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Abstract

The restoration of tissue defects using 3D-printed medical implants enables precise
anatomical matching and customizable microarchitectures. However, implant-
associated infections and biofilm formation constitute persistent challenges,
frequently compromising the efficacy of systemic antibiotic therapy and promoting
drug resistance. In light of these limitations, the development of advanced
3D-printed implants endowed with localized, multifunctional antimicrobial
properties has emerged as a critical clinical imperative. This review provides a
systematic overview of recent progress in 3D-printed antimicrobial scaffolds, with
current innovations classified into three principal synergistic strategies. The first
strategy concerns implants fabricated from intrinsically antibacterial materials,
which are further categorized into non-metallic systems (e.g., chitosan, antimicrobial
peptides, and graphene oxide) and metal-based systems (e.g., silver, copper, zinc,
magnesium, and metal-organic frameworks). These constructs provide continuous
antimicrobial defense through the sustained release of bioactive ions or reactive
oxygen species. The second strategy involves stimuli-responsive platforms that
harness exogenous physical fields—such as photothermal, sonodynamic, or
electrical stimulation—as well as endogenous biochemical cues (e.g., pH variations)
to realize spatiotemporally regulated, on-demand bactericidal effects and to address
infections located within deep tissue compartments. The third strategy capitalizes
on structural and topographical micro-patterning that emulates bio-inspired
architectures, thereby eliciting drug-free mechanobactericidal actions against
adherent pathogens. Moreover, this review discusses key translational challenges,
particularly balancing antimicrobial efficacy with the preservation of osteogenic
activity and osseointegration, while addressing manufacturing complexities. By
elucidating these mechanisms, this work provides forward-looking insights to inform
the rational design and clinical translation of next-generation anti-infective medical
scaffolds.

Keywords: 3D bioprinting; Antimicrobial scaffolds; Stimuli-responsive materials; Surface
topography; Tissue engineering
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1. Introduction

In recent years, three-dimensional (3D) printing—also
referred to as additive manufacturing (AM)—has provided
a diverse array of effective strategies for the management
of tissue defects. By facilitating the production of patient-
specific, anatomically conforming constructs, 3D printing
enables precise control over macro- and microstructural
parameters, including tunable porosity, pore dimensions,
and surface topography.'?

Despite these structural advances, implant-associated
and surgical site infections persist as a formidable clinical
obstacle. Studies indicate that microbial contamination
occurs in up to 65% of open fracture wounds.’> The
pathogenesis of these infections is primarily driven by
rapid bacterial adhesion and the subsequent formation
of dense biofilms on the implant surface. This resilient
physical barrier severely limits the local bioavailability of
conventional systemic antibiotics, frequently necessitating
supra-therapeutic regimens that carry considerable
risk of systemic toxicity and promote the emergence of
multidrug-resistant strains.* Consequently, the integration
of intrinsic, localized antimicrobial functionalities
into 3D-printed bone implants represents a promising
direction to proactively mitigate infection risks, reduce
systemic side effects, and concurrently support optimal
bone regeneration.’

To address this challenge, current innovations in
antimicrobial 3D printing strategies for bone tissue
engineering converge on three synergistic paradigms
(Figure 1, Table 1):

(i) Intrinsic  antibacterial = materials:  Harnessing
biomaterials with innate bactericidal activity—such
as inherently antimicrobial polymers (e.g., chitosan
[CS] and antimicrobial peptides [AMPs]¢), carbon-
derived nanomaterials (e.g., graphene oxide [GOJ’),
bioactive metals (e.g., silver [Ag],*® copper [Cu],
zinc [Zn],'*" and magnesium [Mg]), and metal-
organic frameworks (MOFs)—to deliver sustained
antimicrobial effects without sacrificing printability or
long-term biocompatibility.

(ii) Stimuli-responsive systems: Developing scaffolds
that trigger on-demand spatiotemporally
controlled antimicrobial actions in response to
exogenous physical fields (e.g., photothermal/
photodynamic irradiation'", ultrasound (US),'*"
and mechanical/electrical stress'®!”) or endogenous
microenvironmental shifts (e.g., pH and reactive
oxygen species [ROS]), enabling dynamic and precise
infection eradication.

(iii) Biomimetic and topographical microstructuring:
Emulating  bio-inspired  micro- and nano-

architectures—such as the mechanobactericidal
nanopillars of insect wings or the hierarchical textures
of lotus leaves—to physically disrupt bacterial
membranes and minimize attachment sites, providing
a durable, drug-free bactericidal mechanism.

Existing reviews on antimicrobial 3D-printed implants
have primarily focused on single intrinsic antibacterial
agents or individual therapeutic modalities. In contrast,
the present review uniquely proposes a broader conceptual

framework that systematically integrates intrinsic
antibacterial systems, stimuli-responsive platforms,
and structural/topographical antibacterial strategies

into a unified anti-infective paradigm. In addition to
comprehensively summarizing these diverse approaches,
this review further highlights the emerging realization of
synergistic antibacterial strategies and critically evaluates
the underlying bactericidal mechanisms within complex
bone infection microenvironments.

Importantly, beyond antibacterial functionality alone,
this review introduces a fabrication-oriented perspective
by examining the printability of diverse antimicrobial
agents and discussing how specific AM strategies can be
optimized to preserve antibacterial activity and biological
performance. Furthermore, comparative evaluations
of the different antibacterial paradigms are conducted
with respect to translational potential, manufacturing
complexity, long-term biosafety, and the delicate balance
between antibacterial efficacy and osseointegration. By
aligning material innovation with pressing clinical needs,
this analysis aims to provide forward-looking perspectives
for the rational design and clinical translation of next-
generation anti-infective implants for bone regeneration.

2. Intrinsic antibacterial materials

Intrinsic antibacterial materials represent the first line
of defense in the design of anti-infective 3D-printed
scaffolds. Unlike conventional bioinert scaffolds that
rely on post-fabrication surface coatings or the physical
encapsulation of traditional antibiotics, these materials
inherently possess bactericidal or bacteriostatic properties
within their bulk chemical structure. This inherent
bioactivity allows them to be directly formulated into
printable bioinks, thermoplastic filaments, or metallic
powders. Consequently, the antimicrobial efficacy is
seamlessly integrated throughout the entire macro- and
micro-architecture of the scaffold, providing a continuous
and durable defense against bacterial colonization even as
the scaffold degrades or remodels over time.

In this section, we systematically review the recent
advancements in 3D-printed scaffolds fabricated
from these intrinsic antibacterial materials (Figure 2).
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Figure 1. Schematic overview of the three primary antimicrobial paradigms in the design of 3D-printed scaffolds. Schematic created with BioRender.

Chen, A. (2026) https://BioRender.com/alhr9nr

Abbreviations: AMP: antimicrobial peptide; CS: Chitosan; GO: Graphene oxide; ROS: Reactive oxygen species.

Table 1. Comparison of Intrinsic, stimuli-responsive, and topographical antimicrobial strategies in 3D-printed scaffolds

Antimicrobial strategy ~ Activation mode

Advantages

IR Clinical translation
Limitations

potential
o Passive, sustained antibacterial Long-term activity; simple ~ Cytotoxicity; burst release; .
Intrinsic systems . gtel ¥s stmp 'yt. Vs o > High
activity fabrication limited controllability
N . o . Dependence on external
Stimuli-responsive On-demand activation via external/  Spatiotemporal control; cp .
) L . . triggers; high system Moderate
systems internal stimuli reduced systemic toxicity .
complexity
. . . L Drug-free mechanism; low Limited mature biofilm
. Physical antibacterial action via . . . .
Topographical systems resistance risk; structural  eradication; complex Emerging

surface micro/nanostructures

stability

nanofabrication

Ultimately, the successful deployment of these intrinsic
systems hinges on establishing a delicate balance between
maximizing bactericidal efficacy and mitigating long-term
mammalian cytotoxicity.

2.1. Non-metallic scaffolds
2.1.1. Chitosan

Chitosan, a natural cationic polymer derived from the
deacetylation of chitin, exhibits intrinsic antibacterial
propertiesandisreadilyamenable to chemical modification.

Amino groups of CS are readily protonated under acidic
conditions, forming positively charged polycations that
exhibit intrinsic bactericidal activity. These polycations
interact electrostatically with negatively charged bacterial
cell membranes, resulting in the disruption of membrane
integrity and the induction of cell lysis through cytoplasmic
leakage.'® In addition, low-molecular-weight CS (L-CS)
can penetrate bacterial cell membranes and interact with
intracellular constituents, leading to the disruption of
bacterial metabolic processes and enhanced bactericidal
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Figure 2. Schematic illustration of 3D-printed scaffolds incorporating intrinsic antibacterial materials, depicting key components and sustained
antimicrobial mechanisms. Schematic created with BioRender. Chen, A. (2026) https://BioRender.com/d1wo567
Abbreviations: AMP: antimicrobial peptide; CS: Chitosan; MOF: Metal-organic framework; ROS: Reactive oxygen species.

activity." Furthermore, the amino and hydroxyl groups
present on CS molecules are capable of chelating metal
cations, contributing synergistically to their antibacterial
effects.

