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Abstract: Abdominal hernia repair using prosthetic materials is among the surgical interventions
most widely performed worldwide. These materials, or meshes, are implanted to close the hernial
defect, reinforcing the abdominal muscles and reestablishing mechanical functionality of the wall.
Meshes for hernia repair are made of synthetic or biological materials exhibiting multiple shapes
and configurations. Despite the myriad of devices currently marketed, the search for the ideal mesh
continues as, thus far, no device offers optimal tissue repair and restored mechanical performance
while minimizing postoperative complications. Additive manufacturing, or 3D-printing, has great
potential for biomedical applications. Over the years, different biomaterials with advanced features
have been successfully manufactured via 3D-printing for the repair of hard and soft tissues. This
technological improvement is of high clinical relevance and paves the way to produce next-generation
devices tailored to suit each individual patient. This review focuses on the state of the art and
applications of 3D-printing technology for the manufacture of synthetic meshes. We highlight the
latest approaches aimed at developing improved bioactive materials (e.g., optimizing antibacterial
performance, drug release, or device opacity for contrast imaging). Challenges, limitations, and future
perspectives are discussed, offering a comprehensive scenario for the applicability of 3D-printing in
hernia repair.

Keywords: additive manufacturing; bioactive mesh; hernia repair; mesh material; prosthesis;
3D-printing

1. Introduction

The abdominal wall protects internal organs and stabilizes body posture while with-
standing intraabdominal pressure variations caused by physiological events (e.g., breathing,
digestion, coughing, urination, defecation), trunk movements, physical activity, or other
efforts [1]. The abdominal wall (Figure 1) is basically comprised of layers of skeletal mus-
cle tissue interwoven with connective fascias [2]. The outer side of the abdominal wall
faces the subcutaneous tissue, while its inner surface is covered by peritoneum, which
separates the wall muscles from the cavity organs [3,4]. All these components give rise to
a functioning composite tissue structure of heterogeneous anatomical configuration [5].
The complexity of abdominal wall structure is important for its mechanical properties,
which are influenced by many factors such as the (i) thickness of the different layers [6],
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(ii) presence of collagen and elastic fibers in connective tissues [7], (iii) anisotropy of the
linea alba region [8], (iv) stiffness and strength of each individual component [9], (v) wall
geometry [10], and (vi) non-linear response of soft tissues forming this composite-like
structure [9].

I

|

| Left

I Hypochondrium

Right
Hypochondrium

"

Right : Left
5 Umbilical
Lumbar

Epigastric

Right lliac Suprapubic : Left lliac

Fossa | Fossa

-

Drawn by William Flynn

Figure 1. Anatomical structure of the anterior abdominal wall. (A) Principal muscles (1 pectoralis; 2 serratus anterior;

3 rectus abdominis; 4 latissimus dorsi; 5 transverse abdominis; 6 internal oblique; 7 external oblique) and other relevant

components (8 linea alba; 9 tendinous intersection; 10 inguinal ligament; 11 external oblique aponeurosis). Original image

by Scott Dulebohn [2] adapted with permission from StatPearls Publishing (Creative Commons Attribution 4.0 International

License). (B) Diagram illustrating the different anatomical regions of the anterior abdominal wall. Original drawing by

William Flynn [2] reproduced with permission from StatPearls Publishing (Creative Commons Attribution 4.0 International

License).

One of the most frequent conditions that affects the integrity and functionality of
the abdominal wall is herniation. A hernia arises when there is weakening, opening, or
leakage of the abdominal muscles, causing loss of intraabdominal pressure and protrusion
outward of the abdominal cavity contents [11]. In patients, these events may cause pain
and reduced mobility among other incapacitating consequences. The clinical classification
of hernias is complex and depends on several factors such as size, location, etiology, and
variables influencing their development [12]. The genesis of a hernia is multifactorial
involving genetic, biologic, or traumatic factors, or could be a postoperative complication
of a laparotomy incision [13-18].

Surgical hernia repair can entail an open-surgery or laparoscopic approach. The high
prevalence of hernias today determines that around 20 million patients undergo hernia
repair annually worldwide [19,20]. The presence of comorbidities and risk factors (e.g.,
obesity, diabetes, hypertension, immunosuppression, previous surgeries, smoking) makes
patients more likely to develop an abdominal hernia. According to a recent report, the
Global Hernia Repair Devices and Consumables Market amounted to USD 4742 MM in
2019, and it is projected that this figure will increase to USD 6350 MM in 2027 [21].

