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Highlights

What are the main findings?

e  DLC enables independent tuning of surface properties in AM biomedical components.
e  DLCs improve wear and biological response.
e  Performance depends on composition, structure, and deposition method.

What are the implications of the main findings?

e  DLC coating becomes a key design tool, not just a post-treatment method.
e  Specific DLC coating selection remains a key challenge to be solved.
o  Future work requires long-term in vivo validation.

Abstract

Diamond-like carbon (DLC) coatings are increasingly explored as a practical route to en-
hance the surface performance of biomedical implants and tissue engineering scaffolds,
particularly when combined with additive manufacturing. Rather than serving only as
protective layers, DLC coatings allow for independent tuning of surface properties without
modifying the bulk structure, which is especially relevant for complex 3D-printed com-
ponents. This flexibility is often what makes them attractive for biomedical design. This
review is structured around two main application areas: DLC coatings for prosthetic im-
plants and DLC coatings for tissue engineering scaffolds. Within this context, the influence
of DLC structure (e.g., sp>/sp® bonding, hydrogen content, and doping) on mechanical,
tribological, and biological behavior is discussed. Particular attention is given to additively
manufactured metallic implants and porous scaffolds, where large surface area and internal
architectures complicate coating uniformity and adhesion. Reports show that DLC coatings
can improve corrosion resistance, reduce wear, and influence biological responses, such as
antibacterial activity and cell interactions. Several challenges remain to be solved, especially
in achieving uniform coating penetration in porous networks and in ensuring long-term
stability under physiological conditions. The combination of additive manufacturing and
DLC coatings has been shown to offer the potential to become an enabling technology for
next-generation biomedical devices.

Keywords: biomedical applications; surface engineering; 3D printing

1. Introduction

The use of biomedical implants and tissue engineering scaffolds has become a central
part of modern healthcare, enabling the treatment of a wide range of conditions that
would otherwise significantly impair quality of life. From orthopedic joint replacements
to cardiovascular devices and dental restorations, these technologies are now routinely
used in clinical practice [1-4]. Their increasing importance is closely linked to demographic
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changes, as well as the growing prevalence of chronic diseases, both of which continue to
place substantial pressure on healthcare systems worldwide [5,6].

In parallel with these developments, the demand for advanced biomaterials has
steadily increased. Orthopedic applications, in particular, account for a large share of
implant use, mainly driven by age-related degeneration and musculoskeletal disorders [6].
At the same time, global aging trends indicate that this demand is likely to intensify in the
coming decades, reinforcing the need for materials capable of long-term performance and
reliable biocompatibility [7]. In this context, tissue engineering has attracted increasing
attention, shifting the focus away from simple replacement toward the regeneration of
damaged tissues [8-11]. At the same time, materials used in biomedical devices have to
cope with quite demanding conditions, as they must work reliably inside the body while
being well tolerated, avoiding unwanted reactions, and maintaining their mechanical and
chemical stability over long periods [5].

One of the most significant technological advances supporting this transition is ad-
ditive manufacturing. By enabling the layer-by-layer fabrication of complex geometries
directly from digital models, additive techniques offer unprecedented control over struc-
tural features, including pore size, interconnectivity, and overall architecture [12,13]. These
characteristics are especially important in biomedical applications, where mechanical behav-
ior and biological performance are closely connected [14-17]. As illustrated schematically in
Figure 1, a variety of additive manufacturing techniques, including fused deposition model-
ing (FDM), stereolithography (SLA), and powder-bed fusion processes, can be employed to
fabricate prototypes with tailored geometries and hierarchical structures. Compared with
conventional manufacturing approaches, these techniques provide greater flexibility in
designing porous architectures that facilitate tissue integration and mass transport [18-20].

Fused Deposition Modeling Stereolithography (SLA) Selective Laser Sintering (SLS)
(FDM)

* Filament Extrusion * UV Light Curing Polymer Powder Fusion

* PLA, PCL, ABS * Photopolymer Resins * Nylon (PA), PEEK
* Bone Scaffolds * High-Resolution Scaffolds e Custom Implants
v>(3D Printing Method5><(
Selective Laser Melting (SLM) Direct Ink Writing (DIW)

/ Electron Beam Melting (EBM)

: =
* Metal Powder Fusion * Viscous Ink Extrusion
* Ti6AI4V, CoCr * Hydrogels, Ceramics
* Orthopedic Implants * Tissue Engineering

Figure 1. Main 3D printing techniques used for biomedical scaffolds: FDM, SLA, SLS, SLM/EBM,
and DIW. The figure is an original schematic created by the author based on information compiled
from the literature.

