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Abstract: The development of scaffolds for tissue-engineered growth of the anterior cruciate ligament
(ACL) is a promising approach to overcome the limitations of current solutions. This work proposes
novel biodegradable and biocompatible scaffolds matching the mechanical characteristics of the
native human ligament. Poly(L-lactic acid) (PLA) scaffolds reinforced with graphite nano-platelets
(PLA+EG) as received, chemically functionalized (PLA+f-EG), or functionalized and decorated with
silver nanoparticles [PLA+((f-EG)+Ag)], were fabricated by conventional braiding and using 3D-
printing technology. The dimensions of both braided and 3D-printed scaffolds were finely controlled.
The results showed that the scaffolds exhibited high porosity (>60%), pore interconnectivity, and pore
size suitable for ligament tissue ingrowth, with no relevant differences between PLA and composite
scaffolds. The wet state dynamic mechanical analysis at 37 °C revealed an increase in the storage
modulus of the composite constructs, compared to neat PLA scaffolds. Either braided or 3D-printed
scaffolds presented storage modulus values similar to those found in soft tissues. The tailorable
design of the braided structures, as well as the reproducibility, the high speed, and the simplicity of
3D-printing allowed to obtain two different scaffolds suitable for ligament tissue engineering.

Keywords: ligaments; 3D-printed scaffold; textile-engineered scaffold; functionalized graphene;
PLA; composites

1. Introduction

Scaffold engineering for ligament tissue regeneration is a promising strategy to heal
ligaments with severe injuries, overcoming the inadequacies of current treatments involv-
ing auto and allografts [1]. The approach consists in incorporating specific cells into a
compatible scaffold to be implanted into the lesion site, with combined cell growth and
scaffold degradation. Providing the required scaffold morphology and mechanical perfor-
mance, as well as using the adequate scaffold material and cell type, enables the formation
of a new tissue that replaces the damaged one, restoring its functionality [2,3].

The scaffold properties, such as biocompatibility, biodegradability, and mechanical
performance, are directly influenced by the composition of the material used [4]. Many
biomaterials have been evaluated for ligament TE, including natural materials (e.g., colla-
gen; silk), biodegradable synthetic polymers (e.g., poly(L-lactic acid) (PLA), poly(glycolic
acid) (PLGA)), and composites/blends (e.g., PLA-collagen, polycaprolactone-collagen, and
PLA-PLGA) [5]. Among synthetic polymers, formulations based on PLA scaffolds have
been widely developed [6-8], presenting superior mechanical properties and fibroblast
proliferation when compared to other biodegradable polymers such as polyglycolic acid [7].
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PLA is a biodegradable and biocompatible polymer produced from renewable bio-
based resources such as corn or cellulose [4]. The median half-life of the polymer is
30 weeks and produces safe hydrolytic degradation products (lactic acid or carbon dioxide
and water), naturally metabolized by the human body through the kidneys or breath.
PLA-based materials have been routinely used for several medical applications such as
drug delivery, TE implants, or sutures [9].

Graphene-based materials such as carbon nanotubes (CNTs) and graphene nano-
platelets (GNPs) exhibit unique properties and have been effective as fillers for polymer
reinforcement [10], resulting in composites with superior mechanical, thermal, and electri-
cal properties [11,12]. Gongalves et al. [10] incorporated graphene nanoplatelets in PLA
at different loadings (0.1-0.5 wt.%) and observed that the composite with 0.25 wt.% filler
presented a 20% increase in tensile strength and a 12% increase in the Young’s modu-
lus. Novais et al. showed that the functionalization of graphite nanoparticles through a
1,3-dipolar cycloaddition (DCA) of an azomethine ylide improved the composite inter-
facial strength, through covalent bonding of PLA with the pyrrolidine group formed at
the graphene surface [13,14]. Moreover, the morphology and metabolic activity of human
fibroblasts (HFF-1) were not affected by the presence of graphene [10]. The combination
of graphene and its derivatives with biocompatible polymeric matrices is also attractive
for TE scaffolds because of their high surface area and nanoscale dimension that matches
the size of cell surface receptors, and the natural extracellular matrix (ECM) nanotopogra-
phy [15,16]. Composite scaffolds with low graphene or functionalized graphene content
have been considered to reduce the potential cytotoxicity in the human body [15,16].