Currently, the standard method for surgical hernia repair is the implant of a prosthetic
material in the abdominal wall to close the defect, strengthen the abdominal muscles, and
reestablish mechanical functionality [22]. Some implanted devices also reduce abdominal
muscle stiffness, tissue ischemia, and even reherniation [11,23].
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2. General Features of Prosthetic Materials for Hernia Repair

Over the years, intense research has been devoted to developing the ideal biomaterial
for the repair of every hernia type [24,25]. Broadly speaking, the ideal material must be
chemically inert, non-carcinogenic, non-allergenic, sterilizable, and easily adaptable to each
specific need [26,27]. Once implanted, the device should elicit a minimal inflammatory
reaction, reduce adhesion formation (under intraperitoneal conditions), achieve adequate
vascularization and tissue integration, and resist bacterial infection [5,28]. Lastly, if the bio-
material is partially or fully resorbable, its degradation speed must parallel the progression
of tissue repair to ensure that mechanical properties are properly restored [29,30].

Prosthetic devices for hernia repair are manufactured in a wide range of shapes differ-
ing according to characteristics such as the chemical nature of their components (synthetic,
biological materials), architecture (laminar, reticular, composite), porosity (macroporous,
microporous, non-porous), pore size (large pore, medium pore, small pore), weight g/m?
(lightweight, mediumweight, heavyweight), filament interweave (knitted, woven), number
of filaments (monofilament, multifilament), and degradability (fully resorbable, partially
resorbable, non-resorbable), among others [22,31].

3. Current Trends for Synthetic Meshes

There is currently a wide range of options available for the development of mesh
materials for hernia repair applications. Within this spectrum, synthetic meshes are the
main candidates outstripping collagen-based biomeshes [32], whose state of the art is not
addressed here.

Synthetic meshes are usually the best option for abdominal wall-defect repair based on
their adequate tensile strength and elasticity, susceptibility to tissue ingrowth and relatively
good cost-effectiveness [33,34]. These devices can be elaborated using both non-resorbable
or resorbable materials. Non-resorbable meshes are numerous and much used in hernia re-
pair applications. These are stable devices that remain indefinitely in the body. The majority
of these meshes are made of polypropylene (PP) [35], followed by polyester (PE) [36], and
to a lesser extent, polytetrafluoroethylene (PTFE) [37], polyvinylidene fluoride (PVDF) [38],
or polyurethane (PU) [39]. Resorbable meshes are less frequently used. These devices
are made of one or more degradable materials which biodeteriorate in the short-term
(days—weeks), mid-term (weeks—-months) or long-term (months-years). Resorbable meshes
are mainly composed of poly-4-hydroxybutyrate (P4HB) [40], polyglactin (PGL) [41], poly-
lactic acid (PLA) [42], polyglycolic acid (PGA) [43], trimethylene carbonate (TMC) [44],
polycaprolactone (PCL) [45], polyvinyl alcohol (PVA) [46], and combinations of these.

The device mostly used for surgical hernia repair is macroporous reticular PP mesh.
It was in the mid-20th century when Usher et al. started implanting PP devices in pa-
tients [47,48]. Since then, this has become the gold standard and is considered one of the
best choices for repairing tissue—tissue defects [49-51]. However, despite good outcomes,
PP implants can give rise to postsurgical complications such as wound dehiscence and
migration [52], erosion [53], chronic pain [54], seroma formation [55], adhesions [56], bowel
obstruction [57], fistula [58], or infection [59].

To minimize these complications, intense efforts have been made to study, design,
and develop new prosthetic devices, and this has resulted in a broad range of meshes that
have been patented, transferred to industry, or even marketed for clinical use [60]. This is
because, despite technological and clinical advances, thus far it has not been possible to
manufacture a single biomaterial with the precise characteristics needed to ensure optimal
body-mesh matching and enhanced tissue repair while avoiding postsurgical complica-
tions or hernia recurrence. When selecting the best device to use, surgeons must consider
multiple variables such as hernia type and its location, the patient’s physiopathological
condition, and the surgical procedure to be carried out [61]. Consequently, there is still
much interest in developing advanced materials and meshes for hernia repair.
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4. Overview of 3D-Printing Technology for Biomedical Applications

