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Abstract: The current gold standard technique for the treatment of anterior cruciate ligament (ACL)
injury is reconstruction with a tendon autograft. These treatments have a relatively high failure and
re-rupture rate and are associated with early-onset osteoarthritis, developing within two decades
of injury. Furthermore, both autografting and allografting come with several drawbacks. Tissue
engineering and additive manufacturing present exciting new opportunities to explore 3D scaffolds
as graft substitutes. We previously showed that 3D-printed scaffolds using low-cost equipment
are suitable for tissue engineering approaches to regenerative medicine. Here, we hypothesize that
Lay-Fomm 60, a commercially available nanoporous elastomer, may be a viable tissue engineering
candidate for an ACL graft substitute. We first printed nanoporous thermoplastic elastomer scaffolds
using low-cost desktop 3D printers and determined the mechanical and morphological properties.
We then tested the impact of different surface coatings on primary human ACL fibroblast adhesion,
growth, and ligamentous matrix deposition in vitro. Our data suggest that poly-L-lysine-coated
Lay-Fomm 60 scaffolds increased ligament fibroblast activity and matrix formation when compared to
uncoated scaffolds but did not have a significant effect on cell attachment and proliferation. Therefore,
uncoated 3D printed Lay-Fomm 60 scaffolds may be viable standalone scaffolds and warrant further
research as ligament tissue engineering and reconstruction grafts.

Keywords: 3D printing; scaffolds; anterior cruciate ligament; tissue engineering; low-cost; human
fibroblasts; ligament reconstruction

1. Introduction

The anterior cruciate ligament (ACL) is one of the most frequently injured structures
during sporting or high-impact activities [1]. It is a major contributor to knee joint stability
and is responsible for the passive restraint of anterior translation of the tibia with respect to
the femur [2–4]. Anterior cruciate ligament (ACL) tears in the knee are among the most
common soft tissue orthopedic injuries, with close to 250,000 cases occurring annually
in Canada and the USA alone [5]. If left untreated, ACL tears can lead to meniscal tears
and accelerated osteoarthritis resulting from altered biomechanics of the knee joint [6,7].
Interestingly, ACL tears occur over 50% of the time at the enthesis—a transition zone of
non-calcified and calcified fibrocartilage tissue connecting the ligament to the bone [8]. The
ACL has a limited self-healing capacity; partial tears lack the vascularization necessary for
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spontaneous regeneration while complete tears are physically separated and lack stimuli
and scaffolding required to regenerate [9–14]. As a result, surgical reconstruction by
grafting tissue from the hamstrings or patellar tendon is the current gold standard of care
for ACL injuries [15]. However, surgical treatment is costly and has a risk of graft donor
site morbidity and unfavorable outcomes, including a risk of post-traumatic osteoarthritis
within two decades of surgery [16–19]. Furthermore, incomplete or irregular healing of
tissue grafts used in ACL reconstruction can result in abnormal knee biomechanics [20,21].

Tissue engineers are working to develop ligament substitutes to address the shortcom-
ings associated with traditional ACL surgical techniques. Ideal tissue-engineered ligament
scaffolds will mimic the mechanical properties of the native ACL while enabling cell attach-
ment for tissue regeneration and maturation [22]. In designing ACL scaffolds, important
design requirements include microstructure, external geometry, degradation characteristics,
and mechanical competence, as well as porosity and interconnectivity [23,24]. One chal-
lenging aspect of designing ACL scaffolds is the fabrication of constructs that mimic the
complex anisotropic properties of the native tissue [25]. Furthermore, the cross-sectional
geometry of the ACL changes with the angle of flexion, and its area is generally larger in
the anterior–posterior direction.

Fused deposition modelling, the most common type of 3D printing, is a fabrication
process where 3D computer-generated models are built layer by layer from polymer fil-
aments [26]. The technique has been used for a variety of applications due to the ability
to produce geometries and parts that are too complex for traditional subtractive manufac-
turing processes [27,28]. Three-dimensional printing of polymeric scaffolds can generate
mechanically competent macroporous structures that can act as templates for tissue regen-
eration [26,29]. A wide range of polymeric materials has been used for fused deposition
modelling (FDM). This includes a variety of biocompatible and resorbable materials such
as poly-L-lactic acid, polyurethane urea, and polycaprolactone that have been used to
generate ligament/tendon-like scaffolds [30–33]. While additive manufacturing allows for
the fabrication of scaffolds that more appropriately mimic the morphology and mechan-
ical properties of the native tissue, cell attachment efficiency on these scaffolds is often
low and may result in inefficient cell colonization [34–37]. Material surface modification
such as plasma, laser, and chemical treatment, as well as protein coating are commonly
used in order to improve cell attachment and promote more efficient scaffold coloniza-
tion [38–41]. However, these techniques can be expensive, time-consuming, and difficult to
reproduce [39–42].