Each additive manufacturing technique presents distinct advantages and limitations
in terms of resolution, material compatibility, and mechanical performance. For instance,
powder-bed fusion methods are particularly suitable for load-bearing metallic implants,
whereas extrusion and photopolymerization-based processes are widely used for polymeric
scaffolds [21-23]. However, the benefits of additive manufacturing come with significant
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challenges. Rapid thermal cycles in processes such as selective laser melting can introduce
residual stresses and microstructural heterogeneities, which may compromise the structural
integrity of the final component [24,25]. Also, concerns regarding the biological response to
certain alloying elements (e.g., vanadium and aluminum in Ti-6Al-4V) underscore the need
for improved surface control [26,27]. Similar issues arise in photopolymer-based systems,
where incomplete curing and residual photoinitiators may affect cytocompatibility [28].

To address these limitations, increasing attention has been directed toward surface
modification strategies that enhance both mechanical and biological performance. Among
the available options, diamond-like carbon (DLC) coatings have emerged as particularly
promising. DLC materials are characterized by a complex mixture of sp? and sp? car-
bon bonding [29,30]. DLC materials can be tuned to achieve a wide range of properties,
including high hardness, low friction, chemical inertness, and resistance to wear and cor-
rosion [31-33]. As summarized in Figure 2, the use of different deposition techniques
(such as magnetron sputtering, plasma-enhanced chemical vapor deposition (PECVD),
filter cathodic vacuum arc (FCVA), pulsed laser deposition (PLD), and ion beam deposi-
tion) allows for positioning of DLC coatings within the sp?~sp®>~H compositional space,
thus enabling precise control over their structure and performance. Also, Figure 2 dis-
tinguishes between gas-phase and solid-target deposition routes, which differ mainly in
the energy of the species involved during film growth. This has practical implications,
as more energetic techniques are typically better suited for metallic or robust substrates,
while lower-energy, gas-based processes are often preferred for temperature-sensitive or
polymeric biomedical materials.

( DLC Coating Deposition Techniques )

v
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Figure 2. Diagram showing the key deposition methods used for the fabrication of DLC coatings.

Beyond their mechanical advantages, DLC coatings also offer significant potential
for tailoring biological interactions. Through controlled doping and surface functionaliza-
tion, it is possible to influence protein adsorption, cell adhesion, and even antibacterial
behavior [34,35]. In practice, small changes at the surface can lead to noticeably different
biological responses. These capabilities are important in the context of biomedical implants
and scaffolds, where surface properties often determine clinical outcomes.

More recently, the integration of DLC coatings with additively manufactured com-
ponents has attracted growing interest. This combined approach allows decoupling bulk
structural design from surface functionality, which can enable independent optimization of
mechanical properties and biological responses. However, applying coatings to complex,
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highly porous geometries remains a non-trivial challenge. Achieving uniform coverage
within interconnected pore networks and ensuring long-term adhesion under physiological
conditions requires careful optimization of deposition parameters and coating architecture.
Addressing these challenges is essential for unlocking the full potential of DLC-coated ad-
ditively manufactured devices and forms a central focus of the present review. A literature
search was conducted in the Web of Science database, focusing primarily on publications
from 2000 to 2025, as well as previous well-known works in DLC. The selection was guided
by relevance to DLC coatings in biomedical and additive manufacturing contexts, combin-
ing well-established references with recent contributions. Papers outside this scope were
not considered.

2. DLC Coatings for Prosthetic Implants

Diamond-like carbon (DLC) coatings have been extensively investigated as a means
of improving the surface performance of prosthetic implants, particularly in applications
where both mechanical durability and chemical stability are critical. Their combination
of low friction, high hardness, and corrosion resistance makes them especially attrac-
tive for load-bearing systems, where surface degradation can directly influence implant
lifetime [31-33,36]. In recent years, attention has increasingly shifted toward their appli-
cation on additively manufactured implants, where complex geometries and engineered
porosity introduce additional considerations for surface modification [37].