An important concern during the implantation of a scaffold is the risk of bacterial
infections at implant or device sites, which are frequently difficult to treat due to deep
tissue localization and the bacteria involved [17]. The incorporation of antibacterial com-
ponents into scaffolds may aid appropriate postoperative regeneration of the scaffold
implantation site [18]. Silver nanoparticles have demonstrated interesting activity in tis-
sue regeneration because of their nano-size, high inherent antimicrobial efficiency, and
capacity to accelerate the healing process and production of ECM components [19,20]. To
facilitate recovery after ACL-reconstructive surgery, the use of electrical stimulation has
been recommended [3,21,22]. As a metallic agent, silver nanoparticles can also change
the electrical characteristics of the cells [23]. The combination of polymers with metallic
nanoparticles, e.g., silver nanoparticles, and carbon fillers, is thus an attractive way to
enhance the transmission of an electrical stimulation applied from skin electrodes to the
damaged tissue, enhancing its repair [3]. A decoration of functionalized graphene surfaces
with silver nanoparticles can be easily obtained through a reaction based on the reduction
of silver ions by N,N-dimethylformamide [24,25].

Current fabrication methods for ligament scaffolds include melt spinning, electro-
spinning, freeze-drying, solvent casting, hydrogel solution mixing, and additive manufac-
turing [26]. Fibrous scaffolds have been the preferred choice to mimic the hierarchical orga-
nization of native ligaments [27]. These structures are based on an assembly of fibers, either
random or aligned in parallel, as a rope, or arranged by braiding [6,7], braid-twisting [8],
or knitting [28], as typically performed in the textile industry [27,29].

Additive manufacturing (AM), also known as three-dimensional (3D) printing, has
revolutionized the regenerative medicine field due to its capacity of producing customiz-
able scaffolds for tissue engineering [30] with controlled pore size and structure [31]. AM
enables the production layer by layer of complex and precise structures with high repro-
ducibility [32]. Recently, scaffolds have been produced by bioprinting, stereolithography,
inkjet printing, selective laser sintering [31], and fused deposition modeling (FDM) tech-
niques. FDM is one of the most widespread, simple, and cheap 3D printing methods,
whereby a continuous filament of a thermoplastic polymer is extruded through a nozzle
and subsequently deposited onto a print bed, creating successive horizontal thin layers
of the part in the vertical direction [18,30]. FDM does not require solvents and can use a
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variety of biodegradable and biocompatible materials, the most common being PLA, to
fabricate 3D printed scaffolds [4,18].

Previously, the authors reported the successful production of PLA /graphite nano-
platelet composite filaments with enhanced mechanical and electrical properties [24]. Here,
those filaments are used to obtain scaffolds for ligament regeneration. Two alternative
manufacturing techniques were investigated, one based on braiding, the other using
FDM. Braided scaffolds benefit from the tailorable structures that may be obtained by
conventional textile techniques to mimic the native ligament morphology. FDM is a simple,
fast, and cost-effective technique that, to the best of our knowledge, has not yet been utilized
to obtain scaffolds based on PLA /graphene composites for ACL. The present work reports
the production, optimization, and characterization of these composite scaffolds based on
PLA and graphite nanoplatelets (PLA+EG), functionalized EG (PLA+{-EG) and f-EG with a
low concentration of silver nanoparticles anchored at the surface [PLA+((f-EG)+Ag)]. These
scaffolds were produced with controlled architecture, adequate porosity, and mechanical
properties relevant for the re-generation of the ACL.

2. Materials and Methods
2.1. Scaffolds Production
2.1.1. Materials

PLA filaments and PLA composite filaments with two different diameters (0.26 & 0.03 mm,
designated as FilText, and 1.71 & 0.07 mm, designated as Fil3D), produced in a previous
work [24], were used in the preparation of the textile engineered and 3D printed scaffolds,
respectively. The composite filaments were constituted by PLA and EG at weight concen-
trations of 0.25, 0.5, 1, and 2 wt.%, as determined by thermogravimetric analysis on a TGA
Q500 equipment (TA Instruments®, New Castle, DE, USA) at 800 °C, under a nitrogen
atmosphere at a flow rate of 50 mL min~!—Table S1 in Supplementary Material. The PLA
was the grade Luminy LX175 from Total Corbion, Gorinchem, and the EG were Micrograf
HC11 obtained from Nacional de Grafite Lda, Minas Gerais, Brasil. The EG were function-
alized by the DCA reaction (f-EG), and (f-EG) were decorated with silver nanoparticles
[(f-EG)+Ag]), as previously described [24]. The melt flow index (MFI) of the filaments
containing PLA and PLA reinforced with 0.5 and 2 wt.% of fillers was measured at 185 °C
and a load of 2.16 kg on MFI equipment from Daventest (Welwyn Garden City, England).

2.1.2. Three-Dimensional Printing

The 3D-printed scaffolds were designed using the Ultimaker Cura (version 4.4, Ul-
timaker, Geldermalsen, Netherlands) software (Figure 1), with an infill linear pattern
(0 and 90°) and porosity of 50%. The scaffold was printed horizontally using an Ender-3 3D
Printer from Creality (London, UK).