Due to its excellent biocompatibility —and
osteoconductivity, pure CS is widely utilized in bone and
periodontal tissue engineering. It shows pronounced
antibacterial activity against Staphylococcus aureus and
Escherichia coli.*® Furthermore, CS has shown promise
in periodontal tissue engineering by promoting tissue
regeneration while suppressing periodontal pathogens
such as Porphyromonas gingivalis. However, the direct
application of pure CS in 3D printing remains highly
challenging. Its relatively low viscosity and inadequate
rheological behavior limit printing fidelity, while slow
crosslinking kinetics often lead to structural collapse
during fabrication. In addition, the requirement for acidic
printing conditions and the poor mechanical strength
of pure CS further restrict the fabrication of complex
multilayered architectures.”!

To improve mechanical performance and broaden
the functional versatility of CS-based scaffolds, current
studies have primarily focused on three modification
strategies: physical blending, surface coating, and chemical
modification. First, physical blending and crosslinking
within polymeric matrices can significantly enhance both

the mechanical properties and antibacterial performance
of CS. Reinforcing materials such as hydroxyapatite
(HA), polylactic acid (PLA), GO, and graphene have been
incorporated into CS matrices.”” During the crosslinking
process, both the molecular weight of CS and the type
of crosslinking agent can markedly influence scaffold
formation and physicochemical performance. Studies
have shown that L-CS and medium-molecular-weight CS
(M-CS) hydrogels crosslinked with 1% glutaraldehyde
exhibited maximum swelling behavior at pH 2.0. Compared
with L-CS hydrogels, M-CS hydrogels demonstrated greater
thermal stability and a higher compressive modulus. In
contrast, degradation studies conducted in both enzymatic
and non-enzymatic media revealed a higher degradation
rate for L-CS hydrogels.”

Beyond physical blending, CS-based coatings have been
extensively applied in regenerative scaffold engineering.
Zhaoetal.developeda3D-printed Ti-Nballoymesh scaffold
coated with a semipermeable CS/gelatin/doxycycline layer
via electrophoretic deposition technology.*® Antibacterial
zone inhibition assays and scanning electron microscopy
analyses confirmed that the coating effectively inhibited
S. aureus infection. Alternatively, chemical modification
of the CS backbone offers another robust strategy to
optimize its performance. Modified CS derivatives, such
as quaternized CS (hydroxypropyltrimethylammonium
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chloride CS), grafted onto 3D-printed scaffolds composed
of poly(lactide-co-glycolide) (PLGA) and HA, reduce
bacterial adhesion and biofilm formation under both in
vitro and in vivo conditions.?*

Finally, the successful translation of these modified
CS strategies relies heavily on the selection of appropriate
3D-printing techniques and bioink formulations. For
example, Chen et al.** employed direct ink writing (DIW)
to fabricate CS/halloysite nanotube (HNT) hydrogels with
high resolution and complex architectures. Their findings
highlighted that DIW imposes stringent rheological
requirements, necessitating precise control over the CS/
HNTs ratio to achieve a composite bioink with optimal
shear-thinning behavior and structural self-supporting
capabilities. Alongside DIW, techniques such as cryogenic
3D printing and fused deposition modeling (FDM) are
increasingly adapted to process these advanced CS-based
anti-infective formulations.

2.1.2. Antimicrobial peptides

Bacterial antibiotic resistance has become a critical
global health challenge, rendering the identification of
plant-, animal-, and bacteria-derived AMPs with broad-
spectrum antibacterial activity particularly promising.?%*
Compared with conventional antibiotics, AMPs offer
several advantages, including structural diversity, a broad
spectrum of activity, and a reduced likelihood of inducing
microbial resistance—positioning them as attractive
candidates for combating antibiotic-resistant infections.

As short polypeptides (typically 20-50 amino acids)
that exhibit potent activity against Gram-positive and
Gram-negative bacteria, fungi, and certain viruses, AMPs
have attracted increasing research attention in recent years.
These peptides typically adopt four major structural motifs:
a-helical, p-sheet, coiled-coil, and extended/disordered
conformations. Their antimicrobial activity is largely
attributed to the amphiphilic and cationic nature of AMPs,
which facilitates transmembrane ion-channel formation
and thereby disrupts bacterial membrane integrity. AMPs
can also traverse bacterial membranes and directly engage
intracellular targets, thereby exerting antibacterial activity
(Figure 3).

In the realm of AM, AMPs can be directly incorporated
into the scaffold matrix via bulk incorporation. However,
their practical application is frequently hindered by high
production costs, poor acid stability, susceptibility to in
vivo proteolytic degradation, and short circulation half-
lives.?® Crucially, from a fabrication perspective, AMPs are
notoriously difficult to process. Because their bactericidal
mechanisms are highly folding-dependent, variations
in the physicochemical microenvironment (e.g., pH

fluctuations, high shear stress, or toxic crosslinkers) during
bioink formulation can easily denature these peptides.”
Furthermore, standard high-temperature extrusion
processes would severely abrogate their biological
activity. Achieving sustained, stable in vivo release while
preserving peptide conformation thus remains a primary
manufacturing hurdle.

To enhance the stability and long-term efficacy of
AMPs within 3D-printed constructs, various biochemical
modifications have been employed, including D-amino
acid substitution, glycosylation, fatty acid conjugation, and
nano-self-assembly. These strategies significantly enhance
the chemical stability of AMPs against proteolysis.”®
Among natural AMPs, LL-37 (consisting of 37 amino
acid residues) is extensively investigated in 3D-printing
applications.® To deliberately circumvent the thermal
degradation of LL-37, researchers have fabricated PLGA/
B-tricalcium phosphate (TCP) composite scaffolds using
low-temperature (cryogenic) 3D-printing technology.*
Studies verified that scaffolds with high LL-37 loadings
exhibited robust in vitro antibacterial effects against both
S. aureus and E. coli, along with stable, sustained peptide
release in a rat model of infected bone defects. Importantly,
these constructs successfully eradicated local infections
without inhibiting the proliferation of rat bone marrow
mesenchymal stem cells, achieving a critical balance
between antibacterial performance and osteogenic activity.

Alternatively, for inherently bioinert 3D-printed
constructs (e.g., Ti-based or standard polymeric implants),
antibacterial properties can be conferred through post-
fabrication surface functionalization. For example,
applying AMP-loaded hydrogel coatings via immersion
allows for localized peptide delivery. Taking this concept
further, recent innovations involve hydrogels encapsulating
AMP-encoding plasmids, which facilitate sustained, in situ
cellular expression and release of AMPs.¢

2.1.3. Graphene oxide

Non-metallic nanomaterials, particularly GO, present a
compelling alternative by combining robust antibacterial
properties with enhanced biocompatibility. These materials
operate through distinct mechanisms—including physical
membrane disruption and ROS-mediated oxidative
stress—that circumvent conventional resistance pathways.
In 2010, the antimicrobial properties of graphene-based
materials (GBMs) were first reported®, which subsequently
led to an increasing number of reports on the application
of certain GBMs as antimicrobial nanomaterials.®*

Researchers generally believe that the antimicrobial
properties of GBMs are derived from the chemical and
physical effects of direct contact between graphene flakes
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Figure 3. Comprehensive overview of antimicrobial peptides (AMPs): natural sources, structural diversity, and multifaceted bactericidal mechanisms.
Schematic created with BioRender. Chen, A. (2026) https://BioRender.com/e4v9llz

and bacteria,*” with the disruption of bacterial cell
membranes being the primary target.”® Specifically, these
antimicrobial effects are primarily driven by graphene-
induced oxidative stress and physical damage,*”* exhibiting
time-dependent bactericidal kinetics that become
significantly more pronounced with prolonged exposure
(e.g., from several hours up to 24 h). At the micro-level,
when bacteria are exposed to the material plane, electron
transfer between GBMs and bacterial membranes* and O,
adsorption by GBMs™ lead to severe oxidative stress and
subsequent bacterial death. Additionally, the sharp edges
of GBMs can physically insert into the bacterial membrane,
disrupting membrane-associated protein interactions and
forming pores.***! In 3D-printed thermally reduced GO
(TrGO) constructs,” residual oxygen-containing groups
(e.g., C=0 and C-0O) can increase surface hydrophilicity,
thereby hindering the adhesion of bacteria with
hydrophobic surfaces, while the material’s remaining sharp
and narrow surface asperities aid in bacterial detachment.

However, it is important to note that the oxidation process
of GO specifically usually leads to sharp-edge folding,
thereby reducing the probability of physical membrane
rupture. Consequently, the predominant antimicrobial
mechanisms of action in most GO-containing scaffolds are
ROS generation and oxidative stress caused by electronic
destabilization.”

When selecting appropriate carbon nanomaterials
for AM, material properties must be carefully balanced.
Among GBMs, oxidized forms of graphite and graphene
nanoplatelets have excellent bactericidal properties,*
whereas GO is more biocompatible with mammalian
cells due to its small size and high oxidation.” Therefore,
GO and its derivatives are highly favored in the design of
3D-printed antimicrobial constructs. To maximize these
antimicrobial effects, the orientation and exposure of GO
flakes on the scaffold surface are crucial. In a pioneering
study, Melo et al.** innovatively combined AM with non-
solvent-induced phase separation (NIPS) technology. This
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approach enabled effective incorporation of GO while
ensuring sufficient flake exposure at the fiber surface. As
a result, GO was effectively exposed on micrometer-scale
AM polymer fibers, highlighting that process design can
improve antimicrobial functionality while retaining the
architectural advantages of 3D printing (Figure 4).