Lay-Fomm 60, a thermoplastic polyurethane (TPU) copolymer with polyvinyl alcohol
(PVA), can be manufactured via fused deposition modeling (FDM) before PVA is removed
by washing in water to reveal a nanoporous, sponge-like TPU network. The resulting
construct has been used in biofuel cell development [43], modeling of elastic tissues [44],
and local drug delivery approaches [45]. We have also recently shown its compatibility
and bone repair potential in vivo [30]. In this study, we generated low-cost, nanoporous
thermoplastic elastomer scaffolds and tested the impact of various cell-adhesive coatings on
primary human ligament fibroblast adhesion, growth, and ligament-like matrix deposition.
Furthermore, mechanical and morphological properties of the scaffolds were investigated.
We aimed to determine whether coating 3D-printed scaffolds could enhance primary ACL
fibroblast adhesion and whether it would be pertinent to ACL graft substitutes.

2. Materials and Methods
2.1. Scaffold Fabrication

For the fabrication of 3D-printed scaffolds, 1.75-mm Lay-Fomm 60 filament (Matter-
Hackers, Lake Forest, CA, USA) was purchased. The scaffolds (Figure 1) were designed
using the SolidWorks CAD software (Version 23, Dassault Systèmes, SolidWorks Corpo-
ration, Waltham, MA, USA) and converted to the stereolithography (.stl) file format. The
5 × 5 × 0.7 mm cuboid was converted to the RealFlight content format (.g3x) using the
Cura 4.3.0 (Ultimaker, Utrecht, Netherlands) open-source 3D printer slicing software. Be-
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fore printing, the Lay-Fomm filament was heated to 80 ◦C for 1 h and then placed in a
desiccator for 30 min to remove moisture. The scaffolds were printed on a FlashForge
Creator Pro 3D Desktop Printer (Flashforge, Los Angeles, CA, USA) with an extruding
temperature of 220 ◦C, 90% infill density, and a 0.3 mm diameter nozzle. The print speed
was 15 mm/s for the first layer and 25 mm/s for the ensuing layers, resulting in the total
printing time of 9 minutes for each scaffold. After printing, the constructs were placed in
double-distilled water at room temperature for 72 h and water was replaced every 24 h to
wash out the polyvinyl alcohol (PVA) component. The PVA component was estimated to
take up approximately 36% [30].
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Figure 1. Scaffold design. (a) Scaffold sliced using the Ultimaker Cura 4.3.0 software. The scaffold
was designed as a solid cube and printed with 90% infill density and a grid infill pattern. (b,c) Printed
scaffold prior to washing in water.

2.2. Surface Coating of the Scaffolds

Once washed, the scaffolds were rinsed in 70% ethanol for 20 min and placed un-
der UV light in a biosafety cabinet overnight. The sterile scaffolds were washed twice
with PBS (Ca/Mg-free). Four different surface coating materials were applied on the
Lay-Fomm scaffolds for evaluation: 0.2% bovine type B gelatin (MilliporeSigma, Burling-
ton, VE, USA), 50 µg/mL rat tail collagen type I (Gibco, Billings, MT, USA), 0.01% and
0.001% poly-L-lysine (MilliporeSigma, Burlington, VE, USA), and 8 µg/mL bovine plasma
fibronectin (MilliporeSigma, Burlington, VE, USA). The scaffolds were submerged in 250 µL
of each coating material in a 48-well plate and incubated at room temperature for 2 h. The
coatings were then aspirated, and the scaffolds were gently rinsed three times with sterile
PBS to remove unbound material. All the scaffolds were left to air-dry for 15 min, and the
plates were sealed with parafilm and stored at 4 ◦C overnight.