A broad overview of the evolution of DLC coatings in biomedical implants is presented
in Table 1, which summarizes representative coating types, substrate materials, and targeted
applications. As highlighted in this table, the versatility of DLC coatings comes not only
from their intrinsic properties but also from the wide range of compositional modifications
that can be introduced depending on the deposition technology used to be able to tailor
their performance for specific clinical scenarios.

Table 1. Examples of studies on DLC coatings in conventional prosthetic implants.

DLC Material/Modification Implant Type/Application Reference
Hydrogenated DLC (a-C:H) Hip joint prosthesis (wear reduction) Grill, 1999 [32]
DLC on Ti6bAl4V Orthopedic implants (corrosion resistance) Hauert, 2004 [34]
Nitrogen-doped DLC (a-C:N) Cardiovascular stents Robertson, 2002 [31]
Fluorinated DLC (F-DLC) Blood-contacting implants Roy & Lee, 2007 [38]
DLC on CoCr alloys Hip/knee implants (tribology) Donnet & Erdemir, 2004 [36]
DLC coatings (PECVD) Dental implants Narayan, 2005 [39]
Silver-doped DLC (Ag-DLC) Orthopedic implants (antibacterial) Endrino et al., 2010 [40]
DLC on stainless steel Surgical implants Bewilogua & Hofmann, 2014 [33]
DLC multilayer coatings Joint prostheses (wear + fatigue) Grill, 1999 [32]
Tungsten-doped DLC (W-DLC) Load-bearing implants Voevodin et al., 1999 [41]
DLC on Ti alloys Bone implants (biocompatibility) Uzumaki, 2006 [42]
DLC coatings (PVD) Artificial joints Erdemir, 2001 [43]
DLC on NiTi alloys Orthodontic archwires Kobayashi et al. [44]
DLC coatings on CoCrMo Knee prostheses Roy & Lee, 2007 [38]
DLC coatings for load-bearing Hip implants Hauert, 2004 [34]
prostheses
DLC on medical-grade alloys General prosthetics Bewilogua et al., 2014 [33]

2.1. DLC Coatings on Conventionally Manufactured Implants

The use of DLC coatings on conventionally manufactured implants has been ex-
plored for several decades, particularly in orthopedic, dental, and cardiovascular appli-
cations. These coatings have been successfully applied to commonly used biomaterials
such as Ti6Al4V, CoCr alloys, and stainless steel, primarily to mitigate wear and corrosion-
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related degradation [31,32,36,45]. As detailed in Table 1, early implementations focused
on improving tribological performance in joint prostheses, while more recent develop-
ments have incorporated additional functionalities such as antibacterial behavior and
enhanced biocompatibility.

One of the key motivations for employing DLC coatings in joint prostheses lies in
their excellent tribological behavior, proven in multiple mechanical applications [46,47].
In articulating systems, including hip and knee replacements, surface wear can generate
debris that may trigger inflammatory responses and ultimately contribute to implant
failure. Hydrogenated DLC coatings have been shown to significantly reduce friction
coefficients and wear rates, thereby improving long-term performance under cyclic loading
conditions [41,43]. These improvements become significant in high-load environments,
where even small reductions in wear can translate into substantial increases in implant
lifetime and reduced osteolysis.

Due to their tribological advantages, DLC and DLC-metal coatings serve as effective
corrosion barriers and can exhibit improved tribological performance [48,49]. This can be
important for metallic implants exposed to physiological environments, where ion release
can trigger adverse biological reactions. By providing a chemically stable interface, DLC
coatings help to limit metal ion diffusion and enhance overall biocompatibility [50]. The im-
portance of this function is underscored by the range of substrate materials listed in Table 1,
which highlights the broad applicability of DLC coatings across different implant types.

More importantly, the properties of DLC coatings can be tailored through composi-
tional modification. The incorporation of elements such as nitrogen or silicon allows for
adjustment of surface energy and wettability, which in turn influence protein adsorption
and subsequent cell behavior [34,35]. Similarly, fluorinated DLC has been explored for
blood-contacting applications due to its reduced interaction with biological fluids [38].
The addition of antibacterial agents, such as silver, further extends the function of DLC
coatings by inhibiting bacterial adhesion and reducing the risk of infection [40,51]. These
compositional strategies, also reflected in Table 1, illustrate how DLC coatings can be
engineered to address multiple performance requirements simultaneously.