Furthermore, extending beyond bulk integration,

GO can also be utilized for surface post-treatments; for
instance, Ti-based implants coated with a GO-Zn/gelatin
methacryloyl-phenylboronic acid (GelMA-PBA) layer via
electrophoretic deposition not only successfully inhibited
bacterial adhesion and biofilm formation but also
enhanced the adhesion, proliferation, and differentiation
of osteoblasts.*

Figure 4. Representative non-metallic 3D-printed antimicrobial scaffolds featuring an antimicrobial peptide (AMP) and carbon-derived nanomaterials for
tissue regeneration. (A) Schematic illustration and in vivo antibacterial efficacy of 3D-printed polycaprolactone/hydroxyapatite (PCL/HA) scaffolds loaded
with LL37@ZIF8-LL37 nanoparticles. Reprinted with permission from Qu et al.® Copyright © 2022 Wiley-VCH GmbH. (B) Fabrication process and the
contact-mediated “nano-knife” bactericidal mechanism of GO-coated hierarchical microcellular TPU scaffolds. Reprinted with permission from Zhang et
al” Copyright © 2022 Wiley-VCH GmbH.

Abbreviations: GO: Graphene oxide; PDA: Polydopamine; TPU: Thermoplastic polyurethane.
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2.1.4. Synthetic antimicrobial polymers and plant-
derived polyphenols

While CS, AMPs, and GO demonstrate promising
antibacterial functionality in 3D-printed scaffolds,
synthetic polymers—such as quaternary ammonium
compound-modified polyesters—offer complementary
advantages in processability and manufacturing
adaptability. In photocurable resin systems used for
stereolithography (SLA) or digital light processing (DLP),
the incorporation of quaternary ammonium compounds
may alter resin viscosity and partially attenuate ultraviolet
(UV) light penetration, thereby requiring optimization
of exposure parameters to maintain printing fidelity. In
extrusion-based thermal printing processes such as FDM,
these functional groups should possess sufficient thermal
stability to withstand polymer melting and extrusion
conditions without substantial degradation.

In parallel, plant-derived polyphenols such as tannic
acid (TA) have attracted increasing attention for printable
antibacterial scaffold fabrication. Owing to its abundant
phenolic hydroxyl groups, TA can form dynamic
hydrogen-bonding networks, thereby improving shear-
thinning behavior and post-printing shape retention in
DIW-based bioinks. In addition, TA can be introduced as
a post-fabrication surface coating and has been reported to
reduce S. aureus biofilm formation in vitro.”” Furthermore,
synthetic ionic liquids can be incorporated into printable
inks, potentially conferring intrinsic contact-killing
activity while simultaneously functioning as plasticizers to
regulate rheological flow behavior.*

Notably, many intrinsically antibacterial non-metallic
materials rely predominantly on contact-mediated
antibacterial mechanisms, which may limit their efficacy
against freely suspended planktonic bacteria compared
with diffusible antimicrobial systems. To maximize this
contact-dependent antibacterial activity, high-resolution
AM can be leveraged to fabricate complex scaffold
architectures with elevated surface-area-to-volume
ratios, such as triply periodic minimal surface (TPMS)
structures, thereby increasing the interaction interface
between antibacterial surfaces and invading pathogens.
Consequently, the integration of these multifunctional
polymers into composite and multi-material scaffolds
through advanced AM strategies is being increasingly
explored for next-generation anti-infective bone implants.

2.2. Metal-based scaffolds

While the non-metallic scaffolds discussed in the previous
section offer excellent printability and biocompatibility,
their inherent mechanical limitations often restrict their

use in load-bearing orthopedic and dental applications. To
address this structural challenge, metal (e.g., Ag, Zn, Cu,
Mg) and their corresponding metal oxide nanoparticles
represent highly promising alternatives. Depending on
the fabrication paradigm, these metallic agents can be
integrated as active nanoparticles into composite bioinks or
directly 3D-printed as monolithic load-bearing constructs,
thereby coupling robust mechanical integrity with potent,
broad-spectrum antibacterial activity. Consequently, Ag,
Cu,®* Zn, and Mg™*' have been extensively utilized as
both bulk structural matrices and functional coatings in
orthopedic implants.

The antibacterial mechanisms of metal and metal oxide
nanoparticles are primarily attributed to their interactions
with bacterial enzymes, thereby directly damaging cellular
components such as DNA and proteins. Additionally, the
generation of ROS induces severe oxidative stress in both
Gram-positive and Gram-negative bacteria, ultimately
leading to bacterial death (Figure 5). Furthermore,
the antimicrobial efficacy of metallic materials can be
significantly augmented through surface modification
techniques, including plasma spraying, anodic oxidation,
and chemical vapor deposition.”**® Simultaneously,
nanotechnology-enabled micro/nanostructuring of metal
surfaces™ and advanced alloying strategies® further
amplify their intrinsic antimicrobial properties while
optimizing their biological safety profiles (Table 2).

Metal-based regenerative scaffolds are typically
fabricated under high-temperature conditions using
selective laser sintering (SLS)/selective laser melting (SLM)
technologies. When compounding metal nanoparticles
with polymeric or bioceramic inks for extrusion-based
printing, achieving homogeneous nanoparticle dispersion
is critical to prevent agglomeration and subsequent
nozzle clogging. Conversely, for coated metallic implants,
strengthening the interfacial bonding between the coating
and the bulk substrate is essential to regulate corrosion
kinetics and ensure a sustained, controlled release of
antibacterial ions.” Crucially, a delicate equilibrium must
be struck between bactericidal efficacy and host tissue
cytotoxicity. According to ISO 10993-5, the standard for
in vitro cytotoxicity, metal-based antibacterial scaffolds
must maintain mammalian cell viability above 70% at the
minimum effective ion concentration, while concurrently
satisfying the genotoxicity and systemic safety requirements
established by ISO 10993-3.

2.2.1. Silver

Silver, one of the most widely used antimicrobial
metals, has been extensively utilized for scaffold surface
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Figure 5. Schematic illustration of the antibacterial mechanisms associated with 3D-printed metal-based scaffolds. Schematic created with BioRender.
Chen, A. (2026) https://BioRender.com/blufymx
Abbreviation: ROS: Reactive oxygen species.

Table 2. Summary of metals and metal nanoparticles utilized in 3D-printed implant scaffolds

Metal antibacterial 3D printing

Scaffold materials Incorporation strategy Tested bacterial strains Ref.
agent method
. . Staphylococcus aureus,
FFF PLA + Cu Bulk incorporation e . 8
Escherichia coli

Laser englneered CPTi Bulk incorporation S. aurfeus, Pseudomonas 5
Ag net shaping aeruginosa

SLM Pure Ag Monolithic scaffolds S. aureus 0

FFF BG Bulk incorporation MRSA ot
Agt SLM 316L stainless steel Post-fabrication functionalization  S. aureus, E. coli 02

EBM Ti6Al4V Post-fabrication functionalization  S. aureus, E. coli 03

EBM Ti6Al4V Post-fabrication functionalization  S. aureus, MRSA 8

FDM PCL Post-fabrication functionalization . aureus o4
AgNPs

EBM Ti6Al4V Post-fabrication functionalization  S. aureus, MRSA s

FDM PEEK Bulk incorporation S. aureus, E. coli o6

SLM Ti6Al4V Post-fabrication functionalization . aureus, MRSA o7

(contd...)
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Table 2. (Continued)

Metal antibacterial 3D printing Scaffold materials Incorporation strategy ~ Tested bacterial strains  Ref.
agent method

SLM CoCrFeCuNj, high-entropy alloy Bulk incorporation S. aureus, E. coli o8
Cu

DIW GelMA Bulk incorporation MRSA, E. coli 9
Cu+Zn LPBF Zn-2Cu Monolithic scaffolds S. aureus, E. coli 70
Cu*+ Zn* FDM PLGA Bulk incorporation S. aureus 7
Mg SLM Mg-Nd-Zn-Zr Bulk incorporation MRSA, E. coli &
Zn FDM Pure Zn Monolithic scaffolds S. aureus, E. coli 7
Zn + Ce LPBF Zn + Ce Bulk incorporation E. coli 7

ETP HA Bulk incorporation S. aureus 7
Zn2+

FDM PCL Bulk incorporation S. aureus, E. coli 10

Abbreviations: AgNP: Silver nanoparticle; BG: Bioactive glass; CPTi: Commercially pure titanium; DIW: Direct ink writing; EBM: Electron
beam melting; ETP: Extrusion printing; FDM: Fused deposition modeling; FFF: Fused filament fabrication; GelMA: Gelatin methacryloyl;
HA: Hydroxyapatite; LPBF: Laser powder bed fusion; MRSA: Methicillin-resistant Staphylococcus aureus; PCL: Polycaprolactone; PEEK:
Polyetheretherketone; PLA: Polylactic acid; PLGA: Poly(lactide-co-glycolide); SLM: Selective laser melting.

functionalization” and as nanoparticles (AgNPs)” to
confer antimicrobial properties to composites. This
widespread application is attributed to its broad-spectrum
antimicrobial activity’®*® and acceptable cytocompatibility
at appropriate doses.®*> Ag ions (Ag') have potent
antimicrobial properties due to their ability to interfere with
a variety of cellular processes. Research has demonstrated
that Ag* disrupts bacterial membrane integrity by binding
to thiol (-SH)-containing membrane proteins, thereby
increasing membrane permeability and triggering
cytoplasmic leakage, ultimately leading to bacterial
death.® Furthermore, Ag* can penetrate bacterial cells and
coordinate with electron-donor groups (e.g., thiols and
phosphates) in DNA, RNA, and proteins, thereby impairing
replication, transcription, and translation and inhibiting
bacterial proliferation. In addition, Ag* can promote
excessive ROS generation, resulting in oxidative stress
and multi-target cellular damage that further enhances
bactericidal efficacy.** Ag is commonly incorporated into
synthetic scaffolds (e.g., bioactive glass [BG] and porous
stainless steel®) via ion doping or composite design to
enhance its antimicrobial activity and biocompatibility.
Marsh et al.® applied fused filament fabrication (FFF)
to prepare a novel silicate bioactive and antimicrobial
Ag-doped glass—ceramic (Ag-BG) scaffold and verified its

strong inhibitory effect on Methicillin-resistant S. aureus
(MRSA) colonization within the scaffold, indicating its
potential for orthopedic applications (Figure 6).

