would create a biaxial stress at 2%
compressive axial strain and 1% radial tensile strain in
the outer region of the constructs and 10% compres-
sive axial strain and 5% radial tensile strain in the inner
region was used. Thus, the testing system would
mimic physiological loading and provide valuable
information about the potential performance of the
constructs in animal and clinical settings. This study is
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unique in that it is the first to show that two different
hydrogels can be used on 3D printed PCL scaffolds to
create a biochemical composition closely resembling
that of the meniscus.

2. Materials and methods

2.1. Tissue and cell harvest

Menisci were harvested from postmortem Yorkshire
pigs (female, 2 months old) according to Lifespan
Institutional Animal Care and Use Committee
(IACUC) Policy for the Responsible Conduct of
Animal Research and Use of Central Research Facil-
ities (USA) with no review requirement.

In order to isolate fibrochondrocytes, menisci
were minced, and incubated in type II collagenase
(0.15%, w/v) at 37 °C overnight and then in growth
media (DMEM-F12 (1:1) containing 10% FBS,
100 Uml™" penicillin/streptomycin, 1% ITS +
Premix, and 1 ug ml ! amphotericin B (all Thermo
Fisher Scientific, USA)) to allow migration of cells
to tissue culture flasks [2]. Cells were expanded,
treated with trypsin at confluence, frozen and stored
at —80°C until use. Porcine fibrochondrocytes
were used to evaluate the scaffolds in vitro, as the
preliminary step for the in vivo studies in a pig model
thatare being planned as a follow up of this study.

2.2.Preparation of the constructs

2.2.1. Preparation of PCL scaffolds
Poly(e-caprolactone) (PCL) (Mw: 70-90 kDa, Sigma,
USA) was 3D printed using Bioscaffolder system
(SYS + ENG, Germany), and PrimCAM software
(Switzerland) was used to create the interior design of
the scaffolds (strand distance: 1 mm, strand orienta-
tion: 0/90°). Models were designed using the
SketchUp software (Google inc., USA) in the shapes of
a square prism (4mm X 4mm X 3 mm) for com-
pressive testing, a rectangular prism (20 mm x
5mm x 3mm) for tensile testing, and meniscus
(outer diameter: 30 mm, height at periphery: 5 mm,
inner diameter: 10 mm). The models were converted
to stereolithography (STL) file formats and printed.

2.2.2. Preparation of GelMA

GelMA was produced as described previously [2, 25].
Briefly, gelatin (from bovine skin, 225 Bloom, Sigma-
Aldrich, USA) solution (10% w/v, in PBS, pH 7.2) and
methacrylic anhydride (MA) (Sigma-Aldrich) were
mixed in a proportion of 7:1 (Gelatin:MA, v/v) and
incubated at 50 °C for 1.5h, dialyzed against phos-
phate buffer (pH 7.2) for 3 days to remove unreacted
MA, and freeze-dried at —80 °C. The resulting powder
was sterilized with ethylene oxide and stored at
—20 °Cuntil use.
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Figure 1. Diagram showing the design of the study. (A) Time plan showing the culture conditions. Full arrowheads show the time for
hydrogel incorporation, and empty arrowheads show the time when dynamic stimulation was started. (B) Preparation of square prism
constructs. Constructs were subjected to dynamic compression using a polysulfone-based compression platen that fits in a 24-well
plate. (C) Preparation of the meniscus shaped constructs. Constructs were impregnated with agarose (Ag) in the inner region and with
GelMA in the outer region. (D) Design of the meniscus shaped constructs and the loading platen used for dynamic stimulation.
(E) Meniscus shaped constructs were subjected to biaxial dynamic loading. The magnitude of the strain increased gradually from the
outer region towards the inner region.

2.2.3. Cell seeding and culture

Square prism PCL scaffolds were seeded with fibro-
chondrocytes (passage 2) at a density of 1.3 x 10°
cells/scaffold and incubated for 2 weeks in growth
media to allow for cell proliferation and ECM deposi-
tion (figure 1(A)). Scaffolds were then impregnated
with cell-loaded agarose (Ag, low gelling temperature,
Sigma-Aldrich) and GelMA (cell densities: 7 x
10° cells ml~") at Week 2 to prepare the PCL-Ag and
PCL-GelMA constructs, respectively (figure 1(B)). For
PCL-Ag, fibrochondrocytes were reconstituted in
30 pl heat-sterilized Ag solution (2%, w/v in DMEM:
F12 at43 °C), and constructs were left to cool for Ag to
solidify. For PCL-GelMA, fibrochondrocytes were
reconstituted in 30 ul GelMA solution (6.4%, w/v in
growth medium containing 1% (w/v) of the photo-
initiator (Irgacure 2959, Sigma-Aldrich)), and the
constructs were exposed to UV radiation (A: 365 nm)
at 0.13mW cm 2 for 5min in order for GelMA to
crosslink. Hydrogel-free PCL and cell-free constructs
were used as controls.