As shown in Figure 2, DLC coatings are most commonly deposited using chemical
vapor deposition (CVD) and physical vapor deposition (PVD) techniques, which provide
considerable flexibility in controlling film structure and thickness [33,52]. For instance,
plasma immersion techniques have been successfully employed to produce DLC coatings
for orthopedic applications, demonstrating good adhesion and biocompatibility [42]. While
DLC deposition methods are well established for relatively simple geometries, ensuring ro-
bust adhesion under repeated mechanical loading remains a critical challenge, particularly
in high-stress applications [34].

2.2. DLC Coatings on 3D-Printed Prosthetic Implants

The adoption of additive manufacturing in the production of prosthetic implants
has enabled the fabrication of components with complex, patient-specific geometries and
controlled porosity. These features can improve mechanical compatibility and promote
tissue integration; however, they also introduce surface characteristics such as increased
roughness and internal porosity [37].

Within this context, DLC coatings have emerged as a valuable post-processing strategy.
Their application to additively manufactured metallic implants, including Ti6Al4V and
CoCr systems, has been shown to enhance wear resistance, corrosion protection, and
biocompatibility [53,54]. Similar trends have been reported for additively manufactured
titanium scaffolds incorporating carbon-based coatings, where improvements in both
mechanical performance and biological response have been observed [55]. A comparative
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overview of these developments is provided in Table 2, which associates different coating
approaches with specific implant types and performance outcomes. As shown in this
table, plasma-based techniques such as PECVD play a dominant role due to their ability to
deposit conformal coatings on complex geometries [53].

Table 2. Examples of studies in DLC Coatings on 3D-printed prosthetic implants.

DLC Material/Modification Implant Type/Application Reference
DLC on AM Ti6Al4V Orthopedic implants Li et al., 2018 [56]
(osseointegration)
DLC coatings via PECVD 3D-printed metallic implants Bociaga et al., 2016 [53]
DLC-coated AM porous Ti Bone implants Yick et al., 2023 [55]
Silver-doped DLC on AM implants Antibacterial implants Endrino et al., 2010 [40]
DLC on 3D-printed CoCr Joint prostheses Yilmaz et al., 2024 [57]
Nanostructured DLC on AM implants Cell adhesion improvement Rifai et al., 2018 [54]
DLC coatings on AM stainless steel Surgical implants Nouri et al. [58]
DLC-coated lattice structures Lightweight implants Tsubone et al., 2007 [37]
Plasma DLC on AM implants Surface functionalization Lantada, 2012 [59]
DLC coatings on 3D-printed parts 3D Polymers V-Nino et al. [60]

An important advantage of combining additive manufacturing with DLC coatings is
the ability to decouple structural and surface design. The bulk architecture of an implant
can be optimized for mechanical performance and osseointegration, while the DLC coating
provides an independent protective and functional interface. This separation of roles could
be beneficial in orthopedic applications, where both mechanical and biological factors must
be carefully balanced [56]. The examples summarized in Table 2 further illustrate how this
approach can be adapted to different implant geometries and clinical requirements.

Nevertheless, coating additively manufactured implants presents several challenges.
The irregular surface topography and interconnected pore networks characteristic of these
structures can make uniform coating deposition difficult, particularly in internal regions.
This limitation is further supported by recent work on metamaterial-inspired 3D-printed
substrates, where DLC deposition highlighted the sensitivity of coating uniformity to archi-
tecture complexity and internal accessibility [60]. Incomplete coverage or poor adhesion
may compromise performance under cyclic loading conditions, emphasizing the need for
careful optimization of deposition parameters, including plasma conditions and exposure
time [61]. DLC coatings can also be engineered to provide antibacterial functionality. The
incorporation of elements such as silver and fluor has been shown to reduce bacterial
adhesion, which is especially important given the increased surface area and complexity
of additively manufactured implants [45,51]. Also, surface modification strategies for
additively manufactured metallic biomaterials increasingly aim to integrate antipathogenic
functionality alongside mechanical enhancement, highlighting the growing importance of
multifunctional coatings in this field [58].