For  inherently  bioinert  implants, surface
modification®* is a widely adopted strategy to
introduce Ag and endow implants with anti-infective
performance.”” Commonly used methods include plasma
spraying,*® magnetron sputtering,® sol-gel,” and micro-
arc oxidation.® Vaithilingam et al® and Vikulova et
al” applied Ag-based surface coatings to additively
manufactured porous Ti-based implants to enhance
antibacterial performance. A recent study by Liang et al.**
showed that surface modification of CoCr alloys with
Ag coatings is often the most effective method to reduce
bacterial adhesion. However, Ag-coated implants face
challenges regarding the durability of the antibacterial
effect under wear. To address this issue, Maharubin et al.*
directly printed Ti-Ag alloy-integrated implants via 3D
printing, thereby eliminating post-fabrication surface-
coating steps and potentially reducing manufacturing cost.
The results suggested that the wear-associated antibacterial
performance was comparable to that of coating-based
approaches and was even slightly improved against Gram-
negative bacteria.
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Beyond metallic and ceramic matrices, Ag is
increasingly incorporated into polymeric bio-scaffolds.
While micro-scale metal/alloy fillers have been
compounded with polymers (e.g., Alam et al.*® fabricated
antimicrobial scaffolds by compounding PLA with Cu,
bronze, and Ag particles via FFF), AgNPs (1-100 nm)
have emerged as the preferred additive for 3D printing.
Given their high surface reactivity, AgNPs provide potent
bactericidal activity without compromising the printability
of the polymer matrix.”> AgNPs can directly adsorb onto
bacterial surfaces and compromise membrane integrity,
facilitating nanoparticle internalization; concurrently,
the sustained release of Ag" interacts with intracellular
biomolecules to exert continuous bactericidal effects.
Crucially, from a manufacturing perspective, achieving a
homogeneous dispersion of AgNPs within the bioink is
paramount. Nanoparticle agglomeration not only creates

localized domains of compromised antibacterial efficacy
but also profoundly alters ink rheology, leading to severe
nozzle clogging during FDM extrusion or disruptive UV
light scattering and compromised curing depth during
SLA printing.*®

Despite these excellent antimicrobial properties,
given that high concentrations of Ag* may be biotoxic
to mammalian cells, an important observation common
to many experiments is that the degree of bacterial
growth inhibition does not increase linearly with Ag*
concentration.”® The rate of inhibition increases gradually
up to a threshold (e.g., ~1% Ag), and once above this level,
the reduction of bacterial colonization is not significant.
This suggests that future studies should more carefully
evaluate the biocompatibility of Ag-containing materials
and define an optimal/critical concentration window.

Figure 6. Representative 3D-printed antimicrobial scaffolds incorporating silver-based materials. (A) Schematic of 3D-printed porous titanium interfaces
integrated with rapamycin and Ag nanowire-loaded hydrogels for osteoporotic osseointegration. Reprinted with permission from Li et al.* Copyright ©
2022 Wiley-VCH GmbH. (B) Zone-of-inhibition assays demonstrating the antibacterial efficacy of 3D-printed hydrogels loaded with silver nanoparticles
(AgNPs) or gentamicin. Reprinted with permission from Alizadehgiashi et al.” Copyright © 2021 American Chemical Society. (C) Dually engineered
3D-printed macroporous titanium scaffolds featuring PDA-assisted Ag-releasing surfaces for potent antibiofilm activity. Reprinted with permission from
Jia et al.®* Copyright © 2016 American Chemical Society.

Abbreviations: CEC: N-carboxyethyl chitosan; PDA: Polydopamine; PVA: Polyvinyl alcohol.
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2.2.2. Copper

While Ag demonstrated remarkable broad-spectrum
antimicrobial activity, its clinical translation is hindered
by dose-dependent cytotoxicity and high material costs.
These limitations have spurred interest in alternative
metals, such as Cu. Cu offers comparable biocidal efficacy
alongside distinct advantages, including significantly lower
costs, enhanced osteogenic potential, and better long-term
metabolic compatibility, making it a highly compelling
candidate for a scalable 3D-printed orthopedic scaffold.

Copper has demonstrated antimicrobial properties
against a variety of bacteria, including S. aureus’” and E.
coli,’® and has been extensively used to modify different
biomaterials for the treatment of implant-associated
infections.” Incorporating Cu into mesoporous BG
scaffolds, or introducing Cu-Zn nanoparticles into CS/
nanoHA scaffolds, yields constructs that successfully
couple antibacterial activity with osteoproliferative and
osteogenic potential.'® Emerging evidence also suggests
that Cu-containing Ti alloys have excellent antimicrobial
properties, reinforcing their viability as structural
biomedical materials.??-*%

Building upon Cu’s intrinsic antimicrobial properties,
recent studies have engineered Cu-based nanozymes
(e.g., CuO, CuS) as emerging nanoscale biocatalysts.'®
These biomimetic systems enhance antibacterial efficacy
through enzyme-like ROS generation—specifically via
chemodynamic therapy (CDT)—while maintaining
compatibility with 3D-printing workflows. Mechanistically,
Cu-based nanozymes exhibit robust bactericidal properties
by catalyzing the generation of highly toxic hydroxyl
radicals (-OH) and concurrently depleting overexpressed
glutathione within the bacterial microenvironment.
Researchers have leveraged Cu-based redox platforms (e.g.,
Cu0,'™) and integrated them with silica or BG templates
to achieve localized, continuous oxidative bursts.

However, integrating these catalytic nanozymes into
3D-printing workflows presents unique manufacturing
challenges. Within the Cu®*/Cu* redox cycle, the Cu" state
is highly unstable under mildly acidic microenvironmental
conditions and is prone to disproportionation, resulting in
an uncontrolled imbalance among Cu*, Cu*, and CuO
species. Crucially, from a fabrication perspective, this
chemical instability is often exacerbated by the thermal
stress or high-shear forces inherent in the 3D-printing
process. To preserve catalytic activity and redox stability,
researchers frequently resort to post-fabrication surface
functionalization (e.g., immersion loading) or customized
thermal stabilization strategies. For example, Shuai et
al.'® synthesized CuO,/MoS, nanozymes using a low-
temperature co-precipitation method to preserve their

delicate initial state. To overcome the subsequent thermal
challenges of integrating these nanozymes into poly-
L-lactic acid (PLLA) scaffolds via SLS, they leveraged
robust Cu-S-Mo interfacial sites. These unique interfacial
structures successfully stabilized the copper atoms against
thermal degradation during SLS melting and generated
profound synergistic catalytic activity, achieving in vitro
inhibition rates of 92.3% against S. aureus and 93.5%
against E. coli.

2.2.3. Zinc

Zinc is a vital trace element that accelerates bone
regeneration while exhibiting potent, broad-spectrum
antibacterial activity, particularly against S. aureus. When
exposed to physiological environments (in vivo and in
vitro), Zn-based metals release Zn** through controlled
corrosion. These cations are initially adsorbed onto
negatively charged bacterial surfaces via Coulombic forces,
interfering with cell-wall biosynthesis and compromising
cell-wall integrity. Subsequently, Zn** can penetrate the cell
wall, substitute for cationic positions on the cell membrane,
and bind to intracellular proteins or anionic groups. This
continuous ion infiltration disrupts membrane-associated
metabolism and structural stability, ultimately leading to
bacterial death'* (Figure 7).

In 3D printing, the bactericidal efficacy of monolithic
pure Zn constructs depends heavily on their topology.
For example, FDM-printed porous scaffolds facilitate
greater localized Zn** release than solid counterparts due
to geometrically expanded specific surface areas.”” When
Zn is applied in antibacterial regenerative scaffolds, its
concentration must be carefully controlled to balance
infection eradication with tissue integration while
minimizing cytotoxicity. Liu et al'” reported that Zn**
at a concentration of 2.46 mg/L enhanced cell viability
and promoted osteogenic differentiation, whereas
concentrations ranging from 5.72 to 22.02 mg/L inhibited
cell proliferation and impaired osteogenic differentiation.
In vivo experiments further demonstrated that, after
four weeks of implantation, the relatively high local Zn**
concentration prevented direct integration between the Zn
and the surrounding bone tissue.