Constructs were incubated for additional six
weeks in fibrochondrogenic media (growth medium
containing 40 mM L-proline, 1 mM non-essential
amino acids NEAA, and 50 ug ml ! L-ascorbic acid
2-phosphate), with addition of TGF-31 (10 ngml ™)
and dexamethasone (100nM) at every medium

change between Weeks 2 and 6. A dynamic (cyclic)
compression at 10% strain (superimposed on a 5%
static strain) was applied between Weeks 4 and 8, at
1Hz, for 1hd ! and 5 days/week. Constructs were
dynamically stimulated in a custom-made bioreactor
[26] with a polysulfone-based platen that fit in a
24-well culture plate (figure 1(B)).

The meniscus shaped constructs were prepared
similarly. PCL scaffolds were seeded with fibrochon-
drocytes (density: 2 x 10° cells/scaffold), incubated for
2 weeks, impregnated with cell-loaded Ag (200 pl,
7 x 10° cells ml ") in the inner region and cooled to set
Ag (figure 1(C)). The constructs were then impregnated
with cell-loaded GelMA (1 ml, 7 x 10°cellsml™") in
the outer region (PCL-Ag-GelMA) and exposed to UV
to crosslink GelMA. A specially designed loading platen
that fit on the constructs and achieved biaxial mechan-
ical stimulation was used (figure 1(D)).

Atphysiological conditions, the outer region of the
native meniscus is subject to a 1%—5% axial (compres-
sive) strain and a 0%—1% radial (tensile) strain [6]. The
inner region undergoes a 10%—15% axial strain and a
4%-5% radial strain. Hence, we targeted a dynamic
biaxial strain that increased in magnitude from the
outer region (2% axial strain and 1% radial strain)
towards the inner region (10% axial strain and 5%
radial strain) (figure 1(E)).
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2.3. Microscopic evaluation

Cell-free constructs were visualized using a stereomi-
croscope (Olympus, Japan). Samples were also sput-
ter-coated with Au/Pd and examined using a scanning
electron microscope (FEI Quanta, USA) under high
vacuum. Strand diameter, pore size and porosity of the
PCL scaffolds were measured using Image] software
(NIH, USA).

2.4. Mechanical testing

Cell-free constructs (n = 5) were incubated in PBS for
24h and tested under compressive or tensile load
using CellScale mechanical tester (Univert, Canada)
equipped with a 10 N load cell. Unconfined compres-
sive testing was performed on the square prism
samples at a displacement rate of I mm min ™. Tensile
testing was performed on the rectangular prism
samples at a displacement rate of 1 mm min~ ' and
with a gauge length of 10 mm according to ASTM
D882-00. The compressive (E*) and tensile (E) moduli
of the constructs were calculated from the elastic
region of the stress-strain curves.

2.5. Cell viability

Cell viability was assessed using Live/Dead™ assay
(Thermo Fisher Scientific). Samples were removed
from culture at Week 6, stained in a solution contain-
ing Calcein-AM (2 uM in PBS) (live cells, green) and
ethidium homodimer (EthD)—1 (4 uM) (dead cells,
red) for 30 min, and examined using a confocal laser
scanning microscope (CLSM) (Nikon, Japan). Sam-
ples were scanned down to thicknesses of 250 and
100 pm for 4x (n = 40 images) and 10x (n = 50
images) objectives, respectively, to obtain z-stack
images. These images (n > 3) were split into channels
(converted to 8 bit images), the number of cells in each
channel was counted using the Image]J software, and
cell viability was calculated.

2.6. Biochemical assays

Samples (n = 6) were removed from culture media at
various time points, lyophilized, and digested over-
night at 60 °C in papain solution (125 U ml~") (Sigma-
Aldrich). DNA, sulfated glycosaminoglycan (sGAG),
and hydroxyproline contents of the samples were
determined with PicoGreen, dimethylmethylene blue
(DMMB), and orthohydroxyproline (OHP) assays,
respectively, as described previously [2]. Hydroxypro-
line contents were converted to collagen contents
using a collagen to OHP weight ratio of 7.64 [27].