Three-dimensional printing, or additive manufacturing, comprises a set of next-
generation technologies that enables the fabrication of a device via the layer-by-layer
deposition of a material. In this process, a successive series of bidimensional images is
modeled using computer-aided design (CAD) software and subsequently used to create
a digital model which serves to generate a 3D object whose geometry and shape are ac-
curate [62]. To develop a patient-specific device via additive manufacturing, the process
usually comprises four consecutive steps: (i) image acquisition, (ii) image partition or seg-
mentation, (iii) adjustment of a 3D-model, and (iv) printing of the 3D-model [63]. Images
are usually acquired using computed tomography (CT) or magnetic resonance imaging
(MRI) approaches, following precise and specific parameters. The high resolution and
contrast of the images enable the recording of the different tissues and the intricate shapes
of the scanned area [64,65], allowing the generation of a 3D-model that mimics the body
anatomy. Based on this model, a device that specifically matches the patient’s injured or
damaged region is designed and 3D-printed with the aim to restore the biological and
biomechanical functionality once implanted.

The starting point for 3D-printing technology arose in 1986, when Charles W. Hull
developed stereolithography, a pioneer technique on which are based many of the 3D-
printing methods currently in use [66,67]. Since then, additive manufacturing technology
has continued to develop, giving rise to a wide range of methods and techniques for 3D-
printing, as well as potential applications in the fields of industry, aeronautics, pharmacy,
and biomedicine [68]. The recent boost in the manufacturing of 3D-printed implantable
surgical devices has been described as the third industrial revolution [69] as it allows
the design of materials specifically adapted to the patient’s needs, providing affordable,
effective, reliable products able to mimic the complex anatomical structure of the human
body [70].

According to the American Society for Testing and Materials (ASTM) and International
Standard Rule ISO-17296-2:2017, all current 3D-printing strategies are classified into seven
procedures: (i) fused deposition model (FDM), also known as material extrusion, (ii)
powder bed fusion, (iii) vat photopolymerization, (iv) material jetting, (v) binder jetting,
(vi) sheet lamination, and (vii) directed energy deposition [71,72]. Technical specifications,
potential biomedical applications and limitations have been comprehensively reviewed by
others [69,73-76].

The choice of procedure depends on many factors, such as the type of device and its
application, manufacturing materials, time of production, cost, availability of equipment,
and technical expertise. In the field of biomedical applications, FDM is the family of
techniques most widely used for the development of devices [71], powder bed fusion has
applications in drug delivery systems [77], and other approaches such as sheet lamination
or directed energy deposition are of limited use in this field [71].

Along with the general conditions required for every prosthetic material [5,26,28],
devices developed via 3D-printing technology must show specific features related either to
the manufacturing process itself or the physicochemical properties of the compounds used.
First, it is crucial to ensure both the printability of the raw material and its suitability to the
printing method chosen. The device must be elaborated out of biocompatible compounds
and, in cases where resorbable compounds are used, toxic sub-products must not be gener-
ated upon their degradation. Finally, once manufactured, the mechanical properties and
shape of the printed device must be optimized for the intended application, recapitulating
the biologic, physiologic, and biomechanical performance of native tissue [78,79].

Consistent with these requirements, advances in additive manufacturing have enabled
the development of innumerable 3D-printed models, anatomical phantoms, surgical aids,
devices, and prostheses for biomedical and tissue engineering applications. Over the years,
a wide variety of biomaterials and constructs have been fabricated using this technology
for hard and soft tissues, including but not limited to bone, skin, cartilage, cardiovascular
system, skeletal muscle, solid organs, and nerves [72,80-82].
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While most devices manufactured are experimental concepts tested in vitro and/or
in vivo, few have been cleared by the US Food and Drug Administration (FDA). To date,
the FDA'’s Centers for Devices and Radiological Health (CDRH), Drug Evaluation and
Research (CDER), and Biologics Evaluation and Research (CBER) have reviewed, evaluated,
and cleared the clinical use of nearly 100 class-II, class-III, and patient-specific devices
(e.g., joint, hip, spine, knee, cranial, or dental implants) manufactured through 510(k)
processes [68,74,83,84] and also approved the fabrication of the first drug via additive print-
ing [85]. Likewise, the FDA is currently revising the accuracy of the hardware and software
(e.g., technology, model fidelity, safety, effectiveness, reliability, and reproducibility) used
in biomedical 3D-printing [71]. Further, the creation of the FDA’s Humanitarian Use Device
Program seeks to facilitate the immediate use of 3D-printed devices in patients suffering
from rare life-threatening diseases [74].