Beyond pure metallic scaffolds, ZnO, a semiconducting
metal oxide, has garnered significant attention due to its
broad-spectrum antibacterial activity, antitumor activity,
low toxicity, and unique piezoelectric properties. ZnO
nanoparticles (ZnO-NPs) efficiently eradicate drug-
resistant bacteria through combined membrane disruption,
sustained Zn** release, and ROS generation. Taking
advantage of its dual functionality, Chen et al.'® utilized
DLP 3D printing to incorporate ZnO-NPs into barium
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titanate (BT) and HA scaffolds. The addition of ZnO-NPs
not only provided intrinsic antimicrobial defense but also
significantly enhanced the piezoelectric properties of the
lead-free ceramic composite, paving the way for electro-
responsive smart implants.

To further push the mechanical and therapeutic
boundaries of Zn-based implants, alloying has become a
particularly active area of research. Researchers frequently
combine Zn with other bioactive metals (e.g., Zn-Cu'®”
and Zn-Ag™) to achieve superior mechanical strength
and synergistic antibacterial activity against MRSA.
Notably, laser AM has been employed to alloy Zn with Ce,
yielding porous Zn-Ce alloy scaffolds with significantly
higher tensile strength and a vastly improved bacterial
inhibition rate (81.36% vs. 34.28% for pure Zn).”* The
enhanced antimicrobial efficacy can be attributed to a
synergistic contribution from Ce, which can coordinate
with oxygen-containing functional groups and provide

active sites for Zn** binding'® and enhance their
adsorption. Simultaneously, Ce ions actively increase
bacterial cell membrane permeability'®'"" and catalyze
local ROS production'’?, thereby exponentially amplifying
the overall antimicrobial performance of the 3D-printed
alloy. Zn-based zeolitic imidazolate framework-8 (ZIF-8)
MOF has emerged as a prominent candidate, serving as
a highly effective and controlled reservoir of Zn*". ZIF-8
features a 3D porous structure, high specific surface area,
excellent thermal stability, and sustained Zn** release
during physiological degradation.'*'" Demonstrated to
exhibit potent antibacterial activity in wound healing and
bone regeneration, ZIF-8 serves as a versatile antimicrobial
platform.

2.2.4. Magnesium and other co-strategies

While Zn demonstrates strong antibacterial activity,
its unpredictable degradation kinetics can limit its

Figure 7. Representative zinc-incorporated antimicrobial strategies in 3D-printed architectures. Representative 3D-printed antimicrobial scaffolds
incorporating zinc-based nanomaterials. (A) Fabrication of 3D-printed poly(lactide-co-glycolide) (PLGA) scaffolds containing Cu(I)@zeolitic imidazolate
framework-8 (ZIF-8) nanoparticles that provide effective antibacterial and osteoconductive properties for infected bone repair. Reprinted from Zou et
al”" (B) Development of 3D-printed magnetic polycaprolactone (PCL)/Fe,O,@ZIF-8 nanocomposite scaffolds that eliminate infection and promote new
bone formation through the sustained release of zinc ions. Reprinted from Xiao et al.'® (C) Design of intelligent responsive 3D-printed PLGA scaffolds
integrating ZIF-8@CuO nanoparticles for pH/near-infrared (NIR)-triggered bacterial eradication and synergistic biomimetic bone regeneration. Reprinted
with permission from Li et al.! Copyright © 2025 American Chemical Society.
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clinical translation. These challenges have motivated the
development of complementary approaches that utilize
Mg as a co-strategy, offering distinct advantages. While
Mg exhibits intrinsic antibacterial activity,"'>" its superior
osteoconductivity and more favorable degradation profile
make it particularly suitable for orthopedic applications
where bone regeneration is paramount.'””

The bactericidal mechanism of Mg is unique among
structural metals. Mg and its alloys have been demonstrated
to possess broad-spectrum bactericidal ability driven
by the localized alkaline environment generated during
their degradation process. Specifically, the rapid increase
in pH, coupled with elevated Mg?* concentrations in the
microenvironment, not only exerts direct bactericidal
effects but also actively prevents the formation of biofilms
by down-regulating the expression of biofilm-related genes
in MRSA.

This complementary relationship between Zn (and
other metals) and Mg underscores an emerging paradigm
in antimicrobial biomaterials: rather than seeking single-
element solutions, targeted combinations of metals can
address specific clinical needs. Translating this concept into
AM. Xie et al.” used SLM to fabricate a porous 3D-printed
Mg-Nd-Zn-Zr alloy (denoted JDBM) with optimized
mechanical properties for use as implants. Similarly,
researchers proposed the addition of 1 wt.% MgO and 3
wt.% Cu to a commercially pure Ti (CP Ti) matrix, which
was used as a coating on Ti6Al4V. This strategy successfully
achieved an ~81% bactericidal efficacy after 72 h.

In summary, the high strength, durability, and tunable
degradation profiles of metallic materials make them
indispensable components of 3D-printed scaffolds, which

are increasingly used in orthopedics, dentistry, and soft
tissue restoration.''*'* However, the use of metallic
antibacterial agents is a double-edged sword, as they may
provide robust bactericidal activity but inherently risk
inducing cytotoxicity in mammalian cells. Accordingly,
the use of standalone metallic materials, such as Ag or
Cu, is somewhat limited, and their dosage is subject to
rigorous in vitro and in vivo evaluation. Ultimately, the
optimal design of next-generation implants relies on
the intelligent integration of these metallic elements
with the biocompatible non-metallic matrices discussed
earlier, establishing a delicate balance between infection
eradication and robust tissue integration.

3. Stimuli-responsive systems

While the intrinsic antibacterial materials discussed
in Section 2 provide a robust and continuous baseline
defense, their “always-on” nature can occasionally lead to
the premature depletion of active agents or unintended
long-term cytotoxicity. To address these limitations, recent
research has increasingly focused on developing stimuli-
responsive 3D-printed scaffolds (Table 3). These “smart”
systemsachieve enhanced, on-demand antibacterial activity
via external or internal stimuli such as light, temperature,
sound, and electricity.'”! By intelligently incorporating
photothermal agents, employing photodynamic sensitizers
to generate ROS, or using US and electrical stimulation
to physically disrupt bacterial structures, these platforms
offer highly programmable bactericidal interventions.
Consequently, this strategy presents a promising route
to mitigate clinical complications associated with severe
bacterial inflammation, particularly in settings where
antibiotic misuse has driven antimicrobial resistance.

Table 3. Summary of stimuli-responsive systems applied in 3D-printed implant scaffolds

E . Antimi al
)fogenous Respo'n sive Fabrication & loading ntlmlc‘robla Tested bacterial strains Ref.
stimulus material system mechanism
- T Staphylococcus aureus,
365 nm UV AlEgen SLA/Post-fabrication functionalization PDT . . 12
Escherichia. coli
1,064 nm NIR CuS FDM/Post-fabrication functionalization PTT E. coli 123
BPs ETP/Post-fabrication functionalization PTT S. aureus, E. coli 124
BPs FDM/Post-fabrication functionalization PTT S. aureus, E. coli 12
MXene ETP/Bulk incorporation PTT S. aureus, E. coli 4
808 nm NIR
Free carbon ETP/Post-fabrication functionalization PTT S. aureus, E. coli 126
AuNR ETP/Bulk incorporation PTT S. aureus, E. coli 12
CuO ETP/Bulk incorporation PTT/PDT/SDT S. aureus, E. coli 1

(contd...)
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Table 3. (Continued)

f:t}:l(‘:‘lg:lllll :us Responsive material system Fabrication & loading Antimicrobial mechanism Tested bacterial strains Ref.

TCPP SLA/Bulk incorporation PDT S. aureus, Pseudomonas 127
156fl nm LED P aeruginosa
ight

Porphyrinic MOF (PCN-224)  DLP/Bulk incorporation PTT/PDT S. aureus, E. coli 128
Us BT +Cu? FDM/Post-fabrication SDT/ CDT S. aureus, E. coli 1

functionalization

ZnO-NPs + BT DLP/Bulk incorporation SDT S. aureus, E. coli 108
LIPUS

MMBOx ETP/Bulk incorporation SDT/PDT S. aureus, E. coli 129
Direct current TrGO FDM/Bulk incorporation Electrophoretic anti-adhesion ~ S. aureus 2
Occlusal BCZT DLP/Monolithic scaffolds ~ ROS S. aureus, Porphyromonas
pressure gingivalis

CaPNPs ETP/Bulk incorporation AMP Wound pathogens 130
pH

CS ETP/Bulk incorporation Vancomycin S. aureus 131

Abbreviations: AIEgen: Aggregation-induced emission-active luminogen; AMP:

antimicrobial peptide; BCZT: Ba0.85Ca0.15Zr0.1Ti0.903; BPs:

Black phosphorus nanosheets; BT: Barium titanate; DLP: Digital light processing; ETP: Extrusion printing; FDM: Fused deposition modeling; LED:
Light-emitting diode; LIPUS: Low-intensity pulsed ultrasound; MMBOx: Magnesium- and manganese-doped bismuth oxide with oxygen vacancies
nanoparticles; MOF: Metal-organic framework; NIR: Near-infrared; NP: Nanoparticle; NR: Nanorod; PDT: Photodynamic therapy; PTT: Photothermal

therapy; ROS: Reactive oxygen species; SDT: Sonodynamic therapy; SLA: Stereo
TrGO: Thermally reduced graphene oxide; US: Ultrasound.