2.3. Isolation and Culture of Primary Human Ligament Fibroblasts

Human ACL samples were collected from the ACL reconstruction surgeries performed
at the McGill University Health Centre. Patient samples were collected with consent under
RI-MUHC-approved REB #2019-5390. The samples collected were from four donors with
the age range of 20–26 (mean age, 23 years old). Two of the donors were women and two
were men. The samples were collected into phosphate-buffered saline (PBS, Ca/Mg-free,
pH 7.4, Gibco) and transported directly to the laboratory for cell isolation. The samples
were then washed vigorously with sterile PBS supplemented with antibiotics (0.5 µg/mL
amphotericin B (Gibco) and 200 µg/mL Primocin (Invivogen, San Diego, CA, USA)) and
diced into 1–2 mm pieces. The tissue was digested overnight in collagenase-supplemented
DMEM (standard growth medium: high-glucose Dulbecco’s modified Eagle’s medium
(MilliporeSigma); 0.1 mM nonessential amino acids; 10 mM HEPES; 1 mM sodium pyruvate;
10% fetal bovine serum (MilliporeSigma); and 1% penicillin–streptomycin–glycine (Gibco),
1.5 mg/mL collagenase type II (Gibco)). The digest was passed through 100 µm and 70 µm
filters sequentially (BD Biosciences, Mississauga, ON, Canada) and centrifuged at 500× g
for 5 min. Fibroblasts were resuspended in 5 mL of the growth medium in a T-25 flask and
cultured at 37 ◦C in a humidified cell culture incubator with 5% CO2.



Surgeries 2023, 4 199

2.4. Cell Seeding and Culture on the Scaffolds

Confluent cells (between passages 3 and 4) were washed with sterile PBS, detached
using 0.25% trypsin–EDTA (Gibco), and centrifuged at 500× g for 5 min. The cells were
suspended in fresh culture media and seeded onto the scaffolds using a syringe as previ-
ously described [46]. Briefly, the passaged cells were placed in 5 mL syringes fitted with a
four-way stopcock with a rotating collar (Navilyst Medical Inc., Marlborough, MA, USA)
at a density of 2 × 105 cells/scaffold. The scaffolds were placed in the syringes and kept
inside the culture incubator for 3 h, turning every 45 min to promote equal cell adhesion.
The scaffolds were then transferred to a 48-well nonadherent cell culture plate and covered
with the growth medium while the cells remaining in each syringe were counted to assess
cell adhesion.

2.5. Mechanical Testing

Mechanical tests were performed as previously described [47]. Briefly, 25 cm pieces of
the Lay-Fomm 60 filament (directly from the spool) were placed in double-distilled water
for 72 h, and water was replaced every 24 h. Tensile testing of both washed and unwashed
filament (N = 3) was performed using an MTS Mini-Bionix 858 (MTS; 14000 Technology
Dr., Eden Prairie, MN, USA) controlled with the TestStar II 4.0C (MTS) software using an
LCCD-100 load cell (Omegadyne, 800 Connecticut Ave., Suite 5N01, Norwalk, CT 08654,
USA). Both the load and displacement data were recorded at 10 Hz. The displacement was
set to a maximum of 95 mm and the test speed was set to 0.3 mm/s. All the tests were
performed at a laboratory that was controlled for temperature (22 ± 1 ◦C).

2.6. Scaffold Geometry

To characterize the scaffold geometry following printing, µCT analysis of the un-
washed Lay-Fomm 60 scaffolds was performed using a Skyscan 1172 (Bruker, Kontich,
Belgium) with a pixel size of 5 µm. The NRecon v.1.6.10.4 and CTAn v.1.16.4.1 software
programs (Bruker) were used to reconstruct 3D volumes and perform quantitative analysis,
respectively, as described previously [48]. Quantitative data were recorded for the en-
tirety of the scaffold volume. The reported parameters were scaffold volume/ROI volume
(SV/RV, %), scaffold surface area (SS, mm2), average scaffold filament thickness (SF.Th,
µm), pore size (SF.Sp, µm), and total porosity (Po.Tot, %).

2.7. Surface Morphology

Both the acellular and cell-seeded (day 14) scaffolds were imaged using scanning
electron microscopy (SEM) (FEI Inspect F50 FE-SEM, FEI Company, Hillsboro, OR, USA).
Briefly, the scaffolds were fixed for 10 min with 4% paraformaldehyde, rinsed with PBS, and
subsequently dehydrated with 80%, 90%, and 100% ethanol for 10 min each. The samples
then underwent critical point drying (Leica Microsystems EM CPD 030, Wetzlar, Germany)
and platinum sputter coating (4 nm). Morphological characteristics of the scaffolds and the
attached cells were observed using SEM with an acceleration voltage of 10 kV.

2.8. Gene Expression

Quantitative reverse transcriptase-mediated PCR (RT-qPCR) was performed on iso-
lated primary human ACL fibroblasts at passage 0 to assess ligamentogenic gene expression.
TRIzol™ (Invitrogen, Carlsbad, CA, USA) was used to extract RNA following the manufac-
turer’s instructions, and the qScript reagent (Quantabio, Beverly, MA, USA) was used to
reverse-transcribe 500 ng of RNA to cDNA.