5. Innovative 3D-Printed Meshes for Tissue Engineering Applications

As suggested by the latest literature reports (Table 1), the fabrication of hernia re-
pair devices for biomedical and tissue engineering applications is currently in a stage of
growth although the prototypes developed have not yet been cleared by the FDA. Polymer-
extruding techniques such as FDM (Figure 2A) are the main methods being used to develop
3D-printed meshes. This technology is believed not to affect the chemical nature of the
printed compounds, as they do not usually require post-curing stages [79]. With FDM, a
given thermopolymer is heated to its melting point and subsequently extruded through a
nozzle onto a platform in a layer-by-layer manner. Once created, each layer cools down,
turns solid, and then a new layer of melted material is deposited on top of the previous
one, faithfully reproducing the shape of the digitalized model [71].

Using this technology, different meshes and scaffolds with potential clinical applica-
tion have been manufactured over the past few years. To aid their postimplant visualization
in CT and MRI techniques, Ballard et al. developed PCL meshes containing iodine-based,
gadolinium, or barium contrast agents [86] (Figure 2B). The idea behind this strategy was
to apply the layer-by-layer approach to avoid the toxicity inherent to these compounds.
By depositing contrast agents in the deepest areas of the mesh filaments, their diffusion
to surrounding tissues would be minimized, reducing systemic dissemination of these
chemicals. Results from this preliminary in vitro study revealed the good visibility of
these meshes in CT scans, although not all the contrast agents tested showed the same
traceability over time.

Additive manufacturing is currently being used in combination with other tech-
nologies to transform 3D-printed meshes into innovative scaffolds for tissue engineering
applications. Recently, Yang et al. complemented FDM with electrospinning methods to
develop a smart scaffold composed of alternating layers of printed PCL filaments and elec-
trospun type-I collagen fibers [87] (Figure 2C). Scaffolds (3 x 2 cm) were assessed in vitro
and in a full-thickness abdominal wall-defect model in the rat at 2, 4, and 12 postoperative
weeks. Findings indicated that the added collagen stimulated migration of fibroblasts and
tissue ingrowth into the scaffold, providing improved tissue repair in comparison with
either bare PCL-printed meshes or commercial collagen-based biomeshes. Likewise, the
scaffolds showed an improved biomechanical response once implanted in the abdominal
wall. This pioneer approach is also appealing for tissue engineering applications other
than hernia repair. Such is the case of a scaffold made of a printed PLA mesh covered
with gelatin—-PCL electrospun fibers recently developed for use as a mesh-like membrane
covering for calvarial bone grafts. Outcomes in terms of mechanical strength and tissue
incorporation have been promising [88].

The latest breakthrough in devices for tissue engineering of hernia defects consists of
scaffolds able to modulate the inflammatory response that follows hernia repair. Shin et al.
manufactured inflammation-modulating PLA scaffolds crosslinked with phosphate with
the physiological ability to trap inflammatory cytokines [89]. The main objective pursued
was to mitigate the proinflammatory environment in the abdominal wall that usually
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stimulates adhesion formation in intraperitoneal mesh repairs. Scaffolds were elaborated
with different degrees of crosslinks and meticulously assessed in vitro for mechanical
properties, cytokine trapping, swelling capacity, degradation, and toxicity. Adhesion
prevention was preclinically analyzed in a rat model of ventral hernia repair (2 x 2 cm),
comparing the performance of the developed bioscaffolds with that of a marketed PP mesh
and a composite scaffold combining marketed PP and printed PCL. The scaffold showed
excellent biomechanical performance along with optimal prevention of adhesion formation
at two and four postoperative weeks, correlating with efficient cytokine trapping.

A I FDM | '

=
2D modeling
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Figure 2. Illustrative examples of different devices for hernia repair fabricated by 3D-printing. (A) Schematic diagram of
FDM additive-manufacturing technology. (B) Left panel: maximum-intensity coronal reconstruction of printed PCL meshes
endowed with contrast agents (iodine-based, barium, gadolinium) for computed tomography (CT) traceability. Right panel:
CT pictures showing coronal volume of the meshes after 1 and 7 days of culture on agar plates at 37 °C. Original pictures
from [83] adapted with permission from BMC-Springer Nature (Creative Commons Attribution 4.0 International License).
(C) Scanning electron microscopy (SEM) images of a smart scaffold elaborated by interleaving of a 3D-printed PLA mesh
with electrospun type-I collagen fibers. Original pictures from [84] adapted with permission from BMC-Springer Nature
(Creative Commons Attribution 4.0 International License).
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Table 1. Summary of the experimental research conducted to date to develop hernia repair mesh materials and scaffolds via
additive-manufacturing technology. (Abbreviations: CT: computed tomography; FDM: fused deposition model; NP: not
provided; PCL: polycaprolactone; PLA: polylactic acid; PP: polypropylene; PVA: polyvinyl alcohol; SEM: scanning electron