2.1.3. Braiding

Braided scaffolds were manufactured using the FilText filaments reinforced with
0.5 and 1 wt.% of [(f-EG)+Ag]. The textile-engineered scaffolds made with FilText filaments
were produced using a kumihimo hand braiding device, with a circular stand (diameter of
12 cm). The kumihimo technique and the resulting braided structure (formed by 8 FilText
filaments and designated as bundle) are represented in Figure 2a,b, respectively.

The number of bundles was optimized to obtain a braided scaffold with a diameter of
approximately 9 mm, similar to the native ligament. The resulting scaffold comprises an
exterior braided structure formed by 8 FilText filaments and a core containing 8 bundles
aligned in parallel and tied together with a suture of the same material (Figure 2c).
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9 mm

Figure 1. Three-dimensional-printed scaffolds. (a) Isometric view; (b) top view; (c) lateral view; and

(d) front view.

_%

8 FilText

a) b)
c) 8 Bundles 8 bundles + Exterior
8 FilText Braiding 1 Bundle braided structure
—>
Parallel

Figure 2. (a) Kumihimo technique: slot 32 of the disk is placed in the 12 o’clock position. Eight FilText
filaments are tied together, placed in the center of the disk, and the loose ends loaded into slots 31 and
32,7,and 8, 15 and 16, 23, and 24 on the kumihimo disk. Then, FilText filaments are moved from
slot 16 to 30 (1) and 32 to 14 (2). Then, the disk is rotated 90° counterclockwise (3) and the FilText
filaments moved from slot 24 to 6 and slot 8 to 22. This procedure was repeated until the required
braid length was reached; (b) braided structure obtained after multiple repetitions of (a); (c) structure
of the final braided scaffold.
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2.2. Scaffold Characterization

Both types of scaffolds exhibited a cylindrical shape with a full length of approximately
32 mm and a diameter of 9 mm, which are comparable to the dimensions of the native
ACL. Smaller braided and 3D-printed scaffolds with an approximate length of 25 mm and
diameter of 4 mm were also produced for further testing.

The morphology and the shape, size, and distribution of the pores of braided and
3D-printed scaffolds were analyzed using a Digital Microscope Leica DMS1000 (Wetzlar,
Germany). The scaffolds were imaged by scanning electron microscopy (SEM) and their
cross-sections were observed by SEM and energy dispersive spectroscopy (SEM/EDS)
on a FEI Nova 200 FEG-SEM/EDS (FEI Europe Company, Hillsboro, OR, USA). The mi-
crostructure of the scaffolds was analyzed by computed micro-tomography (micro-CT)
using a high-resolution SkyScan 1272 scan (v1.1.3, Bruker, Boston, MA, USA). Samples
were scanned using a pixel size of 21.6 pm, with a voltage of 60 kV and a current of 163 pA.
The resulting images were reconstructed along the z-axis (software NRecon, SkyScan), then
representative images were binarized through a global threshold (value adjusted to the
minimum of the global grayscale histogram from each sample) (CTAn software, SkyScan).
The reconstructed slice images were processed and through 3D rendering the mean pore
size (um), mean wall thickness (um), and porosity (%) were determined. Finally, the 3D vir-
tual reconstructions were created using the CTVox software (version 3.3.0 r1412, SkyScan,
Boston, MA, USA). At least three samples were analyzed for each condition. Uniaxial
compression tests of 3D-printed scaffolds were performed on a Instron 5969 (Norwood,
MA, USA), equipped with a 50 kN load cell, setting the initial grip distance at 4 mm and
the testing speed at 1 mm/s. At least five samples were analyzed for each condition. The
samples were previously soaked overnight in a phosphate buffered saline (PBS) solution
at 37 °C. Dynamical Mechanical Analysis (DMA) was performed using a TRITEC2000B
equipment (Triton Technology, Grantham, UK) in compressive mode for the 3D-printed
scaffolds and in tension mode for the braided scaffolds, with the aim of evaluating their me-
chanical properties and possible alterations when subjected to cyclic loading and immersed
in physiologic fluids. Samples were previously soaked overnight in a PBS solution at 37 °C.
DMA spectra were obtained at the same temperature using cycles of increasing frequency
from 0.2 to 2 Hz. At least three samples were tested for each composition and scaffold type.

3. Results and Discussion
3.1. Scaffold Architecture and Morphology

The MFI results obtained for the composites reinforced with 0.5 and 2 wt.% of EG,
f-EG and [(f-EG)+Ag]) are summarized in Table S2, ranging from 10 to 14.5 g/10 min,
which are adequate for use in extrusion-based processes. The addition of reinforcement
did not significantly change the MFI measured for neat PLA. Scaffolds with a porous
interconnected network and a pore size greater than 250 um were produced, aiming at
enabling ligament regeneration [25,33]. As expected, the production of 3D-printed scaffolds
was faster, easier, and yielded reproducible samples.