Primers were used previously at our lab [48–50], and were derived from published
validated studies, GAPDH [51], and all other ligament-related primers [52](Table 1, Life
Technologies Inc., Carlsbad, CA, USA). Quantitative RT-PCR analysis was performed on a
StepOnePlus Real Time PCR System (Applied Biosystems, Foster City, CA, USA) using the
PerfeCTa SYBR Green detection reagent (Quantabio, Beverly, MA, USA). Amplification of
collagen type I (COLIA1), collagen type III (COL3A1), tenascin C (TN-C), scleraxis (SCX),
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and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was quantified (Table 2, Life
Technologies Inc., Carlsbad, CA, USA). Expression was normalized to the housekeeping
gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and relative fold expression
for each target gene was evaluated using the ∆∆CT method. To ensure tendon/ligament
gene expression, we used undifferentiated human bone marrow mesenchymal stem cells
as the control (RoosterBio Inc., Frederick, MD, USA) at passage 0.

Table 1. RT-PCR product length, as well as Genbank’s gene ID for the primers used for q-PCR (Life
Technologies Inc., Carlsbad, CA, USA).

Target Gene Product Length (bp) Genbank’s Gene ID

GAPDH 1978 NM_001170721
COLIA1 462 NM_001102599
COL3A1

TN-C 1065 AL445645.10
SCX 1930 NG_053063.1

Table 2. Sequence of the forward and reverse primers used for q-PCR (Life Technologies Inc.,
Carlsbad, CA, USA).

Target Gene Forward Primer (5′—3′) Reverse Primer (3′—5′)

GAPDH TCCCTGAGCTGAACGGGAAG GGAGGAGTGGGTGTCGCTGT
COLIA1 GGTGATGCTGGTCCTGTTG CATCGTGAGCCTTCTCTTGAG
COL3A1 CCCAGAACATCACATATCAC CAAGAGGAACACATATGGAG

TN-C ACCGTCTCTTCCGTCACTTCT AACAACTTAGGACAATGCGTCT
SCX AGAACACCCAGCCCAAACA TCCTTGCTCAACTTTCTCTGGT

2.9. Cell Viability and Proliferation

Cell viability at days 7 and 14 was determined using a LIVE/DEAD™ assay (Invit-
rogen) prepared in sterile PBS according to the manufacturer’s instructions. Images were
captured using an Olympus IX81 inverted fluorescence microscope using a 4× objective
with MAG Biosystems Software 7.5 (Photometrics, Tucson, AZ, USA).

Cellular metabolic activity at days 3, 7, and 14 was determined using an AlamarBlue™
assay (Thermo Fisher, Waltham, USA) prepared in serum-free Dulbecco’s modified Eagle’s
medium according to the manufacturer’s instructions. Briefly, the AlamarBlue™ dye was
added to the media at 1:10 dilution, the cells were incubated at 37 ◦C for 4 h, and the
samples’ fluorescence was measured in 96-well plates using a Tecan M200 Pro plateFtels
reader (Tecan, Mannedorf, Switzerland) at Ex 570 nm and Em 600 nm.

Following 14 days of culture, the scaffolds were gently rocked in 500 µL of 4 M
guanidine hydrochloride (GuHCl) buffer supplemented with a complete protease inhibitor
cocktail (Roche Holding AG, Basel, Switzerland) for 48 h at 4 ◦C. The DNA content for the
coated and uncoated scaffolds was measured using a DNA Hoechst 33258 assay. All the
GuHCl extracts were diluted 10-fold prior to analysis. The standard curve was generated
using calf thymus DNA (Invitrogen, Carlsbad, CA, USA) supplemented with the same
volume of diluted 0.4 M GuHCl as the samples. Hoechst 33258 (Molecular Probes, Thermo
Fisher) was prepared according to the manufacturer’s instructions (Thermo Fisher). The
samples were analyzed in triplicate in a 96-well microplate using a Tecan M200 Pro plate
reader (Tecan) at Ex 352 nm and Em 460 nm and 420 nm cut-off.

2.10. Immunofluorescence and Protein Analyses

The scaffolds of each coating type were treated with a permeabilization buffer (PBS,
1% BSA, 0.1% Triton-X100) for 45 min. The permeabilized samples were then incubated
with antibodies against tenomodulin (1:200, Abcam, cat. No. ab203676, Cambridge, MA,
USA) at room temperature for 1.5 h. The samples were washed three times in PBS and then
incubated with Alexa Fluor 488 donkey anti-rabbit IgG (1:1000, Invitrogen, cat. No. A21306)
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with Texas Red™-X Phalloidin (1:400, cat. No. T7471, Invitrogen) at room temperature
for 1 h. The samples were washed with PBS and mounted using Fluoroshield with DAPI
(Sigma, Kawasaki, Japan) and visualized on an EVOS M5000 microscope (Thermo Fisher).

