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The pivotal roles played by nitric oxide (NO) in tissue repair, inflammation, and immune response have
spurred the development of a wide range of NO-releasing biomaterials. More recently, 3D printing tech-
nigues have significantly broadened the potential applications of polymeric biomaterials in biomedicine.
In this context, the development of NO-releasing biomaterials that can be fabricated through 3D printing
techniques has emerged as a promising strategy for harnessing the benefits of localized NO release from
implantable devices, tissue regeneration scaffolds, or bandages for topical applications. Although 3D
printing techniques allow for the creation of polymeric constructs with versatile designs and high geo-
metric precision, integrating NO-releasing functional groups or molecules into these constructs poses
several challenges. NO donors, such as S-nitrosothiols (RSNOs) or diazeniumdiolates (NONOates), may
release NO thermally, complicating their incorporation into resins that require heating for extrusion-based
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3D printing. Conversely, NO released photochemically from RSNOs effectively inhibits radical propa-
gation, thus hindering photoinduced 3D printing processes. This review outlines the primary strategies
employed to overcome these challenges in developing NO-releasing biomaterials via 3D printing, and
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explores future prospects in this rapidly evolving field.

Introduction

Nitric oxide (NO), synthesized endogenously in mammals,
plays crucial roles in numerous biological processes, such as
vasodilation and blood pressure regulation, angiogenesis, inhi-
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bition of thrombus formation, immune response, wound
healing, and bone tissue regeneration. The diverse biological
actions of NO have driven the development of various bioma-
terials designed to release NO locally, thereby harnessing its
potential therapeutic benefits for medical applications.'™

Given that NO is a gaseous and reactive radical species, its
release from biomaterials typically involves either loading the
materials with NO-releasing molecules or directly functionaliz-
ing polymeric chains of the biomaterial matrix with NO-releas-
ing functional groups. In both approaches, the primary objec-
tive has been to develop stable NO-donor biomaterials, where
NO release can be effectively triggered by external stimuli such
as temperature changes, visible or ultraviolet light irradiation,
metal catalysts, or pH variations.” There are several classes of
NO donors, each offering a distinct range of NO-releasing pro-
perties and chemical behaviors, making them suitable for
various biomedical applications. Sodium nitroprusside, a well-
known metal-nitrosyl complex (Metal-NO), is one of the most
consolidated NO donor drugs in medicine, widely used as a
vasodilator during surgeries and for managing hypertensive
crises. Beyond metal-nitrosyl complexes, the two other primary
classes of NO-releasing molecules are the diazeniumdiolates
(NONOates) and the S-nitrosothiols (RSNOs).> These com-
pounds have been largely utilized as experimental NO donors
in biomaterials, either through physical incorporation into
polymer matrices or chemically binding them to polymer
chains.

Additive manufacturing, through 3D printing techniques,
has emerged as a promising technology in various biomedical
applications, including tissue engineering,® regenerative medi-
cine,” and the development of implantable devices.® Its appli-
cation in such biomedical contexts has addressed the growing
demand for personalized medicine, enabling, for example, the
production of implants tailored to individual patients.
Additive manufacturing offers high precision, efficiency, and
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fidelity in creating complex, custom-designed constructs based
on 3D computer models.” By merging the customization capa-
bilities of 3D printing with the incorporation of NO donors
into the obtained constructs, new avenues can be explored in
developing biomaterials with diverse biological functionalities.

In this review, we summarize the biological and therapeutic
properties of NO, focusing particularly on the use of RSNOs
and NONOates as NO donor molecules and their incorporation
into polymeric matrices of biomaterials. We also describe the
key concepts, material requirements, and mechanisms under-
lying the main 3D printing techniques, in the context of devel-
oping NO-releasing biomaterials. Finally, we describe the state
of the art in obtaining NO-releasing biomaterials through 3D
printing techniques, as well as the challenges to be overcome
in integrating these two concepts.