During 3D printing optimization, accumulation of material, deformation of some
layers, and/or closing of the pores, were defects observed and related to overheating.
The scaffolds printed horizontally with nozzle temperature and printing velocity set at
185 °C and 45 mm.s !, respectively, the build platform kept at 80 °C, an infill distance of
0.8 mm and layer height of 0.15 mm, and with a substrate of 5° contact angle exhibited well
defined pores, with no deformation of layers, as well as no surface distortions. Therefore,
these printing conditions were selected to produce all 3D-printed scaffolds. It is worth
noting that horizontal printing required the deposition of a support layer. The same
material of the scaffold was used, printing at a 5° contact angle (see Figure 1), which
could be easily removed after cooling. Figure 3 presents the 3D-printed scaffolds of PLA
and PLA reinforced with [(f-EG)+Ag]. A general view is provided in Figure 3a—c). The

o

images obtained at higher magnification in the “front”, “top”, and “lateral” directions were
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acquired as indicated in Figure 1. Further images of the 3D-printed scaffolds at all the
compositions of EG, f-EG, and [(f-EG)+Ag] are presented in Figures S1-54.

PLA PLA + 0.5[(f-EG)+Ag] PLA + 2[(f-EG)+Ag]
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General view

Front view

RRRRRRREARE

e
-—
—
r—
—
—
—
e
e
—
—
a—
-
co—

ERRRRRRRRRENR

IRRRRRRRRRAREY)

)
1l
3
3

Top view
Y
ap N

[g]
w

\RARRARRRRRRR N

Wiassssssd

J i

z ".

Lateral view

SRR RIREREE |

ERREREARRERAR

SRR

,©
w0

E

Figure 3. Three-dimensional-printed scaffolds: general view ((a)—PLA; (b)—PLA+0.5[(f-EG)+Ag];
(c)—PLA+2[(f-EG)+Ag]); higher magnification ((al)—(a3)—PLA; (b1)-(b3)—PLA+0.5[(f-EG)+Ag]
and (c1)—(c3)—PLA+2[(f-EG)+Ag]) from front, top, and side perspectives.

The general architecture of the braided scaffolds containing PLA and PLA reinforced
with [(f-EG)+Ag] is illustrated in Figure 4a—c). The samples had a regular geometry, with
large pores regularly distributed with clear pore interconnectivity.

The surface morphology of 3D-printed and braided scaffolds was observed by SEM
(Figure 5). A slight roughness may be assigned to the presence of fillers, which may be
advantageous for the application. It has been reported that surface roughness at micron and
submicron scale may positively affect cell adhesion and proliferation regardless of the cell
type and scaffold materials [33]. The braided scaffold geometry presents higher pore size
compared to the 3D-printed scaffold. The addition of reinforcements did not significantly
affect the scaffolds’ geometry or pore size, either for braided or 3D-printed scaffolds.

The qualitative and quantitative analysis of porosity, mean pore size, and mean pore
thickness of the 3D-printed and braided scaffolds were assessed by micro-CT and are
summarized in Table 1. All 3D-printed scaffolds presented uniform pores over the entire
surface and a similar structure, regardless of the presence of fillers, as illustrated in Figure 6
by the representative images of 3D-printed scaffolds containing PLA, PLA reinforced with
2 wt.% EG, (f-EG) and [(f-EG)+Ag]. Micro-CT cross-section images of the 3D-printed
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scaffolds produced with the remaining compositions of EG, (f-EG) and [f-EG)+Ag] are
displayed in Figure S5.

PLA PLA + 0.5[(f-EG)+Ag] PLA + 1[(f-EG)+Ag]

Braided

Figure 4. General view of braided scaffolds (longitudinal direction) containing: (a—PLA;

b—PLA+0.5[(f-EG)+Ag]; c—PLA+1[(f-EG)+Ag]) and the corresponding optical images at higher
magnification (al-c1).

3D-printing Braiding

Figure 5. Morphology of the surface of the (a) 3D-printed scaffold containing PLA+2[(f-EG)+Ag],
and (b) braided scaffold with PLA+1[(f-EG)+Ag].

Table 1. Mean porosity, pore size, and filament thickness of the 3D-printed and braided scaffolds,
calculated from the micro-CT data.