microscopy).
Device Developed FDM Printing Parameters Main Experimental Procedures References
PLA meshes containing contrast Extrusion temperature: 125-130 °C In vitro:
o . Speed: 7 mm/s CT imaging (120 kVp 120, 220 mAs).
agents: iodine-based, gadolinium, L height: 0.2 Stability of radio. itv at body tare: [86]
or barium (1:10 /). ayer height: 0.2 mm ability of radio-opacity at body temperature:
Mesh pore size: NP agar plate incubation (7 days, 37 °C).
In vitro:
SEM visualization.
Cytocompatibility (rat skin fibroblasts):
Extrusion temperature: 190 °C proliferation studies (days 1, 3, 5, and
Speed: 300 mm/min 7 post-seeding).
Layer height: 225 pm In vivo:
Composite scaffolds made of Mesh pore size: 800 um Full-thickness abdominal wall defect repaired
printed PCL meshes and Additional technology: with scaffolds (2 x 3 cm) in male [87]
electrospun type-I collagen fibers. electrospinning of type-I collagen Sprague-Dawley rats (n = 54, three study
(filament diameter 0.9 mm; flow groups). Clean surgery.
0.39 mL/min) alternating with Groups (3): PCL/PCL + electrospun
PCL ayers collagen/Marketed collagen-based biomesh.
Macroscopic, biomechanical and
histopathological assessment at postoperative
weeks 2,4, and 14.
In vitro:
Mechanical testing.
Crosslink reaction (3 phosphate concentrations:
15,10, 7.5%).
Swelling capacity over time (144 h).
Material degradation.
Cytocompatibility (human skin fibroblasts and
microvascular endothelial cells): proliferation
studies (72 h post-seeding).
Trapping of proinflammatory cytokines
I . . Extrusion temperature: NP (bead—basec} bl.oassay).
nflammation modulating Speed: 10 / In vivo:
bioscaffold made of peed: =7 mm /e Ventral hernia defect (2 cm) repaired by the [89]

phosphate-crosslinked PVA.

Layer height: NP
Mesh pore size: NP

intraperitoneal implantation of scaffolds
(2 x 2 cm) in male Sprague-Dawley rats (n = 36,
three study groups). Additional implantation of
bioscaffolds with modified surface charge
(positive, neutral, negative; n = 6 each).
Clean surgery.

Groups (3): PLA bioscaffold /Marketed
PP/Composite of marketed PP + PLA
bioscaffold.

Macroscopic, histopathological, and mRNA
determination of cytokines at postoperative
weeks 2 and 4.

6. 3D-Printed Bioactive Meshes for Hernia Repair

Additive manufacturing paves the way for the development of so-called bioactive
biomaterials, which are cutting-edge prostheses with enhanced properties conferred by the
presence of bioactive agents. The layer-by-layer fabrication system means that substances,
compounds, drugs, and even living cells can be interleaved between layers of the printed
material [90]. The printed layers and compounds used can be tailored to achieve a coor-
dinated balance between drug release and device degradation [91,92], thereby enhancing
tissue repair.

Most experimental research on these devices has sought to provide additional features
that will confer 3D-printed meshes benefits over the devices currently available. For this
purpose, the layer-by-layer deposition of material is a powerful tool for the development of
bioactive meshes [93]. This approach pursues the local, controlled, sustained release of med-
ication in the surgical area to optimize drug doses while minimizing systemic toxicity and
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other undesired side effects [74]. Depending on the final application, different drugs can be
incorporated into these 3D-printed meshes such as antibiotics [94], immunosuppressants
and chemotherapies [95], hormones [96,97], or growth factors [98] (Table 2).

Table 2. Summary of the experimental research conducted to date to develop drug-loaded bioactive hernia repair mesh
materials via additive manufacturing technology. (Abbreviations: FDM: fused deposition model; NP: not provided; PCL:
polycaprolactone; PLA: polylactic acid; PP: polypropylene; PVA: polyvinyl alcohol; SEM: scanning electron microscopy).

Device Developed

FDM Printing Parameters

Main Experimental Procedures References

PLA filaments containing drugs:
gentamicin or methotrexate (two
concentrations: 1% and 2.5%
w/w).

Extrusion temperature: 175 °C for

gentamicin-loaded filaments; 160 °C

for methotrexate-loaded filaments
Speed: NP
Layer height: NP

In vitro:
SEM visualization.

