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The introduction of synthetic materials for the recon-
struction of the anterior cruciate ligament (ACL) in the
20th century, appeared as an attractive alternative to tradi-
tional autologous and allogenic tissues, given the absence
of donor site morbidity and potential disease transmission.

However, every new artificial ligament introduced to
the market, after initial promising results, failed to gain
widespread acceptance in clinical practice due to consid-
erable adverse effects, in most cases leading to withdrawal
after approval by regulatory entities [1]. As a result of the
loss of trust by the scientific community, the development
of new synthetic grafts was stagnant for decades.

At present, few artificial ligaments are still available
on the market, and their use is limited [2]. Issues regarding
their mechanical and biological properties are still present,
as existing synthetic substitutes lack the biological com-
plexity of the native ACL, posing inherent risks of loosen-
ing and foreign-body complications from wear debris [3].

To overcome these issues, biomedical engineering, a
multidisciplinary field at the intersection of biology, engi-
neering, and medicine, is working on refining artificial graft
features to replicate the native human ACL, offering the po-
tential for improved outcomes and accelerated patient re-
covery [4].

With the goal of enhancing mechanical properties
and biocompatibility of synthetic grafts, surface mod-
ification methods have been introduced to create bio-
enhanced scaffolds, aiming to increase osseointegration at
the bone/ligament interface [5]. By tailoring scaffolds to re-
produce the native ACL structure and composition, tissue-
engineering can promote cell migration and differentiation,
allowing tissue regeneration.

Stem cells have been utilized on the surface of bio-
enhanced scaffolds in animal trials, showing good capac-
ity in improving tendon-bone regeneration [6]. Among the
various types of stem cells, ligament stem/progenitor cells
have demonstrated potential in generating tendon/ligament
lineage cells [6]; bone marrow-derived mesenchymal stem
cells promoted accelerated healing and tissue regeneration
when employed on the surface of bio-enhanced scaffolds
[7]. Several bioactive coatings able to promote cell prolif-
eration and healing potential have been tested in vitro and on

animal studies. Silk fibroin, graphene, bioactive glass, and
hydroxyapatite are among the polymers used to enhance an-
giogenesis and osteogenesis, ultimately allowing graft-to-
bone healing after ACL surgery [8,9].

Recent advancements include the exploration of inno-
vative bio-based polymers with enhanced tensile strength
and delayed biodegradation [10]. Bioabsorbable artificial
ligaments gradually degrade over time, while maintaining
structural integrity during crucial phases of ligament recov-
ery. Polylactic acid, polyglycolic acid, and polylactic-co-
glycolic acid are synthetic biodegradable polymers that ex-
hibit good biocompatibility and rare foreign body reactiv-
ity. Because of their biocompatibility and capacity to create
an extracellular matrix resembling native ligaments, natu-
ral polymers are appealing for use as bioactive scaffolds.
The scaffolds can be digested by the biological environment
thanks to their ability to cause hydrolytic breakdown, which
limits toxicity and chronic immunological reactions. Natu-
ral polymers, despite these benefits, have a poor mechanical
profile, which restricts their use in tissue engineering [4].

While tissue-engineered grafts may have certain ad-
vantages over conventional grafting methods, it is impor-
tant to consider risks, drawbacks, and uncertainties associ-
ated with their application.

The biological responses and mechanical properties of
tissue-engineered grafts when applied to ACL reconstruc-
tion in vivo remain unknown. The safety profile of these
devices still still needs elucidation in the clinical setting, in-
cluding evaluating potential issues that may cause serious
side effects.

Still the mechanical properties of tissue-engineered
grafts must be improved to match those of the native ACL in
order to ensure long-term stability and usefulness. Incom-
plete tissue maturation leading to graft failure, or inflam-
matory reactions promoted by debris degeneration are con-
cerns that should be addressed in further in vivo research.

Enhancing biocompatibility to reduce unpleasant re-
actions, inflammation, and responses to foreign bodies re-
mains a challenge. In addition, tissue-engineered grafts
must pass rigorous clinical studies and receive regulatory
approval before use in patients. Obtaining regulatory ap-
proval and widespread clinical acceptance are difficult due
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to the complexity of tissue engineering and the need for
long-term follow-up, safety evaluations, and comparison
studies with conventional grafting techniques. Eventually,
due to the significant expenses involved in research, de-
velopment, and manufacture, tissue-engineered grafts may
impose financial restrictions. Furthermore, the availability
of tissue-engineered grafts in areas with inadequate health-
care infrastructure or in resource-constrained settings can
present considerable obstacles to their deployment, limit-
ing their potential worldwide impact.

Nonetheless, there are also excellent examples of
strategies for overcoming current obstacles to clinical trans-
lation.

Bioengineering advances have recently resulted in the
creation of biomimetic scaffolds that emulate the natural
ACL’s microenvironment. Various technologies, including
3D bioprinting, electrospinning, and cell sheets, have been
used in ligament and tendon engineering [11,12], enabling
technologies enable the precise placement of various cell
types and growth factors to replicate the anatomical struc-
ture of the natural ACL.

In addition, ACL-on-a-chip systems have been devel-
oped, where cells are cultivated within microfluidic chan-
nels, allowing the replication of parameters (pH, flow, pres-
sure, and nutrients) found in vivo, which sustain cell prolif-
eration [13].

Furthermore, nanotechnology could offer novel solu-
tions to optimize graft-host tissue integration enhance graft
strength and promote tissue integration. The high surface
area-to-volume ratio of nanofibers enhances cellular inter-
actions, closely mirroring the mechanical characteristics of
native ligaments [14].

Additionally, integrating 3D printing could allow fab-
rication of patient-specific implants, tailoring the design
to individual anatomical variations. This personalized ap-
proach is crucial in achieving biomimicry, as the printed
ligaments closely resemble the architecture of the native
ACL. As aresult, the 3D-printed ligaments offer improved
biomechanical properties, reducing the risk of graft failure
and enhancing long-term stability [15].

Ultimately, reduced surgery time, shorter hospital
stays, faster recovery time, and—most importantly—a
lower rate of re-ruptures might all justify higher expenses
brought by regenerative medicine, highlighting long-term
advantages and ultimately overcoming financial limita-
tions.

In the future, advancements in material science and
genetic modification could open novel avenues for regen-
erative engineering, leading to the development of bioengi-
neered grafts with dynamic mechanical properties and self-
healing features, thus bridging the gap in current clinical
challenges.

In conclusion, although tissue-engineered grafts show
promise for ACL restoration surgery, careful consideration
of concerns, challenges, and restrictions is crucial. Further
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research and development focusing on scaffold design, cel-
lular source, graft integration, immunogenicity, regulatory
approval, and cost accessibility are crucial for advancing
ACL reconstruction and enhancing patient care. Address-
ing these aspects will contribute to the safety, efficacy, and
long-term success of bioengineered grafts.
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