2.7. Immunofluorescence

Constructs were removed from culture medium at
Weeks 6 and 8, fixed in paraformaldehyde (4%), treated
with Triton X-100 (0.1%), and incubated for 30 min in
1% bovine serum albumin (BSA) solution. Samples
were incubated overnight at 4 °C in mouse primary
antibodies against type I (COL 1) (Sigma-Aldrich)

G Bahcecioglu et al

(dilution = 1:100) or type II collagen (COL 2) (Thermo
Fisher Scientific) (dilution = 1:100), and for 1h at
37°C in secondary antibodies (donkey anti-mouse
antibodies labeled with Alexa fluor 488) (Abcam, USA).
Samples were then incubated in rhodamine-phalloidin
(Thermo Fisher Scientific) (dilution = 1:100) for 1h
and in DAPI (Sigma-Aldrich) for 5min at room
temperature, and examined under CLSM. Samples
were scanned to thicknesses of 250 yum for the 4x
(n = 40 images) objective and 40 ym for the 20x
objective (n = 40), and z-stack images were created.

COL 1 and COL 2 signal intensities of the z-stack
images (n > 2) were quantified using Image]. This was
done by measuring the signal intensity of the green
channel after manually reducing the fluorescence
intensity so that no background fluorescence is visible.
CLSM images of the square prism constructs were
converted to 8 bit and the integrated densities (at green
channels) or plot profiles along a straight line in radial
direction (from the inner region towards the outer)
were estimated.

2.8. Statistical analyses

Statistical analyses were performed using SPSS 23
(IBM, USA). One-way ANOVA was performed for the
mechanical properties, and the DNA, GAG and
collagen contents (results at Weeks 4, 6, and 8 were
compared with those at Week 2). Two-way ANOVA
(independent variables: material and loading regimen)
was performed to compare cell viability, net GAG and
collagen produced, and COL 1 and COL 2 fluores-
cence intensities. Three-way ANOVA was performed
when comparing GAG and collagen production to test
whether the independent variables (material, loading
regimen, and use of growth factor) had interaction.
Tukey and Dunnett’s T3 post-hoc tests were per-
formed for sample groups having equal and unequal
variance, respectively. Difference between variances
was tested using Levene’s test. Unpaired student ¢-test
was performed to compare static and dynamic sam-
ples. Data are presented as the mean + standard
deviation. Significance level was a < 0.05.

3. Results

3.1. Macroscopic and microscopic evaluation

PCL scaffolds had smooth and straight strands
(figures 2(A) and (B)). The average strand diameter
was 211 + 18 pm, and the pore size was 751 + 43 um
in xy-direction and 97 4+ 40 um in z-direction.
The porosity of the scaffolds was 68% =+ 7%. For the
PCL/hydrogel constructs, the pores of the scaffolds
were almost completely filled with the hydrogels
(figure 2(B)).

3.2. Mechanical properties
Compressive moduli of PCL, PCL-Ag, and PCL-GelMA
were 11.5+ 1.1, 84 4+ 2.2, and 10.0 &= 1.9 MPa,
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respectively (figure 2(C)). Tensile moduli of the con-
structs were 30.8 £+ 6.6, 27.4 + 3.8, and 28.1 +
6.9 MPa, respectively. Incorporation of Ag and GelMA
hydrogels slightly, but not significantly, reduced
mechanical properties of the constructs.

3.3. Cell viability
Live/dead assay revealed high cell viability on the
constructs at Week 6 (figure 2(D)). Cells on PCL were
elongated, those on Ag were round, and those on
GelMA were dendritic. Quantitative analysis showed
that cell viability on the constructs was in the range of
74%—82% (figure 2(E)). Dynamic compression at 10%
strain had no significant effect on cell viability.

DNA content, which represents the cell number, is
given as the relative DNA content at a specific time
point with respect to (wrt) that at Week 2. Relative

DNA content remained relatively constant on PCL-Ag
throughout the culture period, and it increased
significantly on PCL and PCL-GelMA after Week 2
(p < 0.05) (figure 3(A)). The highest increase in DNA
content was obtained with PCL-GelMA (60%-80%
increase by Weeks 6 and 8), showing a high rate of cell
proliferation on this construct. Dynamic compression
decreased the DNA content of PCL by 18% (p < 0.05),
increased that of PCL-Ag by 34% (p < 0.01), and did
not change that of PCL-GelMA. This indicated that
hydrogels protected the cells against the damage caused
by dynamic compression.