Proteins were extracted by GuHCl as above. Protein concentration was quantified
using a BCA Assay (Thermo Fisher) and 25 µg protein was precipitated overnight at−20 ◦C
in nine volumes of 100% ethanol for each scaffold. The precipitates were recovered by
centrifugation for 30 min at 4 ◦C. The pellets were washed with ice-cold 90% ethanol,
dried, and dissolved in 25 µL 1× NuPage® LDS sample buffer (Invitrogen, Carlsbad,
CA, USA). Twenty-five µg of the protein then underwent electrophoresis in a 4–20%
gradient SDS-PAGE gel (Bio-Rad, Hercules, CA, USA) and were transferred to Amersham™
Protran® 0.2 µm nitrocellulose blotting membranes (GE Healthcare, Chicago, IL, USA). The
membranes were first blocked for 1.5 h in 5% BSA and incubated for 24 h at 4 ◦C with mouse
monoclonal antibodies against collagen type I (1:1000; Abcam, cat. No. ab6308, Cambridge,
MA, USA). The nitrocellulose membranes were washed three times in TBS-T followed by
incubation with an anti-mouse HRP-conjugated secondary antibody (1:1000, Santa Cruz
Biotechnology, Dallas, TX, USA) for 45 min. The membranes were then washed three
times in TBS-T for 10 min and developed using Western Lightning Plus-ECL (Perkin Elmer,
Waltham, MA, USA) before imaging on an Image Quant LAS 4000 (GE Healthcare Bio-
Sciences, Baie d’Urfe, QC, Canada). After imaging, the membranes were stripped, blocked
in 5% BSA for 1.5 h, and reprobed with rabbit polyclonal antibodies against collagen type
III (1:5000; Abcam, cat. No. Ab7778, Cambridge, MA, USA) at room temperature for
2 h. The membranes were then incubated with an anti-rabbit HRP-conjugated secondary
antibody (1:5000, Santa Cruz Biotechnology, Dallas, TX, USA) for 1 h and developed as
above. Lastly, the stripped membranes were blocked in 3% BSA for 1 h and probed with
mouse monoclonal antibodies against alpha tubulin (1:5000; Abcam, cat. No. ab7291)
at room temperature for 1 h. The membranes were then incubated with the anti-mouse
HRP-conjugated secondary antibody (1:5000, Santa Cruz Biotechnology, Dallas, TX, USA)
for 45 min.

2.11. Statistical Analysis

All the experiments were repeated at least three times (N = 3) and the measurements
were performed in triplicate (N = 3). The results are expressed as the means ± SD. All the
statistical analyses were performed comparing the various coated scaffolds to the uncoated
control scaffolds using unpaired t-tests from at least three independent experiments. Sig-
nificance was set at p ≤ 0.05. The analyses were performed using Prism 6.0 (Graphpad
Software, La Jolla, CA, USA).

3. Results
3.1. Mechanical Testing and Scaffold Characterization

We previously characterized some mechanical properties of the Lay-Fomm 60 fila-
ments in terms of elastic limits and Young’s modulus [30,52]. Here, we tested the mechanical
properties of specific-geometry 3D-printed scaffolds. Representative stress–strain curves
for washed and unwashed Lay-Fomm 60 tensile specimens are shown in Figure 2a. The
ultimate tensile strength values were 2.07 ± 0.31 MPa and 13.69 ± 1.78 MPa for the washed
and unwashed specimens, respectively. The strain at failure was 76.46 ± 31.08% for the
washed specimens and 66.64 ± 18.98% for the unwashed specimens.

The 3D printing process generated scaffolds of consistent dry mass and dimensions
(Table 3). The average dry mass of the three scaffolds analyzed was 88.3 ± 0.7 mg. Scaffold
dimensions of 5 × 5 × 0.7 mm and the average SS area of 159.5 ± 2.2 mm2 were recorded.
Both µCT reconstruction and SEM (Figure 3) indicate the presence of nozzle friction since
the printed scaffold pores were asymmetrical while the designed pores were of symmetric
rectangular geometry. Despite nozzle friction, pore size was highly consistent and suitable
for ligament fibroblasts to enter the top of the scaffold and penetrate and adhere to strut
surfaces in the depth of the scaffolds. The average pore size (SF.Sp) was 271.7 ± 4.6 µm
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while the average filament thickness (SF.Th) was 479.9 ± 10.7 µm. The SV/RV ratio was
60.7 ± 1.0% on average. The total porosity was 39.3 ± 1.0%, indicating that the scaffold
fabrication process features high precision and accuracy.
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Table 3. Mass and µCT characterization of the 3D-printed Lay-Fomm 60 scaffolds.