Most importantly, stimuli-responsive systems enable
precise, in situ, and on-demand release profiles, allowing
exquisite spatiotemporal control over antimicrobial action.
This means that high-dose, localized bacterial eradication
can be triggered exactly when an infection is detected,
while simultaneously maintaining a safe, biocompatible
microenvironment that actively supports osteogenic
regeneration. Furthermore, electrically and mechanically
responsive materials (e.g., piezoelectric scaffolds) have been
shown to exhibit sustained, self-powered antimicrobial
activity, rendering them promising candidates for next-
generation biomedical applications (Figure 8).

3.1. Photo-responsive scaffolds

Phototherapy is regarded as a highly promising alternative
approach for managing bacterial infections. The aim is to
avert the clinical complications associated with the misuse
of antibiotics, such as multidrug resistance and subsequent
bacterial inflammation caused by therapeutically
implanted scaffolds. Phototherapy encompasses two
primary therapeutic modalities: photothermal therapy
(PTT) and photodynamic therapy (PDT). By introducing
photothermal agents or photodynamic agents into the
3D-scaffold microenvironment, potent antimicrobial
properties can be elicited on demand. PTT involves the use
of photothermal agents activated by NIR laser irradiation.
These agents generate high localized temperatures, thereby
disrupting the structure of bacterial cell membranes.

lithography; TCPP: 5,10,15,20-(tetra-4-carboxyphenyl) porphyrin;

This enhances the permeability of bacterial membranes
and inhibits bacterial activity through thermal ablation,
resulting in significant bactericidal effects.”” For example,
significant research has been conducted on incorporating
free carbon into 3D-printed prosthetic scaffolds to induce
photothermal antibacterial activity."*>"** Similarly, Ti,C,
(MXenes), a new class of 2D transition-metal carbides
with excellent photothermal conversion efficiency,
have been explored as photo-responsive components.
Researchers successfully applied 3D printing technology
to synthesize GelMA/B-TCP/sodium alginate (Sr**)/
MXene composite hydrogel scaffolds (GTAM), which
demonstrated outstanding antimicrobial effects under
808 nm NIR irradiation.*’ However, heat shock proteins
produced during the reaction process can increase bacterial
thermotolerance, reducing the destructive impact of mild
temperatures. Furthermore, the high heat generated by
photothermal agents has the potential to compromise the
health of periwound host tissues, limiting the uncontrolled
application of PTT in medical prosthetics (Figure 9).

Asanalternativestrategy, PDThasattracted considerable
attention due to its minimal side effects and direct
therapeutic efficacy.””>* PDT relies on photosensitizers
to generate bactericidal singlet oxygen ('O,) and other
ROS in the presence of light at specific wavelengths. These
redox reactions result in irreversible damage to pathogenic
bacteria, representing a potent modality for implant
infections.”*”” Commonly used photosensitizers include
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Figure 8. Schematic illustration of the stimuli-responsive 3D-printed antimicrobial scaffolds. Schematic created with BioRender. Chen, A. (2026) https://

BioRender.com/h43ug3r

NIR dyes such as methylene blue (MB) and its derivatives.
Additionally, amorphous N-doped carbon has emerged
as a potential photosensitizer,®' as confirmed by the Mn/
hyaluronic acid-coated single-atom nanozyme (HSAE)
scaffolds developed by Gao et al.'”

Remarkably, recent advancements have seamlessly
integrated PDT agents directly into the AM process.
Several heterogeneous materials, including metal
semiconductors,”  carbon-based  materials,”® and
upconversion nanoparticles,* have been utilized as
photocatalysts for photo-controlled reversible deactivation
radical polymerization (photo RDRP). Furthermore, some
MOFs with light-trapping properties have been developed
as dual-functional photocatalysts'*® for PDT,"* CO,
reduction, and the decomposition of water.'*® Specifically,
2D MOF nanosheets based on 5,10,15,20-(tetra-4-
carboxyphenyl) porphyrin (TCPP) exhibit highly efficient
light-trapping properties.'"! For example, Zhang et al.'”
utilized 2D ZnTCPP nanosheets as a photocatalyst for SLA
3D printing in an open-air environment. This approach
not only yielded high-resolution 3D-printed objects but

also exhibited robust antimicrobial activity against both
Gram-positive and Gram-negative bacteria by generating
photoactivated 'O,. Beyond unimodal treatments, light-
driven effects are increasingly synergized with other
stimuli to produce multimodal antimicrobial mechanisms.
For example, Li et al.'** fabricated a 3D-printed hydrogel
scaffold embedded with gallium-indium eutectic
(EGaln) liquid-metal microdroplets. This scaffold
successfully eliminated bacterial infections by coupling
the photothermal effect of liquid metal with US-assisted
mechanical disruption.

In addition, the combination of PTT/PDT with CDT
has been demonstrated to synergistically enhance the
bactericidal effect. In the study by Huang et al.,'** an MXene/
CaO, bio-heterojunction (MC bio-HJ) was synthesized
to amplify the bactericidal properties of PTT and PDT.
This was achieved through the sustained release of Ca*,
which sensitized bacterial cell membranes and increased
their permeability, thereby exponentially enhancing ROS-
mediated and thermal damage induced by PTT and PDT.

In comparison with traditional antimicrobial therapies
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(e.g., systemic antibiotics or simple Ag* coatings),
photo-triggered antimicrobial therapy offers several
distinct advantages. Firstly, it provides rapid, on-demand
bactericidal action. Secondly, it employs non-specific
physical and oxidative damage mechanisms, making
it highly efficient against both normal and multidrug-
resistant pathogens.'** However, their clinical translation
hinges on overcoming specific AM challenges. Directly
integrating photothermal or photodynamic agents into
light-curing systems (e.g., SLA/DLP) often induces
severe light scattering and attenuates UV penetration,
compromising curing depth and printing fidelity. Balancing
antimicrobial efficacy with structural precision requires
optimizing printing parameters—such as exposure time—
or employing post-fabrication surface coatings instead
of bulk incorporation. Overcoming these manufacturing
complexities enables photo-triggered platforms to combat
antibiotic resistance while promoting localized tissue
regeneration.

3.2. Sono-responsive scaffolds

The clinical utility of PDT in the management of infected
bone defects is often constrained by the inadequate
penetration of light into deep biological tissues.
Conversely, sonodynamic therapy (SDT) overcomes this
critical limitation by leveraging the tissue penetration
advantage of US. The mechanism of action of US initially
involves a significant increase in the permeability of
bacterial cell membranes, leading to a reduction in
membrane fluidity and depolarization. Beyond mechanical
disruption, sonosensitizers utilize US energy to eradicate
bacteria via two primary ROS-generating mechanisms:
sonoluminescence and pyrolysis. The absorption of US
energy triggers the separation of electron-hole pairs (e —
h*) within the sensitizers, leading to redox reactions.'*
Consequently, the abundant generation of ROS exerts
potent antibacterial activity by causing bacterial lipid
peroxidation, severe membrane disruption, and ultimately
cell death. Furthermore, US irradiation can be employed

Figure 9. Representative photo-responsive 3D-printed antimicrobial scaffolds for advanced wound management. (A) A gelatin methacryloyl (GelMA)/
sodium alginate (SA) hydrogel incorporating gold nanorod (AuNR)-loaded electrospun short filaments accelerates infected wound healing by eradicating
Staphylococcus aureus and Escherichia coli via potent near-infrared (NIR)-activated photothermal therapy. Reprinted from Rybak et al.* (B) A dual-
functional silk fibroin methacryloyl (SFMA)-Ce6 hydrogel scaffold utilizes NIR-activated photodynamic therapy to simultaneously suppress residual
melanoma and promote the healing of S. aureus-infected wounds. Reprinted with permission from Tang et al.”* Copyright © 2021 Wiley-VCH GmbH.
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to enhance the localized delivery of drugs by mildly
increasing local temperature to facilitate diffusion or by
cleaving unstable chemical bonds within antimicrobial
agents.

To further amplify these acoustic effects, exogenous US
has been shown to powerfully promote the piezoelectric
effect in lattice-asymmetric  acoustic  sensitizers.
During SDT, US stimulation mechanically deforms
the crystalline structure of these materials, generating
built-in piezoelectric potentials and establishing an
inherent electric field. This piezoelectric effect significantly
enhances SDT by accelerating electron transfer, thereby
amplifying ROS generation and bactericidal outcomes.'*
For example, highly printable piezoelectric materials
include barium titanate (BaTiO,), ferroelectric bismuth
ferrite (BiFeO,), and strontium titanate (SrTiO,).
However, integrating high concentrations of these dense,
inorganic piezoceramic nanoparticles into polymeric
bioinks introduces substantial manufacturing challenges.
It drastically alters the rheological behavior of the inks,
leading to increased shear viscosity, poor shape fidelity,
and frequent nozzle clogging during extrusion-based
3D printing. Furthermore, for piezoelectric ceramic
scaffolds fabricated via powder-based 3D printing and
subsequent high-temperature sintering, a post-fabrication
high-voltage poling process is critically required to align
ferroelectric domains and unlock their piezoelectric
potential. To further enhance their piezo-catalytic and
antimicrobial properties, researchers have increasingly
augmented these conventional sensitizers with metal or
non-metal dopants, such as Al ions," Se nanoparticles,""
and Ag nanoparticles'*® (Figure 10).