Mean
Mean Filament Mearll
Scaffold Porosity (%) Thickness Pore Size
(um)
(um)
PLA 66.8 + 1.5 240+ 3 484 + 4
3D-printed  PLA+0.5 705+ 1.7 229 + 8 496 +7
PLA+2 [(FEG)+Agl 68.9 £ 0.8 236 +7 485 + 17
PLA 87.6 +0.7 264 + 34 1035 + 411
Braided PLA+0.5 83.4+25 225 + 33 1154 + 8
pras  [FEG+AE]

87.8 £3.8 267 £33 1164 + 545
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PLA+2EG
b1) =
b2)
PLA+2[(f-EG)+Ag]
d1) .

c2) d2)

2mm
—

2 L l
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Figure 6. Representative 3D micro-CT reconstruction and the corresponding micro-CT cross-sections
images of the 3D-printed scaffolds containing: (al,a2) PLA; (b1,b2) PLA+2EG; (c1,c2) PLA+2(f-EG);
and (d1,d2) PLA+2[(f-EG)+Ag].

PLA 3D-printed scaffolds exhibited a slightly lower porosity as compared to
PLA+0.5[(f-EG)+Ag] and PLA+2[(f-EG)+Ag] 3D-printed scaffolds. Similar results
were obtained for all 3D-printed scaffolds with different compositions (see Table S3),
indicating that filler addition to the PLA matrix had a slight effect on pore morphology
and size, during 3D printing, as reported by other authors [4].

Higher porosity and pore size were observed for braided scaffolds as compared to
3D-printed scaffolds. A large variation of the pore size was observed for the braided
scaffolds, characteristic of the braiding design chosen and enhanced by the handcrafted
production. The micro-CT images and 3D reconstructions are illustrated in Figure 7. Micro-
CT analysis revealed similar porosity and pore size results for the braided scaffolds of PLA
and composites with different compositions.
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cl)
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Figure 7. Representative 3D micro-CT reconstruction and micro-CT cross-sections images of the braided
scaffolds containing (al,a2) PLA, (b1,b2) PLA+0.5[(f-EG)+Ag], and (c1,c2) PLA+1[(f-EG)+Ag].

Pore interconnectivity and high porosity play an important role in the performance of
scaffolds, helping the diffusion of nutrients, vascularization, and tissue ingrowth [34,35].
For ACL tissue engineering, it has been recognized that the scaffold should have an overall
porosity >50% and exhibit pores with diameters greater than 250 um [35,36]. Thus, the
scaffolds produced in the present work, either 3D-printed or braided, exhibit adequate
porosity, pore interconnectivity, and pore size for ACL regeneration. The pore size and
morphology of 3D-printed scaffolds are comparable to those reported for other 3D-printed
graphene-based scaffolds, such as PLA /GO [4] and polycaprolactone/reduced GO [37].
Braided scaffolds also exhibit a pore size similar to that found in other works focused on
textile-based scaffolds for ligament regeneration such as knitted scaffolds of PLA /poly
lactic-co-glycolic acid [38] and silk/collagen [39].

3.2. Morphology of the Nanoparticle Dispersion after 3D-Printing

The braiding process does not affect the nanoparticle dispersion morphology since
the filaments produced by melt extrusion are only subjected to a textile process. However,
3D-Printing involves re-melting and flow, which may affect the dispersion state of the
nanoparticles in the composite. In order to evaluate the nanoparticle dispersion morphology
after 3D-printing, the scaffolds cross-sections were observed by SEM and compared to
the morphology of the Fil3D used in the printing process. Figure 8 presents micrographs
of the cross-sections of 3D-printed scaffolds containing PLA, PLA+0.5[(f-EG)+Ag], and
PLA+2[(f-EG)+Ag] as well as of the Fil3D nanocomposite filaments that originated them.

Figure 8 illustrates the homogenous dispersion and distribution of [(f-EG)+Ag] in PLA
for HI3D filaments and its preservation after 3D-printing. Figure S6 depicts micrographs of
the cross-sections of 3D-printed scaffolds produced with composite filaments containing
1 wt.% of EG, (f-EG) and [(f-EG)+Ag], showing similar morphology and good dispersion
of the nanoparticles for all compositions.

The EDS elemental analysis of the 3D-printed scaffold containing PLA+2[(f-EG)+Ag] is
depicted in Figure 9, confirming the presence of silver nanoparticles anchored on f-EG. The
addition of silver nanoparticles onto graphene-based materials was reported to enhance
the antimicrobial activity and biocompatibility, depending on its concentration [40,41]. The
Au signal is due to the thin Au layer deposition performed to allow the SEM analysis.
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PLA + 0.5 [(f-EG)+Ag] PLA

PLA + 2 [(f-EG)+Ag]

Figure 8. Morphology of the cross-section of the (al-a3) 3D-printed filament scaffolds and (b1-b3)
Fil3D containing PLA, PLA+0.5[(f-EG)+Ag], and PLA+2[(f-EG)+Ag], respectively.