Property Value

Dry mass (mg) 88.3 ± 0.7
SV/RV (%) 60.7 ± 1.0
SS (mm2) 159.5 ± 2.2

SF.Th (µm) 479.9 ± 10.7
SF. Sp (µm) 271.7 ± 4.6
Po. Tot (%) 39.3 ± 1.0

3.2. Cell Isolation, Characterization, and Scaffold Adhesion

Quantitative reverse transcriptase PCR (RT-qPCR) was performed on the primary
ligament fibroblasts at passage 0 to assess the baseline ligamentogenic gene expression
(Figure 4a). The ligament fibroblasts isolated from the human ACL samples showed a signif-
icantly increased expression of ligamentogenic markers collagen type I (2.3 ± 2.9), collagen
type III (100.1 ± 128.4), and scleraxis (89.4 ± 101.7) when compared to undifferentiated
BMMSCs. This verified isolation and use of the ACL fibroblasts.
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Figure 4. (a) Gene expression of the isolated ACL fibroblasts prior to scaffold seeding. The expression
levels were normalized to GAPDH with fold difference compared to the passage-0 BMMSCs (N = 3).
Error bars represent± SD. (b) Cell attachment of the ligament fibroblasts at day 0 for the uncoated and
coated scaffolds. No significant difference was observed between the coated and uncoated conditions.

No significant differences in cell adhesion were observed after seeding onto both
the coated and uncoated scaffolds (Figure 4b, p > 0.05). The fibronectin-coated scaffolds
had the highest adhesion at 63.9 ± 5.4%, while the gelatin-coated ones had the lowest at
38.7 ± 5.1%. The collagen type I-, poly-L-lysine 0.01%-, and poly-L-lysine 0.001%-coated
scaffolds displayed cell adhesion of 50.6 ± 3.6%, 49.9 ± 6.9%, and 60.1 ± 4.7%, respectively.
The uncoated scaffolds displayed an average cell adhesion of 52.5 ± 5.7%. This indicates
that coatings did not significantly improve ligament fibroblast adhesion when compared to
the uncoated nanoporous Lay-Fomm 60 scaffolds.

3.3. Cell Viability, Proliferation, and DNA Quantification

Cell metabolic activity for all the cell-seeded scaffolds was measured with the Alamar-
Blue™ assay. Figure 5a demonstrates that the fibroblasts seeded on the coated scaffolds
were significantly more metabolically active at all timepoints, and plateaus between days 7
and 14. The poly-L-lysine 0.01%-, poly-L-lysine 0.001%, and fibronectin-coated scaffolds
had the highest metabolic activity by day 14, culminating in AlamarBlue™ percentage
reduction at day 14 of 159.0 ± 3.5%, 156.0 ± 2.1%, and 164.5 ± 4.5%, respectively. This indi-
cates that the scaffolds coated with poly-L-lysine and fibronectin may drive a significantly
(p < 0.001) higher cell metabolic activity even though they did not significantly increase cell
adhesion at day 0.
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Figure 5. (a) Percentage reduction quantified using the AlamarBlue™ assay. Error bars represent ± SD;
* = p < 0.05, # = p < 0.005, and † = p < 0.0001. (b) DNA quantification per scaffold using a Hoechst 33258
assay. No significant difference was observed between the coated and uncoated conditions.

To confirm whether the increased metabolic activity for various coatings was due
to cell growth, total DNA at 14 days was measured. Similar overall growth of ligament
fibroblasts was found for the uncoated and coated scaffolds. The uncoated scaffolds
contained 2496 ± 71.82 ng DNA per scaffold, and none of the coated scaffolds showed
significant differences (Figure 5b). The collagen type I-coated scaffolds on average contained
the least DNA at 2.3 ± 0.1 µg DNA, and the poly-L-lysine 0.001%-coated ones contained
the most at 2.6 ± 0.1 µg of DNA. The poly-L-lysine 0.01%- and fibronectin-coated scaffolds
contained 2.5 ± 0.1 µg and 2.4 ± 0.1 µg DNA, respectively.