Thermal stability testing of drugs (220 °C and
190 °C for gentamicin and methotrexate,
respectively).

Antibacterial activity of gentamicin-loaded
filaments (Escherichia coli): agar diffusion and
liquid nutrient tests (24 h, 37 °C).
Cytocompatibility of methotrexate-loaded
filaments (CRL2836 osteosarcoma cells).

[94]

PLA meshes and filaments
containing 1% (w/w) gentamicin.

Extrusion temperature: 175 °C
Speed: NP
Layer height: NP
Mesh pore size: NP

In vitro:
SEM visualization.
Antibacterial activity (Escherichia coli;
Staphylococcus aureus): agar diffusion tests (24 h,
37°Q).

[99]

PCL meshes containing
gentamicin, with or without
sodium alginate encapsulation
(in vitro: ~10 pg; in vivo:
~1.25 mg. Deposited at six
random points).

Extrusion temperature: NP
Speed: 10 mm/s, flow 1 mm/s
Layer height: NP
Mesh pore size: two designs,
macroporous (1.25 x 1.25 mm) and
microporous (0.75 x 0.75 mm)

In vitro:
Antibacterial activity (Escherichia coli): agar
diffusion tests (24 h, 37 °C).
In vivo:

Supra-muscular implant (2 X 2 cm) in
abdominal wall of female Wistar rats (n = 40,
four study groups). Clean surgery.
Groups (4): PCL/PCL + alginate/PCL +
gentamicin/PCL + gentamicin + alginate
Histopathological assessment at 7 days
postimplant.

[100]

PP and PVA meshes loaded with
ciprofloxacin (3 £ 1% w/w in PP;
54 1% w/w in PVA).

Extrusion temperature: 190 °C for PP;
200 °C for PVA
Speed: 90 mm/s for PP; 150 mm/s
for PVA
Layer height: 0.2 mm
Mesh pore size: two designs of
diameters 2 or 3 mm.

32 mesh configurations (variables:
chemical composition; drug; pore size;
thread width; pore shape;
no. pores/100 cmz)

In vitro:
Drug-release assay (Type V USP
dissolution method).
Differential scanning calorimetry.
Mechanical response (tensile
strength assessment).

In vivo:

Incisional abdominal wall defect (1 cm) repaired
by the implant of meshes (1.5 x 1.5 cm) facing
the abdominal cavity in rabbits (n = 20; five
groups). Clean surgery.
Configuration chosen for all the printed meshes:
pore size 3 mm; mesh width 1.2 mm.
Groups (5): PP/PVA/PP + ciprofloxacin/PVA +
ciprofloxacin/Marketed PP.
Macroscopic and histopathological assessment at
postoperative week 6.

[101]

The first proof of concept for 3D-printed bioactive meshes was provided by Weis-

man et al., who developed PLA filaments containing gentamicin or methotrexate as the
starting point for the manufacture of synthetic biomedical implants with antibacterial
or chemotherapeutic properties [94]. Later on, these authors printed gentamicin-loaded
PLA meshes that were tested in vitro against Staphylococcus aureus and Escherichia coli [98].
Collectively, results revealed the feasibility of adding drugs to the manufactured device,
and, importantly, that the FDM printing conditions (e.g., polymer melting temperature,
extrusion procedure, printing time) did not affect drug activity. These promising findings
set the stage for the additive manufacturing of bioactive meshes.

A recent development has been PCL meshes of two different pore sizes containing
sodium alginate-encapsulated gentamicin [99]. The antibacterial activity of these devices
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was assessed in vitro against E. coli. In addition, a supra-muscular model of mesh implan-
tation (2 x 2 cm) in the abdominal wall was established in female Wistar rats to assess
host tissue incorporation in the printed meshes at seven days postimplant. The prototypes
showed good antibacterial activity in vitro, as well as mild inflammation and early tissue
repair in vivo. However, adhesions to these devices limit their intraperitoneal applicability.

Other antibiotics have been tested as candidates for their use in 3D-printed devices.
Qamar et al. tested the use of ciprofloxacin to treat complicated abdominal or urinary tract
infections [100]. These authors manufactured PP and PVA meshes of varying combinations
of material composition, drug loaded, thread width, pore size, pore shape, and number of
pores per surface unit (100 cm?). Thirty-two mesh configurations were assessed in vitro to
determine mechanical strength and drug-release kinetics. The most adequate configuration
was then preclinically tested in a rabbit model of incisional defect with the mesh implanted
in contact with the abdominal cavity in a six-week study. Better performance was observed
of the drug-loaded PP meshes in comparison with the resorbable PVA devices, particularly
in terms of their mechanical properties, tissue incorporation, and inflammation. Interest-
ingly, the addition of ciprofloxacin to printed PVA- but not PP meshes led to a reduction in
tensile strength.