4500 Cc
2500 I\
500
300
)
2
8 200+
£ 0
100 -
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0 1 1 1
0 100 200 300 400

Energy [eV]

Figure 9. EDS of the 3D-printed scaffold containing PLA+2[(f-EG)+Ag].
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3.3. Scaffold Dynamic Mechanical Analysis

The dynamic mechanical properties measured under wet conditions at 37 °C as
a function of frequency are displayed in Figures 10 and 11, with Figure 10(al—c1) and
Figure 11(al) representing the storage modulus (E’) and Figure 10(a2—c2) and Figure 11(a2)
the loss factor (tan §) of 3D-printed and braided scaffolds, respectively.

3D-Printed scaffolds (compression)

al)c“ a2)0.“4
50+
______________________________ 0.03{---~
T 409 — PLA
QO f-------e-s-se-em-—e—e—e-ooo--- o
S 30 < 0024 PLA+0.25 EG
w s --- PLA+0.5EG
20}--=--------ceccecccoocoooe
0.014 --- PLA+1EG
1071 --- PLA+2EG
0 T T : 0.00 : : :
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
Frequency [Hz] Frequency [Hz]
60 0.04
b1) b2)
50- ................................
0.034
et T — PLA
L PLA+0.25(-EG
4 201 - PLA+0.51EG
104 - PLA+1f-EG
- PLA+2f-EG
0 . . T 0.00 . . T
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
Frequency [Hz] Frequency [Hz]
c1)® c2)0.04
50
Py 0.03-
s o — PLA
E, 30 £ 0.021 PLA+0.25[(f-EG)+Ag]
T = \o—— | PLA+0.5[(-EG)+Ag]
104 0SS ——— = — PLA[FEG}A]
— PLA+2[(FEG)+Ag]
0 0.00

05 10 15 2.0 0.5 1.0 15 2.0
Frequency [HZ] Frequency [Hz]

Figure 10. (al-c1) Storage modulus (E’) of 3D-printed scaffolds reinforced with EG, {-EG, and

[(f-EG)+Ag], respectively, and (a2—c2) the corresponding loss factor (tan ), as a function of

the frequency, ranging from 0.1 to 2 Hz. Three-dimensional printed scaffolds were tested in

COIan'ESSiOD mode.

Braided scaffolds (tension)

al) 20 a2) 0.9
154
§ ///— o U8 — PLA
= 10-/ £ — PLA+0.5[(FEG)+Ag]
i . | — PLAH[(FEG)+Ag]
0 : . : 0.0 . ; :
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0

Frequency [Hz] Frequency [Hz]

Figure 11. (al) Storage modulus (E) and (a2) loss factor (tan §) of braided scaffolds, as a function of
the frequency, ranging from 0.1 to 2 Hz. Braided scaffolds were tested in tensile mode.

Several studies have reported the mechanical improvement of PLA reinforced with
graphene-based materials under static loading [42]. The mechanical response of knee
ligaments, namely ACL, posterior cruciate ligament (PCL), medial collateral ligament
(MCL), and lateral collateral ligament (LCL) under static loading is also well documented
[13,27]. Values reported for the elastic modulus of ACL, PCL, MCL, and LCL are in
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the range of 65—447, 150—447, 330, and 245 MPa, respectively. Values reported for the
ultimate strain are 14-44% for ACL, 11-19% for PCL, 17% for MCL, and 16% for LCL [27].
The ACL is formed by two anatomical bands (anteromedial (AMB) and posterolateral
(PLB) bands). Tensile tests of porcine ACL bundles, similar to human ACL, showed that
the stiffness of the PLB was significantly higher than that of the AMB, except for the
modulus (111 and 123 MPa, respectively). In fact, no material property of intact ACL,
AMB, and PLB specimens was significantly different, including deformation and strain at
failure [43]. However, ligaments experience dynamic loads during normal locomotion, and
their response is influenced by their viscoelastic properties. Thus, it is crucial to confirm the
viscoelastic response of the scaffold structure to loading [42]. Studies reporting dynamic
mechanical tests of PLA /graphene-based composite structures for ligament scaffolds are
scarce [44—46]. Pinto et al. [44] produced composites for ACL regeneration based on CNTs
functionalized with carboxylic acid (0.3 wt.%) by melt mixing/compression molding and
observed an increase of 4% in the storage modulus compared to neat PLA, at 1 Hz and
under tension. They also produced composites of PLA/GNPs (2 wt.%) by the same method
and observed a decrease (2%) in the storage modulus relative to the neat polymer matrix.