3.4. Sulfated GAG content

Addition of hydrogels increased the production of
sulfated GAGs, and the highest production was obtained
with PCL-Ag (figure 3(B)). Dry weight-normalized
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GAG contents increased over time in all the constructs
incubated under static conditions, and this increase was
significant for PCL-Ag (2-3 folds) and PCL-GelMA
(2—4 folds) after Week 2 (p < 0.05) (figure 3(B), left).
Dynamic compression significantly reduced GAG con-
tents between Weeks 4 and 6, during which TGF-/31 was
present (p < 0.05), and it increased GAG contents after
Week 6, during which TGF-(31 was not present. On
the other hand, removal of TGF-31 (after Weeks 6
and 8) reduced GAG production only on PCL-Ag
(by 3%—8%), regardless of whether constructs were
dynamically compressed. The net GAG production was
the GAG contents at Weeks 6 and 8 wrt Week 2. The
highest GAG production after hydrogel addition was
observed on PCL-Ag (figure 3(B), right). In the presence
of TGF-01 (Week 6 results), dynamic compression
lowered the GAG production by 15% (p < 0.05), but
when TGEF- 31 was removed from culture media (Week 8
results), the difference between GAG production of

static and dynamic samples was eliminated. Similar
results were observed when GAG contents were normal-
ized to DNA (figure S1(A) is available online at stacks.
iop.org/BF/11/025002/mmedia).

3.5. Collagen content

Addition of hydrogels increased the collagen produc-
tion, and the highest increase was with PCL-GelMA
(figure 3(C)). Under static conditions, collagen con-
tents increased significantly over time (p < 0.05)
(figure 3(C), left). In the presence of TGF-/31 (between
Weeks 4 and 6), collagen production decreased upon

S Significant difference between results of a particular construct at a
particular time point wrt Week 2.

# Significant difference between the St and Dy groups of a particular
construct ata particular time point.

* Significant difference between the constructs at a particular time
point. *p 0.05,***p 0.001.
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dynamic compression, and in the absence of it
(between Weeks 6 and 8), collagen production
increased. The net collagen production was the
collagen contents at Weeks 6 and 8 wrt Week 2. The
net collagen production on constructs was very low
in the presence of TGF-31 (between Weeks 2 and 6),
and it dropped further upon dynamic compression
(p < 0.05) (figure 3(C)), right). In the absence of
TGF-B1 (after Week 6), dynamic compression
increased the production of collagen. At Week 8,
the highest collagen content was obtained with PCL-
GelMA (p < 0.001). Removal of TGF-{1 from culture
media resulted in a significant increase in collagen
production on PCL-GelMA (three-fold increase)
(p < 0.05). Again similar results were observed when
collagen contents were normalized to DNA
(figure S1(B)).

Statistical analyses using three-way ANOVA
revealed that there was a significant interaction
between the material type, the use of TGF-{31, and the
loading regimen (p < 0.01). This meant that each
material reacted differently to dynamic compression
and TGF-f1. Presence of TGF-f§1 significantly
increased GAG production on PCL-Ag and decreased
collagen production on PCL-GelMA (figures S1(C)
and S1(D)). However, when dynamic compression
was applied in the presence of TGF-31, GAG and col-
lagen production were influenced negatively, indepen-
dent of the material. For PCL-Ag, the highest rate
of GAG production was obtained in the presence of
TGEF-f1 and absence of dynamicloading (figure S1(C)).
Regardless of the material, the highest collagen produc-
tion was obtained when dynamic stimulation was
applied in the absence of TGF-{1 (figure S1(D)). The
material type was the most effective factor to determine
thelevel of ECM produced on constructs.

3.6. Immunofluorescence

3.6.1. The effect of hydrogels and dynamic compression
on collagen deposition.

The whole constructs were immunostained for COL 1
and COL 2. Collagen deposition on the surface of
constructs (within 250 pm depth) was evaluated using
a CLSM. COL 1 staining on PCL was more intense
than COL 2 at Weeks 6 (figure S2) and 8 (figure 4(A)).
Long and continuous collagen fibers were produced
and they were aligned along the PCL strands
(figure S3). When Ag was introduced, the intensity of
collagen staining was increased (figure 4(B)). COL 1
staining intensities were similar in Agand on PCL, but
COL 2 intensity was more intense in Ag. The collagen
produced on PCL was fibrous, while that produced on
Agwas globular.

The most intense collagen staining was observed
on PCL-GelMA, where COL 1 staining was more
intense than COL 2 (figure 4(C)). In fact, a fibrous net-
work of COL 1 was visible on the GelMA side of the
constructs (figure S3). Collagen staining intensities
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were similar on the static (left) and dynamic (right)
constructs.