Visualization of cell growth and spatial distribution was performed with an inverted
light microscope (Zeiss Axiovert 40, Goöttingen, Germany, data not shown). Ligament
fibroblasts surrounded and attached to the surface of the scaffold, but also grew into the
open pores of all the coated and uncoated scaffolds. Cell viability was assessed with the
Live/Dead™ assay (Figure 6). The representative images demonstrate that the number of
dead cells in the coated and uncoated scaffolds was negligible in all the cases. The images
also show alignment of the adhered cells along the long axis of the scaffold.
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3.4. Ligamentogenic Matrix Formation

Distribution of tenomodulin on the cell-seeded Lay-Fomm 60 scaffolds was assessed
using immunofluorescence after 14 days of culture (Figure 7). All the scaffolds displayed
some auto-fluorescence, but cells showed specific staining above the acellular background
levels on all the coating types. There was an even distribution of ligament-like matrix
deposition on the scaffolds, with enhanced tenomodulin (green) deposition on the poly-
L-lysine-coated and fibronectin-coated scaffolds. Phalloidin staining (red) was used to
demonstrate cell morphology and localization of tenomodulin.
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Figure 7. Representative images of tenomodulin and actin fluorescence immunohistology of the
ligament fibroblasts cultured on Lay-Fomm 60 for 14 days. The enhanced signal for the poly-L-lysine-
coated and fibronectin-coated scaffolds suggests higher tenomodulin deposition on those scaffolds
when compared to the uncoated control. Scale bar = 75 µm.

Western blots were performed to assess production of collagen types I and III after
14 days of culture. Densitometry analysis of collagen type I for all the scaffolds showed
that the fibroblasts seeded on the collagen- and poly-L-lysine-coated Lay-Fomm 60 scaf-
folds produced a more extractable—newly synthesized—collagen type I protein, although
this was not significantly different from the uncoated control (Figure 8). Production of
newly synthesized non-crosslinked collagen type III followed a trend similar to that of
collagen type I; the fibroblasts seeded on the collagen- and poly-L-lysine-coated Lay-Fomm
60 scaffolds produced more non-crosslinked collagen type III protein, and both increases in
production were significantly different from the control condition. The ratio of extractable
collagen type I to collagen type III on the gelatin-coated scaffolds was significantly (p < 0.05)
lower than the ratio for the uncoated control scaffolds. Use of the other coatings did not
otherwise impact the ratio of extractable collagens.
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4. Discussion

Additive manufacturing is a rapidly expanding field that has found many novel ap-
plications in the field of tissue engineering. Generation of personalized anatomic graft
substitutes that can replicate the biomechanics of connective tissue has garnered signif-
icant momentum in the field of orthopedics during the last two decades. To generate
these graft substitutes, various manufacturing methods and synthetic materials have been
explored [33,48–55]. While many of the novel scaffolds developed show promise, in vitro
cell adherence onto additively manufactured scaffolds remains low [34–37]. There is, there-
fore, a need to explore ways in which cell adhesion can be improved to enhance tissue
regeneration on additively manufactured scaffolds. In this study, we investigated the effect
of cell-adhesive coatings on 3D-printed elastomeric scaffolds for ACL tissue engineering.
The effect of these coatings on primary human ligament fibroblast adhesion, viability,
proliferation, and extracellular matrix deposition was investigated.

The UTS of the Lay-Fomm 60 filament at 2.07 MPa was lower than that of the native
tissue (approximately 35 MPa, [56]), but the strain at failure of both the filament and the
ACL tissue proved similar [12]. This indicates that Lay-Fomm 60, despite being unsuitable
as an ACL substitute alone, may be co-printed with a stiffer extrudable polymer to yield a
construct with mechanical properties mimicking those of the ACL. Such composite synthetic
scaffolds for ligament tissue engineering have been successfully generated by several
groups using manufacturing techniques such as braiding and electrospinning [33,51].
Use of FDM for co-printing presents a cost-effective and reproducible opportunity to
fabricate such composites. Micro-CT characterization of Lay-Fomm 60 scaffolds indicates
that macropore size and porosity are in line with the optimal values for ligament tissue
ingrowth and that the scaffolds were generated with high reproducibility [57,58]. We also
demonstrate that ligament fibroblasts grew within pores and that the surface roughness
created by the washing of Lay-Fomm 60 may have enhanced adhesion, growth, and
proliferation. Thus, the nanoporous washable material, despite showcasing a low UTS,
may represent a cost-effective way to generate scaffolds with a surface topology conducive
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to enhanced cell adhesion and viability. The co-printing of Lay-Fomm 60 with mechanically
competent polylactic acid (PLA) or polyethylene terephthalate glycol (PETG) may yield
scaffolds with improved tensile properties.