Crucially for clinical translation, low-intensity US (LIU,
power between 0.01 and 3 W/cm?) is heavily preferred
to minimize the risk of damaging surrounding healthy
tissues. However, traditional acoustic sensitizers with high
dielectric constants often fail to respond effectively to
LIU. To overcome this barrier, Chen et al.'*® developed a
novel piezoelectric-catalyzed bioheterojunction (P-bioHJ)
consisting of a 2D BiOI photocatalyst, a thin layer of 2D
MZXene, and naringenin enriched with surface oxygen
vacancies. By coating 3D-printed polyetherketoneketone
(PEKK) scaffolds with this advanced material, they
successfully enhanced charge separation and disrupted
the bacterial respiratory chain via the acoustic cavitation
effect, achieving highly eflicient synergistic antimicrobial
and osteogenic outcomes in deep tissue environments.

Moving beyond unimodal sonodynamic action,
SDT has also been combined with CDT to produce a
synergistically enhanced bactericidal effect.'”” In this
multimodal approach, ultrasonic stimulation triggers

transition-metal catalysts to efficiently catalyze the
conversion of endogenous H,O, into highly toxic hydroxyl
radicals (-OH).""*»! For example, a Cu-based transition-
metal catalyst that undergoes a valence transition between
Cu* and Cu** has been shown to induce Cu-toxicity-
like death of bacteria while simultaneously promoting
angiogenesis."* This CDT process subsequently synergizes
with piezoelectric sonosensitizers to achieve explosive ROS
generation. Recently, Sun et al.'® developed a 3D-printed,
ROS-logic-gated GelMA-PBA/poly(vinyl alcohol) (PVA)/
MMBOx scaffold. Fabrication-wise, PVA pre-crosslinking
significantly improved the bioink’s extrusion stability.
Under acidic conditions and US stimulation, the scaffold’s
piezoelectric-sonocatalytic ~ activity —achieved >96%
clearance of S. aureus and E. coli biofilms (in vitro CFU and
live/dead assays). Post-infection, it seamlessly transitioned
to a ROS-scavenging mode to rejuvenate senescent
stem cells and accelerate bone repair. Collectively, these
responsive elements constitute a nanoscale reactor that
can be seamlessly integrated into 3D-printed bone implant
scaffolds, facilitating highly efficient infection eradication
alongside robust bone defect repair.

3.3. Electro-responsive scaffolds

In recent years, the integration of 3D printing with
electroactive biomaterials has enabled the development of
highly precise, stimuli-responsive implants. The application
of external electrical stimulation allows for precise
spatiotemporal control over the amplitude, duration, and
periodicity of the applied voltage.”>!** The mechanisms by
which direct current (DC) eradicates bacterial biofilms!**are
multifaceted. Primarily, DC alters bacterial electrophoretic
migration by using electro-osmotic forces to push
negatively charged bacteria away from the conducting
surface, thereby achieving a robust anti-adhesion effect.
Furthermore, the inter-electrode electric field can induce
irreversible electroporation,' while localized electrolysis
generates ROS and alters the microenvironmental pH.'**!*”
Additionally, electron transfer processes at the material-
tissue interface compromise bacterial membrane integrity,
potentially triggering autolysis and cell disruption.'”
However, translating these DC-responsive mechanisms
into 3D-printed scaffolds necessitates overcoming specific
fabrication challenges. Ensuring uniform dispersion of
conductive fillers (e.g., carbon nanomaterials or metal
nanoparticles) within polymeric bioinks is critical;
inadequate dispersion not only causes severe nozzle
clogging during extrusion-based printing but also results
in discontinuous internal electrical networks, thereby
severely compromising overall electroporation efficacy.

While DC-responsive materials offer programmable
antimicrobial effects, their reliance on external power
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Figure 10. Representative ultrasound (US)-responsive antimicrobial strategies employing piezocatalysis and sonodynamic therapy. (A) Schematic
illustration of a bone scaffold engineered with copper-armed barium titanate (CpBT) nanoreactors that eradicate Staphylococcus aureus biofilms through
US-activated tandem catalysis and cuproptosis-like death. Reprinted from Huang et al.'* (B) Mechanistic overview of an aluminum-doped strontium
titanate/titanium dioxide nanotube (Al-STNT) coating that eradicates Porphyromonas gingivalis biofilms by triggering the piezoelectric effect under
exogenous US to generate abundant reactive oxygen species (ROS). Reprinted with permission from Pan et al.’* Copyright © 2024 Wiley-VCH GmbH.

sources and transcutaneous wires limits clinical
practicality for deep orthopedic and dental implants.
This limitation has motivated a paradigm shift toward
self-powered electro-responsive systems, particularly
piezoelectric materials and triboelectric nanogenerators
(TENGS).'”13®  Piezoelectric materials are capable of
converting physiological mechanical stresses (e.g., weight-
bearing or joint movement) into built-in electric fields
and antimicrobial surface potentials without the need for
external batteries.”*'® Among these, piezoceramics such
as BaTiO, and organic polymers such as polyvinylidene
difluoride (PVDF) are the most rigorously examined.'®
Because bulk piezoceramic scaffolds often lack intrinsic
broad-spectrum bactericidal properties, they are frequently
functionalized via 3D printing. For example, Chen et al.'®
utilized DLP to construct a novel piezoceramic scaffold
combining BaTiO,, HA, and ZnO-NPs. Pushing the
boundaries of pure piezoceramics, recent breakthroughs
have successfully utilized advanced AM to fabricate
biocompatible piezoelectric Ba . Ca .Zr  Ti ,O, dental
implants. This pure piezoceramic architecture acts as a
highly efficient, occlusion-activated autonomous system.
It directly converts daily masticatory forces into a robust,
localized built-in electric field, triggering non-Faradaic
electron transfer and generating continuous intracellular
ROS without compromising the implant’s load-bearing
structural integrity. Consequently, this self-activating
mechanism profoundly disrupts the vital metabolic

pathways of peri-implantitis-associated pathogens (e.g., P.
gingivalis and S. aureus) while simultaneously providing
necessary mechanical support and promoting osteogenesis.
Similarly, ZIF-8 nanocrystals have been used to decorate
PVDF foam, where the piezoelectric potential of PVDF
actively regulates the release kinetics of Zn** from ZIF-8,
achieving targeted metal-ion enrichment and synergistic
antimicrobial efficacy.

Complementing these self-powered generators,
exogenous conductive polymer composites offer excellent
bioactivity and tunable electrical properties. These matrices
are typically enhanced with carbon-based nanomaterials,
such as graphene or its derivatives. For example, Angulo-
Pineda et al.** developed a porous composite scaffold
by incorporating electrically conductive, thermally
reduced TrGO nanoparticles into a PCL matrix using 3D
printing. The composite’s distinct surface morphology
and hydrophilic functional groups provided baseline
antimicrobial resistance. Crucially, upon electrical
stimulation, the bactericidal activity of the material was
significantly enhanced, concurrently increasing adhesion,
viability, and osteogenic differentiation of human stem
cells (Figure 11).

3.4. pH-responsive scaffolds

Beyond exogenous physical triggers, endogenous
biochemical cues—most notably pH—have emerged as
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highly effective stimuli for on-demand antimicrobial
delivery. Unlike intrinsic antimicrobial scaffolds,
which rely on the passive, spontaneous, and sustained
baseline diffusion of active agents (e.g., Ag', Zn*),
stimuli-responsive platforms encapsulate these identical
therapeutic payloads within smart matrices. Consequently,
the release profile shifts from passive degradation to active,
spatiotemporally gated actuation. Bacterial infections
typically lower the local microenvironmental pH due to the
accumulation of acidic metabolic byproducts. Alterations
in this wound microenvironment yield precise stimuli
capable of inducing the targeted release of antimicrobial
agents, particularly from 3D-printed hydrogels.

At the molecular level, these pH-stimulated responses
are typically accomplished by the incorporation of acid-
labile linkages (e.g., imine and acylhydrazone bonds) or by
the integration of acidic (sulfonic and carboxylic) and basic
(amino) functional groups into the polymer backbone
through free radical polymerization.

By translating these mechanisms into macroscopic
3D-printed architectures, Huang et al'* elegantly
employed calcium phosphate nanoparticles (CaP NPs) as
pH-responsive switches. By formulating and fabricating
alginate-CaP nanocomposite scaffolds via 3D printing,
they created a dynamic system that accelerates the release
of encapsulated antimicrobial drugs at the acidic pH of
infected wounds, while effectively attenuating the release at
the physiological pH of healthy skin. This intelligent, self-
regulating methodology significantly enhances the efficacy
of wound infection treatments while actively mitigating the
risk of antimicrobial toxicity to surrounding healthy tissue.
Expanding this paradigm to hard-tissue infections, Lin et
al.®! developed a 3D-printed CS scaffold for osteomyelitis
utilizing acid-labile Schiff base (imine) linkages.
Fabrication-wise, this dynamic crosslinking endowed the
bioink with excellent shear-thinning properties, enabling
precise extrusion printing without toxic crosslinkers. In
the acidic osteomyelitis microenvironment (pH 5.5), rapid
imine bond cleavage triggers the on-demand release of
vancomycin to eradicate S. aureus, whereas physiological
pH robustly prevents premature burst release. This
pH-gated profile actively shields local osteoblasts from
drug toxicity, seamlessly integrating infection eradication
with robust bone defect regeneration.