The dynamic mechanical performance of 3D-printed and braided scaffolds may be
affected not only by the scaffold’s material but also by its structure. Thus, direct comparison
of the DMA results obtained for 3D-printed and braided scaffolds is not appropriate. In
general, an increase in E’ is observed for the composite 3D-printed and braided scaffolds
relative to PLA scaffolds, as presented in Figure 10(al—c1) and Figure 11(al), respectively.
This is a consequence of the addition of high stiffness nanoparticles forming strong/rigid
interfaces with the PLA matrix and reducing the polymer mobility near the nanofillers [47],
or even to changes in the polymer crystallinity induced by the graphene nanoparticles.
Graphene may act as a nucleating agent, restricting the movement of the polymer chains
and inducing crystallization [42]. These effects may contribute differently to the 3D-printed
and braided scaffolds since they were produced from filaments with different diameters and
exhibiting distinct structures. Moreover, 3D-printing required re-melting of the filament to
produce a continuous porous structure.

The DMA of 3D-printed scaffolds was conducted in compression mode, commonly
used to mechanically characterize scaffolds obtained by 3D-printing [48,49]. The E’ of
3D-printed scaffolds was nearly constant for the studied frequency range and, in general,
increased with the addition of graphite nanoparticles, as compared to neat PLA, even with
the addition of 0.25 wt.% of EG (as received and functionalized). The highest increase in the
storage modulus at 37 °C and 1 Hz was observed for PLA+1f-EG and PLA+2[(f-EG)+Ag]
exhibiting a storage modulus of 58.4 £ 7 and 61.7 £ 9 MPa, respectively, while the PLA
3D-printed scaffold presented E’ = 31.4 + 10 MPa—Figure 12a), thus representing a 85%
and 96% increase, respectively.

Braided scaffolds exhibit a fibrous and more complex geometry, similar to the hier-
archical structure of the native ligament [27]. Their dynamic mechanical response was
tested under tension, as commonly used for testing textile-based scaffolds [50]. Composite
braided scaffolds possessed higher E’ values compared to PLA braided scaffolds, which
increased slightly with increasing frequency. An increase in the storage modulus was
achieved at 37 °C and 1 Hz for scaffolds reinforced with 0.5 and 1 wt.% of [(f-EG)+Ag],
reaching 11.1 &+ 2 and 7.7 £ 2 MPa, respectively, compared to PLA (2.2 & 2 MPa), see
Figure 12b, representing a 400% and a 250% increase relative to PLA scaffolds, respectively.

The addition of micronized graphite/few-layer graphene to PLA at low concentrations
by melt mixing was reported to produce composites with tensile properties that could
be adequate for ligament regeneration applications, without significantly impairing the
ductility [51]. Similar conclusions were obtained in the present work for compression
tests performed on 3D-printed scaffolds about the effect of reinforcement on the composite
ductility. The resulting compression stress—strain curves are shown in Figure S7(al—c1).
All scaffolds present an elastic region up to approximately 5% deformation, followed by a
plateau region where their load-carrying capacity is maintained and plastic deformation
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develops as well as structure yielding, followed by a densification region above 40%
deformation, similarly to the results described by M. Saleh et al. [52]. Thus, from the point
of view of ductility and compression strength, the compression test results indicate a similar
performance of the 3D printed PLA and composite specimens.

3D-Printed scaffolds - compression Braided scaffolds - tension
a) 8o b) 15
60 ; V
. | 57! D
= [hE %7 . 2
B “ iy
20{ll £ 2%2%7%
= 2%%7%
ME 5377
B 0-
mm PLA
== PLA+0.25EG PLA+0.25f-EG ## PLA+0.25[(f-EG)+Ag]
== PLA+0.5EG mm PLA+0.5f-EG 74 PLA+0.5[(f-EG)+Aqg]
== PLAHEG mm PLA+1f-EG 74 PLA+1[(f-EG)+Ag]
== PLA+2EG mm PLA+2f-EG w4 PLA+2[(f-EG)+Aq]

Figure 12. DMA results for the E’ of (a) 3D-printed (under compression) and (b) braided scaffolds
(under tension) at 37 °C and 1 Hz.

The viscoelastic nature of both 3D-printed and braided scaffolds was also confirmed
by the loss factor values of DMA (Figures 10(a2—c2) and 11(a2)), ranging from 0.02-0.04 and
0.31-0.58, respectively), and suggest that both scaffolds have the capacity to dissipate
energy and damping for the tested frequencies [53]. The incorporation of fillers also led to
a decrease in the damping factor compared to PLA, which is a consequence of the reduced
molecular mobility [54].