Quantitative analysis of the CLSM images showed
that presence of hydrogels in the constructs enhanced
the collagen production (figure 5). The most intense
collagen (mainly COL 1) staining was obtained with
PCL-GelMA. COL 1 staining intensity increased after
the addition of GelMA, and this increase was sig-
nificant at Week 8 (p < 0.001) (figure 5(A)). COL 2
staining intensity also increased with the addition of
hydrogels (figure 5(B)). Dynamic compression
increased the COL 2 production on PCL-GelMA by
40% (p < 0.05 at Week 8), and had no effect on the
other materials.

At Week 6, the ratio of COL 2 to total collagen was
higher on PCL-Ag (around 50% of total collagen) than
on PCL (around 40%) and PCL-GelMA (around 45%)
(figure 5(C)). Dynamic compression had no effect on
this ratio. Removal of TGF-{31 after Week 6 resulted in
a decreased COL 2 ratio in all constructs, but dynami-
cally compressing the constructs resulted in increased
COL 2 ratio (Week 8).

3.6.2. Collagen deposition on meniscus shaped constructs
The meniscus shaped constructs were impregnated
with Ag in the inner region and with GelMA in the
outer region. In the inner region the intensities of COL
1 and COL 2 were comparable, while in the outer
region COL 1 intensity was more intense than that of
COL 2 (figure 6). COL 1 was more intense on the outer
region of the constructs than the inner region both in
the static (figure 6(A)) and in dynamic samples
(figure 6(B)), although this was partly due to auto-
fluorescence of GelMA.

Quantitative analysis was done after eliminating
the background autofluorescence. COL 1 intensity
was higher in the outer region of the constructs than
the inner region, while COL 2 intensity was similar
in the inner and outer regions (figures 6(C) and (D)).
In the inner region of the dynamically stimulated
constructs, collagen intensity increased gradually
towards the middle part, where samples received
dynamic stimulation at a medium level of strain
(figure 6(D)). When compared to the static samples,
dynamically stimulated samples deposited higher
COL 1 especially in the outer region (figures 6(C) and
(D)). Under static conditions, the ratio of COL 2 to
total collagen was higher in the inner region (50%)
than the outer region (40%). Upon dynamic stimula-
tion, this ratio increased further in the inner region
(60%), and decreased in the outer region (30%).
The interfaces between PCL and hydrogels or
between Ag and GelMA (figures S3 and S4) showed
that the hydrogels were well incorporated in the PCL
structure and they also integrated well with each
other.
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Figure 4. Inmunofluorescence images showing collagen type I (COL 1) and I (COL 2) deposition on the constructs after 8 weeks of
cultivation. (A) PCL, (B) PCL-Ag, and (C) PCL-GelMA. Green: Alexa fluor 488 (collagen), blue: DAPI (nuclei), and red: rhodamine-
phalloidin (actin). Dotted squares: magnified regions. Dotted lines: borders between PCL and hydrogels. Arrowheads: fibrous
collagen, arrows: globular collagen, double-sided arrows: alignment of collagen or cells.

Collagen Nuclei Merge

4. Discussion

In this study, we aimed to produce a PCL/hydrogel
based construct closely mimicking the biochemical
organization of the native meniscus. This was achieved
by printing a meniscus shaped PCL scaffold and
impregnating its inner region with Ag hydrogel and its
outer region with GelMA hydrogel. After 8 weeks of
incubation with porcine fibrochondrocytes, the inner

region of the constructs exhibited high levels of
chondrogenic ECM components, GAGs and COL 2,
and the outer region exhibited a high level of the
fibrous component, COL 1 (figure 6). Hydrogels also
protected the cells from the mechanical damage
caused by dynamic compression (figure 3). Our
construct could be used as a candidate scaffold for total
meniscal replacement, because it exhibits appropriate
mechanical properties, high cell viability, and
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biochemical composition closely mimicking that of
the meniscus.

3D printed PCL-based scaffolds have been pro-
posed for meniscus regeneration by many researchers
[16—20]. Most of these researchers have not intended
to mimic the biochemical composition of the menis-
cus. The only study in which a zone-specific biochem-
ical composition was targeted involved the use of
TGEF-33—loaded PLGA microspheres in the inner
region of the 3D printed PCL to induce cartilaginous
phenotype and CTGF—loaded microspheres in the
outer region to induce fibrous phenotype [20]. How-
ever, the PCL scaffolds led to degenerated articular
cartilage 12 weeks post implantation in rabbit [19] and
sheep [20] models, due to friction. In our construct,
we impregnated our 3D printed PCL scaffolds with
hydrogels to protect the articular cartilage from any
mechanical damage caused as a result of friction.
Hydrogels softened the surface of PCL (figure 2), pro-
tected the cells from damage under a physiologically
relevant dynamic load (figure 3), and increased ECM
production significantly compared to hydrogel-free