2.3. Structure—Coating—Performance Relationships in Implants

The performance of DLC-coated implants depends strongly on how the coating in-
teracts with the underlying substrate and on the operating conditions. For conventionally
manufactured implants, relatively smooth, well-defined surfaces generally enable uniform
coating deposition and predictable mechanical behavior. In contrast, additively manufac-
tured implants introduce greater complexity. Surface roughness, partially melted particles,
and interconnected porosity can all influence coating adhesion and lead to local variations
in performance, particularly under cyclic loading conditions [60,62].
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Coating composition plays a central role in these applications. Parameters such as
the sp?/sp? bonding ratio, hydrogen content, and dopant incorporation determine key
properties, including hardness, friction coefficient, and chemical stability [31,35,63,64].
Increasing the sp fraction, for example, typically enhances hardness and wear resistance,
but this may also increase internal stresses and reduce adhesion if not properly managed.
Similarly, doping strategies (with Ag, F, or Si) introduce antibacterial functionality or
modify surface energy, although these changes may come at the expense of mechanical
robustness [30].

Achieving reliable performance requires balancing these competing effects. A coating
optimized only for hardness or antibacterial activity may not perform well if adhesion
is insufficient or if the coating fails under repeated loading. In additively manufactured
implants, this is critical, as local stress concentrations and geometric complexity amplify
these issues. The examples summarized in Tables 1 and 2 illustrate that successful im-
plementations are typically those in which coating design, deposition parameters, and
substrate characteristics are considered together rather than independently.

Not all DLC coatings behave the same, and a big part of that comes down to both
composition and how they are deposited. For example, hydrogenated films (a-C:H) tend
to show slightly softer behavior and, in some cases, a more gradual biological response,
while hydrogen-free coatings (a-C) are typically harder and can even support stronger
initial cell attachment [30]. At the same time, the deposition route matters just as much:
ion-based techniques such as cathodic arc or plasma immersion processes tend to produce
denser films with higher sp® content, whereas gas-based processes like PECVD introduce
hydrogen and lead to different bonding environments. These differences also affect how
additional elements, like silver, are incorporated (either as well-dispersed phases or as
clusters), which influences both antibacterial behavior and mechanical stability [30,40]. In
practice, this means that coating performance is not defined by a single parameter but by
a combination of structure, chemistry, and the effectiveness with which the film can be
formed across the actual surface.

3. DLC Coatings for Tissue Engineering

DLC coatings have been increasingly explored in the context of tissue engineering,
where the ability to control both structural and surface properties is essential for promoting
positive cellular behavior and culture growth. In contrast to traditional bioactive coat-
ings, which rely primarily on ionic interactions, DLC provides a chemically stable yet
tunable interface that can influence protein adsorption, cell adhesion, and even antibacte-
rial response [31,34,38]. An overview of these applications is presented in Table 3, which
highlights the relationship between coating composition and cellular response.

Table 3. Overview of studies related to DLC use in tissue engineering applications.

DLC Material/Modification Application/Cells Reference

Hydrogenated DLC (a-C:H) Osteoblast adhesion and proliferation Grill, 1999 [32]

Nitrogen-doped DLC (a-C:N) Endothelial cell growth Robertson, 2002 [31]

Fluorinated DLC (F-DLC) Blood compatibility Hauert, 2004 [34]

PECVD DLC coatings Osteoblast response Roy & Lee, 2007 [38]

Silver-doped DLC (Ag-DLC) Antibacterial + osteoblast Endrino et al., 2008 [30]
DLC on metallic foams Bone scaffolds Dorner-Reisel et al., 2005 [65]

DLC on Ti substrates Osteoblast proliferation Narayan, 2005 [39]
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3.1. DLC-Coated Conventional Scaffolds

The application of DLC coatings to conventional scaffold materials such as biodegrad-
able polymers like polycaprolactone (PCL), polylactic acid (PLA), and porous metallic
substrates has been widely investigated. Early studies demonstrated that hydrogenated
DLC coatings can enhance osteoblast adhesion and proliferation while preserving the
mechanical integrity of the scaffold [32,38]. As shown in Table 3, these effects are strongly
dependent on both coating composition and processing conditions.

The biological response to DLC-coated scaffolds is strongly influenced by surface
chemistry. Modifications such as nitrogen incorporation or fluorination enable tuning of
surface energy and wettability, which directly affect protein adsorption and subsequent cell
attachment [34,35]. Oxygen-functionalized DLC surfaces have also been shown to promote
osteogenic activity, underscoring the importance of surface functional groups in regulating
cell-material interactions [50].