Use of coatings in this study did not have a significant impact on the ligament fibroblast
adhesion at day 0. In fact, only the poly-L-lysine 0.01% and fibronectin coatings showed a
marginally higher cell attachment. This indicates that nanoporous Lay-Fomm 60 is just as
effective as the other coatings investigated in enhancing ligament fibroblast attachment.
This is in line with our previous work on MSC adhesion to Lay-Fomm 60 scaffolds [30].
Use of coatings did impact cell proliferation at all the three measured timepoints. We
demonstrate that cell proliferation increased between each time point but that use of
coatings led to significantly more cell activity at days 3 and 7. This indicates that while
day-14 cell metabolic activity of nanoporous control and coated scaffolds is similar, use of
biological coatings may lead to enhanced viability earlier on. Analysis of the DNA content
at day 14 also supported this notion. The DNA content was not significantly different at
day 14, and thus the nanoporous Lay-Fomm 60 scaffolds performed as well as the coated
scaffolds. Live/dead staining also indicated that all the scaffolds supported cell growth
and proliferation, but the nanoporous control scaffolds appear to have resulted in more
dead cells than the other conditions. Western blot analyses also showed significant matrix
formation and indicated that the use of coatings led to increased collagen types I and III
deposition at day 14. The scaffold coatings did not, however, increase the ratio of collagen
I to collagen III, and the latter was significantly lower than the ratio found in the native
ACL tissue (~9:1) for all the samples [59]. Immunohistology qualitatively demonstrated
increased tenomodulin deposition on the coated scaffolds. These results may not only
signify that the use of coatings such as poly-L-lysine is warranted in maximizing matrix
deposition, but also suggests that nanoporous uncoated Lay-Fomm 60 scaffolds alone may
represent a viable inexpensive alternative for the tissue engineering of ligament tissue.

Although the scaffolds described herein led to consistent cell adhesion, viability, and
matrix deposition, their post-seeding mechanical properties were not considered. They
should be considered in future studies to identify whether increased matrix production
from ligament fibroblasts seeded on poly-L-lysine-coated scaffolds fosters enhanced tensile
properties of the grafts. This might be accomplished through the use of bioreactor culture
systems or through in vivo implantation for enhanced tissue maturation prior to ACL
reconstruction. Furthermore, a comparison between the coated and uncoated Lay-Fomm
60 scaffolds was performed, but future studies should compare the properties listed above
to those of the grafts currently used for surgical reconstruction (i.e., decellularized tendon
allografts) to establish whether a nanoporous TPU graft represents an appropriate microen-
vironment. In future studies, we aim to focus on co-printing, which may lead to more
appropriate mechanics.

While the Lay-Fomm 60 scaffolds developed show interesting properties for tissue en-
gineering of the ACL, we believe the characteristics of these biomaterials, such as the ability
to be printed in complex geometries, potential resorptive capacities, and biomechanical
strength, may prove to be a dynamic and promising alternative in many other smaller and
less biomechanically demanding ligament reconstruction scenarios, such as spine, hand,
or foot. Additionally, our group has already shown that Lay-Fomm 60 can be used for
local drug delivery [45] and mandible bone repair applications [30]. The same method
can be used to deliver other biological molecules, such as growth factors. This, paired
with the use of mesenchymal stem cells (MSCs), will be further explored as a potentially
clinically relevant construct that can mimic ACL and other tissues. Under optimized culture
conditions, the material may be well-suited for diverse ligament tissue repair strategies.

There are, however, a few limitations to the study. All the experiments were performed
under normoxic and normoglycemic culture conditions. For translational applications, we
envision that grafts will be implanted in the joint space, which is relatively hypoxic and
hypoglycemic. Thus, future studies will be designed to investigate the cellular interactions
of the primary human ligament cells with these 3D-printed coated scaffolds under more
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physiological conditions using relative hypoxia and low D-glucose and FBS levels. Future
studies will also be designed to assess the ligament cellular interactions with the other
cells commonly used for ligament tissue regeneration applications, such as bone marrow-
derived stromal cells and adipose stromal cells.

The translatability of this study can be furthered by 3D printing the scaffolds in
filamentous geometry with braiding followed by various coating and cell seeding [60,61] to
generate implantable grafts for in vivo small animal testing for ACL repair. Another tissue
engineering additive manufacturing strategy will be to introduce a biphasic enthesis on
both sides of a bioengineered graft to enhance the integration of the graft at the anchorage
site [62].

5. Conclusions

In this study, custom nanoporous thermoplastic elastomer scaffolds were generated
using commercially available filaments and low-cost desktop 3D printers. This study
indicates that the poly-L-lysine-coated Lay-Fomm 60 scaffolds increased ligament fibroblast
activity and matrix formation when compared to the uncoated scaffolds but did not have a
significant effect on the cell attachment rate and DNA content. This suggests that uncoated
Lay-Fomm 60 scaffolds on their own may be viable scaffolds for ligament tissue engineering.
Further work will focus on co-printing Lay-Fomm 60 with other extrudable materials
in order to generate constructs with more clinically relevant tensile properties and will
investigate the use and differentiation of stem cells on Lay-Fomm 60 scaffolds for ligament
tissue engineering.
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