Similar meshes enhanced with bioactive properties have been additive manufactured
to treat skeletal muscle conditions such as in pelvic floor reconstruction to prevent pelvic
organ prolapse. In 2017, Tappa et al. developed smart PCL mesh-like scaffolds for the
release of estrogen and progesterone, either alone or in combination [96]. Extruded meshes
exerted optimal drug release profile, cytocompatibility, and bioactivity in vitro. More
recently, Farmer et al. printed PU meshes with different pore shapes loaded with estradiol
proangiogenic hormone to stimulate host-tissue vascularization, and tested the in vitro
drug-release, physical, and mechanical properties of the devices in comparison with
printed PP meshes [97]. The mechanical response was found to be influenced by both mesh
chemical composition and geometry. Likewise, the presence of estradiol did not modify
the elastic modulus of the printed PU meshes, which showed improved performance over
the PP meshes.

7. Biomechanical Considerations for Developing 3D-Printed Meshes

As with other medical devices [102,103], additive manufacturing will help customize a
biomaterial to create a patient-specific device. Theoretically, this approach allows tailoring
of the chemical composition, morphology, pore size, thickness, and flexibility of the printed
material, along with other key characteristics [22,74]. However, despite clear benefits,
designing meshes by 3D-printing can be challenging for different reasons.

Among the special features characterizing the abdominal wall is that this is a dynamic,
anisotropic structure constantly subjected to both changes in intraabdominal pressure and
mechanical forces which are exerted in all directions [8,104,105]. To be compliant with
the host tissue, implanted meshes must withstand abdominal pressure [106], maintain
an appropriate balance between stability and stretchability [107], and exhibit adequate
mechanical properties in terms of tensile strength, stiffness, and elasticity [22,24,108]. In
effect, knitted patterns and pore geometry are core characteristics directly related to the
biomechanical performance of the mesh [109].

Typically, meshes for hernia repair are elaborated using one or more knitted filaments
which are interwoven to form a network of parallel and perpendicular strands [110]. Knit-
ted meshes are likely to improve elasticity and provide anisotropy to the implant, which are
important for implant stability and adapting the mesh response to the different horizontal,
longitudinal, and transverse stress forces to which the abdomen is subjected [108]. Due
to the layer-by-layer procedure of 3D-printing technology, printed meshes do not have
genuine knits. This means a printed mesh will behave more like a woven than knitted
fabric, making it more isotropic and less elastic than a knitted mesh [22]. This could thus
compromise the compliance of a printed mesh.
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Pore geometry and mesh weight are interconnected factors that play an important role
in the biomechanical performance of a device. As mesh pores are irregular in shape, the
variable pore size is given as the largest circular area contained within the pore, commonly
known as effective pore size [22]. Usually, effective pore diameters greater than 1 mm
are considered large, while those smaller than this threshold are small pores [11,24]. For
mesh weight, although different classifications have been formulated, meshes weighing
less than 50 g/m? are generally described as lightweight, those of more than 80 g/m?
are heavyweight, and mediumweight meshes are somewhere within this range [24,111].
In most cases, meshes with large pores are lightweight and those with small pores are
heavyweight, although not all marketed prostheses meet these criteria [112]. The consensus
is that large-pored meshes enable better tissue ingrowth, cell migration, and vascularization,
and give rise to a milder inflammatory response compared to those with small pores [24,33].
Likewise, lightweight meshes are more flexible and stimulate the formation of a looser, less
fibrous connective tissue infiltrating the pores in comparison with heavyweight meshes,
thus favoring compliance with host tissue [111]. Hence, the combination of large pores and
light weight serves to minimize the amount of foreign body in the host tissue, enhancing
mesh integration, modulating the inflammatory reaction, and providing adequate tensile
strength to the implant [106,113]. Notwithstanding this, 3D-printing of lightweight meshes
can be influenced by different factors, such as the total mass of thermopolymer extruded
and the manufacturing method used. These parameters may modify the mechanical
strength and elasticity of the printed device [114], leading to an impaired performance
once implanted. For example, when the amount of polymer extruded is excessive, the
printed mesh would display adequate pore configuration but a stiffer architecture than
expected. Eventually, the host-tissue response of these meshes could increase the risk of
forming tissue granulomas due to an inappropriate tissue ingrowth or even an exacerbated
inflammatory response.