Doping strategies further expand the functionality of DLC coatings. Silver-doped
DLGC, for example, introduces antibacterial properties through controlled ion release while
maintaining acceptable cytocompatibility [30,51]. This multifunctionality can become
critical in tissue engineering since both tissue integration and infection prevention are
critical. Moreover, DLC coatings applied to porous metallic scaffolds have been reported
to improve corrosion resistance and wear behavior, contributing to long-term stability in
biological environments [39]. In line with this, improved electrochemical stability observed
in carbon-coated nitrocarburized systems reinforces the role of DLC as a protective interface
in physiologically relevant environments [66]. From a practical point of view, plasma-based
techniques such as PECVD and PVD, which enable relatively low-temperature processing
and strong adhesion to a variety of substrates, are preferred deposition techniques [33,52].

3.2. DLC-Coated 3D-Printed Scaffolds

Recent studies on additively manufactured and porous scaffold systems have high-
lighted the strong influence of surface properties and architecture on cell adhesion, prolif-
eration, and overall tissue response [67,68]. The combination of additive manufacturing
with DLC coatings offers a powerful approach for designing scaffolds with both controlled
architecture and enhanced surface functionality. Additive manufacturing enables precise
control over pore size, porosity, and interconnectivity, while DLC coatings modify surface
properties at the micro- and nanoscale to promote favorable biological responses [53,56].

A summary of these developments is shown in Table 4, which summarizes representa-
tive examples of DLC-coated additively manufactured scaffolds and their corresponding
biological outcomes. For example, in vivo studies on Ti-6Al-7Nb scaffolds with a 3D honey-
comb architecture coated with DLC have demonstrated enhanced bone formation following
implantation in animal models [69]. These in vivo findings provide important validation
that the combined effect of scaffold architecture and DLC surface modification can translate
into measurable biological outcomes beyond in vitro observations [69]. This table high-
lights the growing interest in combining structural design with surface engineering to
achieve improved cell adhesion, proliferation, and bioactivity.

The workflow associated with the general proposed approach (1. scaffold fabrication,
2. surface modification, and 3. subsequent biological interaction) is illustrated schematically
in Figure 3. As shown in this figure, integrating additive manufacturing with plasma-based
DLC deposition enables a sequential, interconnected process in which structural design
and surface functionalization can be achieved successfully [59,68].
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Table 4. Examples of studies of DLC coatings on 3D-printed substrates for tissue engineering.

DLC Material/Modification

Application/Cells Reference

DLC on rapid prototyping scaffolds
DLC on 3D-printed polymers
Plasma DLC on AM scaffolds
DLC nanofilms on icaritin (ICT)/ 3-tricalcium
phosphate (3-TCP) scaffolds (I/BS)
Ti-6Al-7Nb scaffolds consisting of 3D honey-
comb with DLC
DLC on AM Ti scaffolds
Nanostructured DLC on 3D scaffolds

Cell adhesion
Osteoblast proliferation
Bioactivity enhancement

Lantada et al., 2012 [59]
Moroni et al., 2008 [61]
Bociaga et al., 2016 [53]

Bone tissue in joints Liu et al., 2025 [70]

Kawaguchi, 2021 [69]

Li et al., 2018 [56]
Rifai et al., 2018 [54]

Bone formation

Bone ingrowth
Stem cell adhesion

CAD-CAM Additive DLC-coating Selection of
; Manufacturing recipe most suitable
Design of » using 3D » « functionalization « deposition
Scaffold printing options technique
Cell culture
Cellular growth growth

patterns guide
scaffold CAD design

Cellular response
guides coating design

¥

Analysis of cell
adhesion,
proliferation and
differentiation

Figure 3. Schematic diagram showing the design for manufacturing strategy used in various tissue
engineering applications (bone regeneration, cartilage repair, and nerve and blood vessel fabrication),
supported by three pillars: 3D manufacturing of scaffolds, DLC surface modification, and cell
culture growth.

This integrated view can be useful for understanding how surface modifications
influence cellular response without altering the underlying architecture. The DLC layer
acts as a functional interface that mediates interactions between the scaffold and the
biological environment, thereby promoting conditions favorable for tissue formation. At
the same time, Figure 3 emphasizes that coating deposition is not merely a finishing step
but an integral component of the overall scaffold design strategy.

However, the high porosity and complex internal geometry of additively manufac-
tured scaffolds can pose significant challenges for coating deposition. Achieving uniform
coverage throughout the scaffold volume requires careful optimization of process param-
eters, particularly when using plasma-based techniques [53,59,61,71]. As shown in the
schematic representation in Figure 3, ensuring effective coating penetration into internal
regions remains a key technical limitation that must be addressed for reliable performance.