scaffolds (figures 3-5). Daly and colleagues [16] also
combined PCL scaffolds with one of alginate, agarose,
methacrylated polyethylene glycol (PEGMA) and
GelMA hydrogels for possible use in fibrocartilage
regeneration, but our design includes the use of two
different hydrogels in the different regions of the con-
structs to create a zone-specific biochemical composi-
tion resembling that of the meniscus. The advantages
of our approach are that, first, it involves cell seeding
on PCL and incubation for 2 weeks, which would
result in elongated cells and aligned collagen fibers.
Second, it involves incorporation of cell-loaded
hydrogels to create zonal variation between the differ-
ent regions of the construct. Third, the hydrogels
could protect the cells as well as the hyaline cartilage
against dynamic load.

The elastic moduli of the cell-free constructs were
around 10 MPa under compressive load and 30 MPa

# Significant difference between the static and dynamic groups of a
particular construct.

* Significant difference between constructs.”p 0.01, **p 0.001.

9



I0OP Publishing

Biofabrication 11 (2019) 025002

G Bahcecioglu et al

Inner

Quter

Actin

A Collagen Nuclei

| e
. 7 g ?
- —
3 —
(=) "
®
bt :
~ /
-
5]
LJ... ‘:
B g
= / .. I.
-
5] -
9 .
.2 ..
E
[1°]
o
>
[a]
-
5]
u...
C

Actin

Collagen Nuclei

‘

coL2
Signal Intensity
(Au)

Distance (mm) Distance (mm)

towards the outer region, and a negative slope shows a decrease.

Static D Dynamic
. Inner Outer = Inner Outer
-‘j; 60 Slope = -1.30] 60 Slope = 0.77, ‘;1-" 60 Slope = 2.92| 60 Slope = -0.031
1 c
= 5| £ 0 " E | : a0
@ L Bal . Y
a' E2 o 20 ¥ E 2|04 2 . § %
O B o+ o4 . k] 0 4k MR 0 L
o 0 1 2 0 1 2 3 i) 0 1 2 0 1 2 3
i 0
High level of Low level of
strain strain
60 - Slop‘e:fo.la 60 Slope = 4.36 60 1

Figure 6. Immunostaining of the meniscus shaped constructs after 8 weeks of incubation. Representative CLSM images of the
constructs incubated under (A) static, and (B) dynamic conditions. Green: Alexa fluor 488 (collagen), blue: DAPI (nuclei), and red:
rhodamine-phalloidin (actin). Dotted squares: magnified regions. Dotted lines: borders between the hydrogels and PCL. Arrows show
the direction from the inner region of constructs to the outer region. Quantitative analysis showing the collagen staining intensities on
the constructs incubated under (C) static, and (D) dynamic conditions. Histograms show the change in collagen signal intensity along
the arrows on the CLSM images. Ag: agarose-impregnated, G: GelMA-impregnated regions. Biaxial dynamic stimulation was applied
ata high strain in the inner region and at a low strain in the outer region. A positive slope shows an increase in collagen intensity

Signal Intensity

Distance (mm) Distance (mm)

under tensile load; addition of hydrogels had almost
no effect on the mechanical properties of the scaffolds
(figure 2(C)). Compressive modulus of the constructs
was higher than the native porcine (1-5 MPa) [28] and
human (0.3-2 MPa) [29, 30] menisci. Tensile mod-
ulus, however, was significantly lower than the native
porcine (113-142 MPa) [31] and human menisci

(78-125 MPa) [32] measured in circumferential direc-
tion, and comparable with that of human meniscus
measured in radial direction (4—20 MPa). Our results
were obtained from the cell-free constructs, and the
mechanical properties were expected to get closer to
those of native tissue in the presence of cells or after
implantation in animal models [11, 19, 33]. In
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addition, these results are comparable with those of
other 3D printed PCL scaffolds intended for use in
meniscal regeneration, which have compressive mod-
ulus in the range 10-54 MPa and tensile modulus in
the range 40-80 MPa [17-20]. It would be possible to
increase tensile modulus of our constructs by chan-
ging the printing parameters such as shortening the
strand-to-strand distance or increasing the strand dia-
meter [14, 17]. However, this would also increase the
compressive modulus, further diverging our results
from the native meniscus values.