In the case of bioactive devices, the combination of thermopolymers and medications
strives to improve some property of the printed mesh (e.g., antibacterial action, drug
release, device opacity for contrast imaging). While this approach enables the optimization
of drug concentration for an improved dosage, adding bioactive agents above a threshold
level is likely to disrupt the physical properties of the printed polymer, thus modifying
the device’s biomechanical properties [93]. Laboratory and preclinical studies are needed
to assess the optimal combinations of these compounds required to create optimized safe
devices for tissue engineering applications.

8. Future Perspectives for 3D-Printed Meshes

Additive manufacturing is driving the development of advanced, highly accurate,
patient-specific implantable prostheses. This technology facilitates the design of complex
devices that could not be fashioned using traditional approaches, and also allows for
easy and quick surface modification of a preexisting device [102]. Although meshes for
hernia repair have been constantly evolving, there are still some features that additive
manufacturing could greatly improve upon.

Besides the development of next-generation bioactive meshes [74], 3D-printing could
offer additional features to a mesh enhancing its compliance with host tissues. For instance,
meshes are currently marketed provided with grips [115] or adhesives [116] for device
self-fixation. This strategy avoids the host-tissue trauma caused by suture fixation and
notably shortens the surgery time. With additive manufacturing, these structures could be
easily incorporated in virtually all the meshes available, regardless of the device’s chemical
composition or geometry. Another potential application of this technology could be focused
on preventing adhesion formation when the mesh needs to adopt an intraperitoneal
position. This complication can have severe consequences, especially when a synthetic
reticular mesh is placed in contact with the intestinal loops [117]. Adding a printed layer
of an antiadhesive compound could prevent adhesion formation. This strategy would be
particularly useful to improve the behavior of the widely used reticular PP and PE meshes.
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Besides synthetic thermopolymers, biological compounds such as cells, extracellular
matrix proteins, and molecules can be used in additive manufacturing to create innovative
devices and living biologically active tissue constructs [81]. This concept, known as bio-
printing or biofabrication [95], has enormous potential for tissue engineering applications.
Extruded biological hydrogels and bioinks provide an optimal environment for cell growth
and migration and promote vascularization [81], altogether improving wound repair and
tissue regeneration. Effectively, bioprinted skeletal muscle constructs have been success-
fully developed with promising outcomes [118] and could be candidates for the repair of
abdominal wall defects.

The next step for additive manufacturing is so-called 4D-printing. This emerging
approach seeks to resolve the limitations of 3D-printed devices to recapitulate the dynam-
ics of living tissues by introducing “time” as a new factor [119]. In 4D-printing, smart
thermopolymers capable of shape changes in response to physicochemical or biochemical
stimuli (e.g., temperature, pressure, presence of molecules, pH) [68] can be extruded via
FDM approaches. Stimuli-responsive polymers could be used to fabricate pioneer meshes
with the ability to progressively adapt and respond to changes in the host-tissue envi-
ronment, enhancing tissue ingrowth and implant compliance. Likewise, drug delivery
systems could be optimized with this technology, enabling drug-loaded printed meshes to
release their medication only and specifically when needed (e.g., release of antibiotics in
the presence of bacterial toxins, release of cytokines and growth factors to stimulate cell
migration and vascularization).

9. Conclusions

Additive manufacturing is an ongoing technology with enormous potential for biomed-
ical and tissue engineering applications. In the hernia repair field, printed next-generation
meshes are set to boost the development of accurate, patient-matching prostheses showing
improved compliance with host tissue. The possibility to fine tune different features (e.g.,
chemical composition, shape, thickness, porosity, weight) will enhance the biomechanical
performance of these meshes once implanted. Likewise, by incorporating additional prop-
erties (e.g., drugs, hormones, contrast agents) smart bioactive meshes will pursue reduction
in some postoperative complications while improving host tissue incorporation and repair.

Strategies for 3D-printing of meshes are generating international databases and repos-
itories for the sharing among clinicians and researchers of concepts, phantoms, models,
or training devices. Encouraging results have been obtained thus far with these devices
in both experimental and preclinical scenarios. More research is needed into the poten-
tial clinical applications of this appealing technology in hernia repair and to ensure the
optimal biocompatibility, safety, and reliability of printed meshes for their FDA clearance
and approval.
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