Despite these challenges, DLC-coated 3D-printed scaffolds have demonstrated im-
proved biological performance, including enhanced osteoblast activity and stem cell ad-
hesion as well as modulation of soft tissue responses at implant interfaces, as reported
in percutaneous orthopedic systems [40,72]. More recently, DLC nanofilms have been
shown to mimic cartilage-like behavior when applied to 3-TCP-based scaffolds, enabling
the repair of combined bone and cartilage defects and expanding the functional scope of
these coatings [70]. A similar trend has been reported for DLC-coated titanium surfaces,
which can simultaneously inhibit bacterial growth while promoting favorable bone cell
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responses [71]. In addition, incorporating antibacterial elements, such as silver and fluor,
mitigates infection risks, which are often exacerbated by the high surface area of porous
scaffolds [40,51,73-76].

3.3. Structure—Coating—Cell Interactions

The biological performance of DLC-coated scaffolds is closely linked to how surface
characteristics influence early-stage interactions with proteins and cells. Surface roughness,
chemistry, and nanoscale features all play a role in determining protein adsorption, which
in turn affects cell adhesion, proliferation, and differentiation. DLC coatings provide a
stable platform where these parameters can be adjusted without altering the overall scaffold
architecture [50].

One of the main challenges in designing these systems is balancing antibacterial
functionality with cytocompatibility. While doped DLC coatings (in particular those
incorporating silver) can effectively reduce bacterial adhesion, excessive ion release may
negatively impact surrounding cells. Achieving a controlled response, therefore, requires
careful tuning of coating composition and release kinetics, rather than simply maximizing
antibacterial activity [51].

Long-term behavior is another critical factor. Although short-term in vitro studies
often show promising results, sustained performance under physiological conditions is not
always guaranteed. However, available in vivo studies indicate that DLC-coated titanium
systems can maintain favorable tissue responses over extended periods, supporting their
potential for long-term biomedical use [77].

Overall, the results discussed in this section and summarized in Tables 3 and 4 sug-
gest that DLC coatings can significantly improve scaffold performance when properly
designed. Their integration with additive manufacturing enables tailoring both structure
and surface properties simultaneously, but success ultimately depends on a careful balance
among biological, mechanical, and chemical requirements, which can be achieved with the
appropriate CVD or PVD deposition technique.

4. Conclusions

Diamond-like carbon coatings have clearly established themselves as a useful option
for improving the surface performance of biomedical implants and tissue engineering
scaffolds. One of their main strengths is that they allow surface properties (mainly chemical
stability and bioresponse) to be adjusted without changing the bulk material. This becomes
extremely important in additive manufacturing, where complex geometries and porous
architectures make it advantageous to separate structural design from surface function.
Although this work is based on a selective literature survey and may not capture all
emerging directions in the field, it is evident that DLC coatings can enhance wear resistance,
corrosion behavior, and, in many cases, the biological performance of 3D-printed devices.
These benefits are not always straightforward to achieve. In practice, achieving uniform
coating coverage in highly porous or intricate structures remains difficult, and adhesion
under physiological conditions often requires careful tuning of the coating process rather
than a standard solution.

In practice, the choice of deposition method becomes particularly important when
dealing with complex or porous structures. PVD-based approaches tend to produce dense
coatings with good mechanical properties and relatively low hydrogen content, which
is often beneficial for wear and stability. However, because they rely on a primarily
line-of-sight process, it can be difficult to coat internal surfaces or highly interconnected
porosity uniformly. PECVD, on the other hand, generally provides better coverage in these
situations, as reactive species can reach more hidden areas, leading to a more conformal
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coating. That said, this comes with its own trade-offs. The higher hydrogen content
typically found in PECVD films can affect hardness, thermal stability, and long-term
behavior. For this reason, the choice between PVD and PECVD is rarely straightforward
and usually depends on what matters most in the application, whether that is coating
quality, conformity, or long-term performance under physiological conditions.

In the future, improvements will likely come from better control of deposition pro-
cesses, particularly for coating complex geometries where internal surfaces are difficult to
access. At the same time, there is still a need for more consistent in vivo data, as short-term
results do not always translate directly into long-term performance. DLC coatings are no
longer just an additional surface treatment. They are increasingly part of how these systems
are designed from the outset, especially when combined with additive manufacturing.
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