The PCL scaffolds were intentionally printed with
large pores, allowing for easy infiltration of the hydro-
gels, and transport of oxygen and nutrients. Quantita-
tive measurements showed that the pore width was
about 750 pm in xy-direction and 100 pm in z-direc-
tion, large enough to facilitate these. In fact, the pores
of our scaffolds were filled completely with hydrogels
and cells were uniformly distributed throughout the
hydrogel-impregnated constructs (figure 2). Although
the optimal pore size for meniscal regeneration is
between 150 and 500 pm [34], there is the possibility
of skin layer formation at the surface of scaffolds with
pores of below 120 pum in diameter, which could block
tissue infiltration [35], and nutrient and oxygen trans-
port (limited to a 200 pm distance from the blood ves-
sels) [36]. Thus, the large pores in our constructs
would be useful for cell and tissue infiltration, and cell
viability after implantation.

Cell viability was similar on all the constructs
(around 80%) (figures 2(D) and (E)). However, the
highest increase in DNA content (corresponding
to cell number) was on PCL-GelMA (around 75%
increase) (figure 3(A)), probably due to presence of
biologic recognition sites such as arginine-glycine-
aspartic acid (RGD) sequences on gelatin [37].
Although most of the cells on the Ag part of PCL-Ag
were viable (figure 3(C)), there was almost no increase
in the cell number on this construct over time
(figure 3(A)), probably because Ag lacks the biochem-
ical cues that promote cell adhesion, and is highly
hydrophilic and repels cells from binding [38]. On
PCL, cell proliferation was high during the first 4
weeks of culture, probably because it has an appro-
priate stiffness and hydrophobicity supporting spread-
ing and proliferation of the fibrochondrocytes [2, 39].
However, cell viability was low on the PCL strands
after addition of hydrogels (figure 2(D)), probably
because of the extensively increased number of cells on
the PCL strands, which depleted the nutrients and
oxygen. Similarly, cell viability was reported to
decrease upon introduction of PCL to Ag (from 90%
to 80%) or GelMA (from 82% to 78%) [16], which
supported our finding.

Upon dynamic compression, cell number (repor-
ted as DNA content) decreased on PCL scaffolds, but
no decrease was observed on PCL/hydrogel con-
structs (figure 3(A)). In order to create a dynamic
compression at 10% strain, a large stress (up to
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1.7 MPa) was applied on the PCL scaffolds. This high
stress probably led to cell damage on PCL scaffolds
and decreased the cell number. However, when
hydrogels were present, the cells were not directly
exposed to the mechanical load, and thus were pro-
tected from its harmful effects. While the DNA con-
tent of PCL-Ag increased upon dynamic loading
(figure 3(A)), the ratio of dead cells on these constructs
did not change (figure 2(E)), showing that the high
DNA content is not due to the dead cells retained in
the hydrogels. Others also reported that the DNA con-
tent of hydrogels decreased upon dynamic compres-
sion at 10% [2, 40] and 15% [41] strain, which also
showed that dead cells are not normally retained in the
hydrogels but are released to culture media. These
results indicate that hydrogels would also protect the
cartilage from the mechanical damage after implant-
ation. In fact, intra-articular injection of GelMA-based
hydrogels was reported to significantly reduce carti-
lage degeneration as compared to GelMA-untreated
controls in anterior cruciate ligament-transected mice
[42]. Still, the effect of the hydrogels on cartilage
degeneration should be tested in a large animal model
before any decisive conclusions are reached.

PCL scaffolds exhibited low levels of collagen,
which was mainly COL 1 (figures 3—6). Introduction
of hydrogels to PCL scaffolds significantly enhanced
GAG and collagen levels; there was increased produc-
tion of GAGs and COL 2 on the Ag-impregnated con-
structs, and increased production of total collagen
(especially COL 1) on the GelMA-impregnated con-
structs. This could be linked to the different levels of
cell-material interactions. The stiff PCL directs cells to
proliferation instead of ECM production [2, 39]. The
soft and non-bioactive Ag leads to reduced cell adhe-
sion and round cell morphology, which directs cells to
chondrogenic phenotype. GelMA, on the other hand,
has the RGD sequences and enhances cell adhesion
and spreading, and promotes fibrogenic phenotype. In
fact, inhibition of focal adhesion kinases of nucleus
pulposus cells embedded in GelMA was reported to
lead to a more rounded cell morphology and enhanced
chondrogenesis [43]. Similar to our results, Daly and
colleagues reported higher COL 1 production in
GelMA and higher COL 2 production in Ag hydro-
gels [16].

Because of the controversial reports regarding the
combined effects of TGF-( and mechanical loading
on cell behavior [44], we chose to add TGF-1 at the
first half of the loading period (Weeks 4-6) and
remove it during the second half (Weeks 6-8) to inves-
tigate its effect on meniscal ECM production in the
absence and presence of dynamic loading. Presence of
TGEF-f1 increased the GAG production on PCL-Ag,
and decreased the collagen production on PCL-
GelMA (figures 3 and S1). Agarose is chondrogenic
[2], and thus TGF-{1, which is also chondrogenic
[45], augments GAG production on this hydrogel. On
the other hand, GelMA is fibrogenic, and thus TGF- 1
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reduces collagen production on this hydrogel. Similar
to our finding, TGF- 31 was reported to be more effec-
tive than dynamic compression in increasing the GAG
and collagen production in Ag hydrogels [46].