The storage modulus achieved for the 3D-printed scaffolds is in the same order of
magnitude of the dynamic mechanical response reported for ligaments under compression
at 1 Hz [55]. M. Najafidoust et al. [55] performed dynamic compression mechanical tests
in ligaments in a wider range of frequencies (0.01-100 Hz) and at three different preloads
(0.25, 0.75, and 2 N). An increase in the storage modulus was observed with increasing
preload. At 1 Hz, all samples with different preloads exhibited a storage modulus ranging
from approximately 4 to 21 MPa. Other studies measured the viscoelastic properties of
ACL [56] and tendons [56,57] in tension mode, at body temperature and 1 Hz. For instance,
J.H. Edwards et al. [57] suggested a xenogeneic tendon intended for ACL replacement and
evaluated the dynamic mechanical response of a native and a decellularized tendon. At
1 Hz, the decellularized tendon exhibited a lower storage modulus than the native tendon,
but in the same order of magnitude (MPa). The tan delta slightly decreased from 0 to
approximately 0.7 Hz and was almost constant from 1 to 2 Hz. These results are similar to
those found for the braided scaffolds.

4. Conclusions

Composite filaments based on PLA reinforced with EG, {-EG, and [(f-EG)+Ag] were
successfully processed into three-dimensional scaffolds using textile-engineered and 3D-
printing techniques. The production of 3D-printed scaffolds was faster, easier, and more
reproducible compared to braided scaffolds, but all have finely controlled dimensions
and geometry. Regardless of the filler, either EG, (f-EG) or [(f-EG)+Ag], a good dispersion
and interaction with the polymeric matrix was observed through the cross section of
3D-printed scaffolds. The anchoring of a small concentration of Ag as an anti-microbial
agent was confirmed by EDS on scaffolds reinforced with [(f-EG)+Ag]. The addition of
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nanoparticles to the PLA matrix had a very slight effect on pore morphology and size.
Three-dimensional-printed scaffolds exhibited a porosity that ranged from 67 to 71% and
pore size from 484 to 496 um. Higher porosity was observed for braided scaffolds compared
to 3D-printed scaffolds, ranging from 83-88%, and pore size from 1035 to 1164 um. Both
braided and 3D-printed exhibited a viscoelastic behavior and an increase in the storage
modulus for the composite scaffolds compared to neat PLA scaffolds. The highest E’ was
achieved by the scaffold containing PLA+2[(f-EG)+Ag] (E' = 61.7 & 9 MPa), among the
3D-printed scaffolds, and the scaffold with PLA+0.5 [(f-EG)+Ag] (E’ =11.1 + 2 MPa), among
the braided scaffolds. Both braided and 3D-printed scaffolds exhibited storage modulus
values comparable to those measured for ligaments/tendons in tension and compression,
as well as high porosity and pore size adequate for ACL regeneration.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jcs7030104 /s1. Table S1: Thermogravimetric analysis of com-
posite filaments and the percentage residual weight.; Table S2. MFI of filaments containing PLA
and PLA reinforced with 0.5 and 2 wt.% of EG, f-EG and [(f-EG)+Ag].; Figure S1: Digital mi-
croscopy images of 3D-printed scaffolds containing (al-a3—PLA+0.25EG; b1-b3—PLA+0.25(f-EG)
and c1-c3—PLA+0.25[(f-EG)+Ag]) from a front, top, and side perspectives.; Figure S2: Digital
microscopy images of 3D-printed scaffolds containing (al-a3—PLA+0.5EG; b1-b3—PLA+0.5(f-
EG) and c1-c3—PLA+0.5[(f-EG)+Ag]) from a front, top, and side perspectives.; Figure S3: Digital
microscopy images of 3D-printed scaffolds containing (al-a3—PLA+1EG; b1-b3—PLA+1(f-EG)
and c1-c3—PLA+1[(f-EG)+Ag]) from a front, top, and side perspectives.; Figure S4: Digital mi-
croscopy images of 3D-printed scaffolds containing: al-a3—PLA+2EG; b1-b3—PLA+2(f-EG) and
c1-c3—PLA+2[(f-EG)+Ag], from a front, top, and side perspectives.; Figure S5: Representative micro-
CT cross-sections images of the 3D-printed scaffolds containing PLA reinforced with 0.25, 0.5, 1 wt.%
of EG, (f-EG) and [(f-EG)+Ag].; Table S3: Mean porosity, pore size, and filament thickness of 3D-
printed scaffolds containing composites of EG, {-EG, and 0.25 and 1wt.% of [(f-EG)+Ag], calculated
from the micro-CT data.; Figure S6: SEM images of 3D-printed scaffolds: al —PLA+1EG; b—PLA+1(f-
EG) and c—PLA+1 [(f-EG)+Ag].; Figure S7: Compressive test of 3D-printed scaffolds containing PLA
and al—EG, b1—f-EG and c1—[(f-EG)+Ag].
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