4, Structural and topographical antibacterial
strategies

Conventional antimicrobial approaches face significant
limitations, particularly regarding the unpredictable release
kinetics of local antibiotics and the rampant development
of bacterial resistance. Consequently, surface engineering

via highly specific structural topographies (e.g., customized
geometries, nanotextures, and hierarchical micro-nano
architectures) has emerged as a compelling, drug-free
strategy to physically reduce bacterial adhesion or achieve
direct bactericidal effects.'*

At the macro- and micro-scale, the architectural design
of 3D-printed scaffolds fundamentally dictates bacterial
behavior. Low-porosity scaffolds inherently suppress
biofilm formation by restricting stable bacterial attachment
sites and limiting nutrient permeation. For example, among
TPMS designs, the Schwarz primitive structure with low
porosity has been shown to significantly minimize S.
aureus biofilm formation.'®® Moreover, utilizing Pickering
emulsion inks as a 3D printing template followed by
freeze-drying enables the precise fabrication of highly
interconnected micro- and macroporous networks. In this
specific hierarchical configuration, macropores facilitate
mammalian cell infiltration and nutrient transport, while
micropores restrict bacterial motility."** Furthermore, the
impact of surface roughness on bacterial adhesion depends
heavily on the scale of the topographical features. At the
macroscopic level, unintentional roughness—often an
inherent byproduct of geometrical complexity, extrusion
limitations, or partially melted powder in 3D-printed
architectures—creates microscopic grooves and crevices
that actively shelter adherent bacteria. Notably, in SLM of
titanium alloys, a smoother, unfavorable profile for bacteria
can be achieved directly by rationally optimizing the build
inclination angle. Lowering the build angle significantly
minimizes the adherence of partially melted titanium
particles, thereby eliminating these protective crevices
and restricting S. aureus biofilm coverage.'®® Conversely,
purposefully engineered submicron roughness can exert
a potent antimicrobial effect by physically disrupting
bacterial attachment. For example, the incorporation of
submicron silicon nitride powders into polymer filaments
(e.g., polyetheretherketone [PEEK]) for FFF generates a
uniformly uneven surface topography. Unlike random
manufacturing defects, this targeted micro-roughness
restricts the spatial footprint available for bacteria,
significantly impeding colonization (demonstrating up to
a 94% reduction in Staphylococcus epidermidis and E. coli
adhesion).!¢

At the nanoscale, biomimetic topographies inspired by
nature (e.g., lotus leaves and dragonfly wings) exert potent
“mechanobactericidal” effects. Various nanotextured
structures—including nano-spikes (N4), nano-daggers
(N2), nano-spinules (N1), and flame-like features (N5)—
canbefabricated on Tisurfaces via single-step, cost-effective
electrochemical anodization.’” Their antimicrobial
efficacy depends critically on three morphological
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Figure 11. Representative electro-responsive and electroactive antimicrobial strategies in 3D-printed scaffolds. (A) Design and mechanism of an occlusion-
activated autonomous piezoelectric dental implant. Daily masticatory forces mechanically trigger a built-in electric field, generating abundant reactive
oxygen species (ROS) to eradicate peri-implantitis-associated pathogens. Reprinted from Chen et al.'® (B) Mechanistic overview of a self-promoted
electroactive mineralized scaffold (sp-EMS). Reprinted from Li et al."” (C) Proposed antibacterial pathways of a 3D-printed polycaprolactone/thermally
reduced graphene oxide (PCL/TrGO) composite. Exogenous electrical stimulation significantly amplifies the scaffold’s intrinsic bactericidal activity via
electron transfer and cellular membrane disruption. Reprinted from Angulo-Pineda et al.*?

parameters: size, shape, and spacing. Sharp high-aspect-
ratio structures (e.g., N1, N4) function as physical
nanocatalysts that puncture bacterial cell membranes
upon contact, resulting in the fatal leakage of intracellular
contents.'” Conversely, concave or differently spaced
structures (e.g., papillae, N3) mechanically constrain the
spatial footprint available for bacterial attachment, thereby
preventing bacterial aggregation. Furthermore, because
purely physical nanostructures can sometimes exhibit
limited efficacy against Gram-positive bacteria possessing
thicker peptidoglycan layers, recent advancements have
sought to intimately combine physical and chemical
bactericidal mechanisms. For example, cicada-inspired
fluoridated HA nanostructured surfaces, synthesized via
electrochemical AM, synergistically couple the mechanical
puncturing effect of nanopillars with the localized chemical

toxicity of released fluorine ions, significantly enhancing
broad-spectrum bacterial eradication.'® Moreover, to
maximize both antimicrobial and osteogenic potential,
researchers have engineered hierarchical dual micro- to
nano-topographies.'® By combining SLM with sequential
electrochemical anodization and hydrothermal treatments,
Ti alloy surfaces can be designed to feature SLM-derived
microparticles uniformly sheathed in vertically aligned
titanate nanopillars. This bioinspired dual architecture
effectively acts as a mechanical “bed of nails” to rupture
pathogenic membranes while simultaneously promoting
robust osteoblast adhesion and mineralisation'”® (Figure
12).

Despite  these  promising mechanobactericidal
capabilities, the clinical translation of engineered surface
structures faces several formidable challenges. First, the
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underlying mechanisms involve complex, incompletely
understood interactions among surface morphology,
wettability, and chemical composition. Second, there is
a persistent “race for the surface” trade-off: while certain
highly hydrophobic nanotextured structures (e.g., N4,
N5) effectively physically repel or rupture bacteria, their
reduced hydrophilicity simultaneously impairs initial
osteoblast adhesion, proliferation, and subsequent
osseointegration.'” Similarly, highly porous architectures
may resist biofilm formation, but risk compromising
the scaffold’s load-bearing mechanical integrity. Finally,
fabricating these specialized hierarchical topographies
demands  sophisticated, multi-step manufacturing
processes. For Ti alloy implants, engineering a complete
dual micro- to nano-topography typically requires
coupling SLM with post-processing techniques such

as electrochemical anodization and hydrothermal
treatments.””® This procedural complexity not only
significantly elevates production costs but also complicates
rigorous quality assurance, challenging consistent, large-
scale reproduction of optimal surface characteristics.

To fully realize the potential of these engineered
topographies, future research must prioritize: (i) elucidating
the fundamental mechanobactericidal mechanisms at the
bio-interface to optimize surface designs; (ii) simplifying
3D printing processes to ensure cost-effective scalability;
and (iii) expanding rigorous in vivo clinical validation.
These advancements will accelerate the bench-to-bedside
adoption of 3D-printed implants with engineered surface
structures, ultimately improving treatment outcomes while
minimizing infection risks and patient complications.

Figure 12. Representative structural and topographical antimicrobial strategies for 3D-printed implants. (A) Macro-scale architectural design. Varying
3D-printed scaffold geometries and porosities inherently restrict stable bacterial attachment and subsequent biofilm formation. Reprinted from Al-Tamimi
et al'®® (B) Nanoscale surface engineering. Purposefully designed nanotextures mechanically rupture bacterial membranes upon contact, conferring
potent antimicrobial efficacy. Reprinted from Chopra et al.’*” (C) Bioinspired hierarchical topographies. Nature-derived nano- and micro-architectures
exert durable, drug-free mechanobactericidal effects. Reprinted from Tan et al.'®

Abbreviations: GY: Gyroid; RD: Reference design; RE: Re-entrant auxetic; SD: Schwarz diamond; SP: Schwarz primitive.

Volume X Issue X (2026) 22 doi: 10.36922/1JB026230232


https://doi.org/10.36922/IJB026230232

International Journal of Bioprinting

3D-printed antimicrobial scaffolds

5. Conclusion

The advent of 3D printing has transformed the design and
fabrication of medical implants, enabling unprecedented
structural customization and anatomical precision.
Nevertheless, the persistent burden of implant-associated
infections underscores the need for a paradigm shift
from conventional bioinert scaffolds towards advanced,
multifunctional antimicrobial constructs. This review has
systematically explored the potential of three principal
antimicrobial strategies within 3D printing: intrinsic
antibacterial biomaterials, stimuli-responsive systems, and
bio-inspired structural micro-architectures.

Despite notable progress, each approach is
accompanied by distinct translational and manufacturing
hurdles. Intrinsic materials—particularly metal-based
formulations—necessitate a delicate equilibrium between
sustained bactericidal ion release and the mitigation of
long-term mammalian cytotoxicity. Stimuli-responsive
platforms enable spatiotemporal control over deep-tissue
infections; however, their implementation frequently
entails specialized external instrumentation and tailored
clinical workflows. Topographical microstructuring offers
a chemical-free antimicrobial mechanism but remains
constrained by unresolved fabrication complexities and
the inherent tension between bacterial inhibition and host
cell osseointegration.

Looking ahead, next-generation 3D-printed scaffolds
are anticipated to increasingly leverage the synergistic
integration of these modalities. Future design paradigms
are expected to orchestrate mechanobactericidal surface
topographies in concert with stimuli-responsive materials,
thereby achieving both on-demand infection eradication
and sustained prophylactic function. Moreover, expediting
the clinical translation of these technologies will necessitate
a transition from simplified in vitro models to rigorous,
long-term in vivo assessments conducted in physiologically
relevant infected defect models. Such investigations
are critical to delineating the dynamic interplay among
bactericidal efficacy, material degradation kinetics, and
host immune responses, ultimately informing the rational
development of anti-infective implants with enhanced
therapeutic and translational outcomes.
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