On the other hand, we showed that dynamic com-
pression at 10% strain resulted in increased ECM pro-
duction only in the absence of TGF-gl1. ECM
production has been reported to increase upon
dynamic compression at 5% [47], 10% [40, 48, 49],
15% [41], and 20% strain levels [50]. But when TGF-3
and dynamic compression were applied simulta-
neously, ECM production was reported to decrease
[46, 51]. Hence, we concluded that TGF-$1 and
dynamic compression should be applied individually,
but not simultaneously. When a cartilage-like tissue is
targeted TGF-1 and Ag could be used, and when a
fibrous tissue is desired GelMA could be used but
without TGF-f1. For engineering of the meniscus
in vitro, the inner region of the constructs could be
impregnated with the TGF-Bl—embedded Ag, and
dynamic stimulation could be applied only on the
GelMA-impregnated outer region. In a potential clin-
ical application, mechanical stimulation would be
avoided during the non-active recovery phase after
surgery to ensure complete release of TGF-{1 before
mechanical stimulation is applied through walking.

Finally, meniscus shaped PCL scaffolds were see-
ded with cells, incubated for 2 weeks, and impregnated
with cell-loaded Ag in the inner region and with cell-
loaded GelMA in the outer region. The constructs
were subjected to dynamic load that increased in mag-
nitude from the outer region towards the inner region
by the help of a specially designed loading platen
(figure 1). Under static conditions, the outer portion
of the constructs exhibited higher COL 1 production
than the inner portion, but COL 2 production was
similar in the two regions (figure 6). Thus, COL 2 ratio
was higher in the inner region (50% of total collagen)
than the outer (40%). When the constructs were sub-
jected to physiologically relevant biaxial dynamic sti-
mulation, COL 1 deposition increased in the outer
region, and COL 2 increased in the inner region. But
the collagen level depended on the magnitude of
dynamic compression. Collagen intensity increased
from the inner region of the constructs, where a high
level of dynamic strain was applied (10% axial strain
and 5% radial strain), towards the middle region,
where strain was at medium level (6% axial strain and
3% radial strain). Upon dynamic stimulation, COL 2
ratio in the inner region increased to 60%, and COL 1
ratio in the outer region increased to 70%. This bio-
chemical composition is very close to that of the native
meniscus, at which COL 1 constitutes 80% of the col-
lagen in the outer region and COL 2 constitutes 60% of
that in the inner region [1].
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5. Conclusions

We have shown that a meniscal construct that closely
mimics the biochemical composition of the native
tissue could be engineered by using Ag and GelMA
hydrogels in the inner and outer regions of the 3D
printed PCL scaffolds, respectively. Ag enhances GAG
and COL 2 production, and is suitable for use in
regeneration of the inner region of the meniscus.
GelMA enhances collagen (especially COL 1) produc-
tion and is suitable for the outer region. TGF-{1
increases GAG production rate on PCL-Ag and
decreases collagen production rate on PCL-GelMA,
while dynamic stimulation increases GAG and col-
lagen production rates on all the constructs but only
when applied in the absence of TGF-{1. Biaxial
mechanical stimulation of the meniscus shaped con-
structs further increases COL 2 deposition in the inner
region and COL 1 deposition in the outer region. The
use of hydrogels not only enhances ECM production,
but also protects the cells from mechanical damage
under physiologically relevant loading environment.
We concluded that 3D printed PCL-based, tissue
engineered scaffolds should be dynamically stimulated
at medial strain levels (3% radial strain and 6% axial
strain) in order to optimally enhance ECM deposition,
and TGF-f1 should be used only with Ag-based
constructs and without dynamic compression. This
study is significant in showing that hydrogels could be
used to create tissue constructs with biochemical
composition similar to that of native tissues. Our
loading platen which enables physiologically relevant
dynamic stimulation of the meniscus constructs could
serve as a valuable tool to evaluate the constructs
before implantation into animals. Our construct per-
form well under pysiologically relevant loading
environment, and could serve as a functional and
mechanically stable substitute for use in partial or total
replacement of the meniscus. Future work will involve
co-printing of the hydrogels with PCL to create a more
automated, translational approach, and testing of
these constructs in a pig model.
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