Nitric oxide actions

The discovery in the 1980s of the endogenous production of
NO in mammalian cells and its role as a signaling molecule in
the vascular system significantly heightened interest in NO
research, particularly in the development of materials and
devices for biological applications.’® NO, a gaseous free
radical, plays a critical role in numerous physiological and
pathophysiological processes. Its endogenous production is
mediated by enzymes known as nitric oxide synthases (NOS),
which catalyse the conversion of r-arginine to r-citrulline,
releasing NO as a byproduct of this reaction.'* At low concen-
trations (<1-30 nM), NO supports a range of beneficial physio-
logical effects, including vasodilation, angiogenesis, cell pro-
liferation, and anti-inflammatory, antiplatelet, and anti-
coagulant activities. However, when present in higher concen-
trations (>1 pM), particularly under conditions of oxidative
stress, NO can react with dioxygen and superoxide (O,7),
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leading to the formation of reactive nitrogen species (RNS)
such as nitrogen dioxide (NO,), dinitrogen trioxide (N,03), and
peroxynitrite (ONOO™)."” These reactive species can induce
cytotoxic effects, contributing to nitrosative stress, inflam-
mation, and tissue damage. In certain pathological conditions,
such as infections, the overproduction of NO by inducible
nitric oxide synthase (iNOS) can exacerbate tissue damage and
organ dysfunction. Recent studies have demonstrated that
elevated concentrations of NO (500 nM to 2 uM) in the tumor
microenvironment (TME) are linked to nitrosative stress sig-
naling. This signaling cascade induces cancer cell cycle arrest,
apoptosis, and inhibition of glycolysis. These findings support
the hypothesis that therapeutic administration of NO at
sufficiently high concentrations may not only exert anti-cancer
effects but also enhance the efficacy of chemotherapy and
radiotherapy.” In addition, localized NO delivery at high con-
centrations has been demonstrated to possess antimicrobial
properties. The microbicidal effects of NO may involve the dis-
ruption of bacterial DNA or the degradation of cyclic diguany-
late (cyclic di-GMP), a key signaling molecule responsible for
maintaining biofilm integrity in many bacterial species."*"*
Polymeric materials capable of releasing NO at rates
between 0.5 and 20 x 107" mol min™" cm™? have been shown
to effectively eliminate both Gram-positive and Gram-negative
bacteria without inducing cytotoxic effects on the surrounding
tissue cells.’® Conversely, materials that release NO at slower
rates have been found to promote angiogenesis, as well as
enhance cell proliferation and migration, thereby accelerating
wound healing and tissue regeneration.'”'® Thus, precise
control over the rate of NO delivery from biomaterials is criti-
cal for achieving specific therapeutic outcomes, whether for
antimicrobial purposes or for tissue repair and regeneration.
In immunopharmacology, NO plays a crucial role in modu-
lating inflammatory processes by inhibiting the activation of
NF-kB, a key transcription factor responsible for the expression
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of genes involved in inflammation, including those encoding
cytokines, chemokines, and adhesion molecules."®
Additionally, NO exhibits potent antioxidant properties by neu-
tralizing superoxide and other reactive oxygen species (ROS),>°
thereby reducing oxidative stress. Materials engineered to
release NO have demonstrated the ability to modulate the
release of inflammatory mediators, leading to a reduction in
nitrosative stress and offering antinociceptive effects. This
makes NO-releasing materials promising candidates for thera-
pies aimed at controlling inflammation and alleviating

sa 21,22
pain.*”

S-Nitrosothiols as a NO donors

The exogenous administration of NO presents challenges due
to its low water solubility and instability in the presence of oxi-
dizing agents. To address these issues, various controlled
release strategies have been developed, including the physical
incorporation of NO donors into materials,> the introduction
of enzymes or molecules that stimulate in situ NO pro-
duction,*® and the functionalization of polymer chains to
modulate NO release.*??

Among the most used NO donors in biomaterials are the
RSNOs, which spontaneously release NO in response to light
and/or heat. These donor molecules can be synthesized in
aqueous media through the S-nitrosation of thiol (-SH) groups
of endogenously found molecules such as glutathione (GSH)
and albumin, or synthetic precursors like N-acetyl-or-penicilla-
mine (NAP). The S-nitrosating process typically involves nitro-
sating agents, such as nitrous acid (HNO,), which is formed by
the protonation of nitrite (NO,”) in acidified aqueous
solutions."**?” These approaches are pivotal in the design of
NO-releasing biomaterials for various therapeutic applications,
as they enable precise control over NO delivery, enhancing the
efficacy and safety of NO-based treatments.

The natural presence of RSNOs in the human body suggests
they may pose fewer toxicity concerns compared to other
exogenous NO donors, such as NONOates and Metal-NO com-
plexes. However, RSNOs tend to have limited stability both
in vitro and in vivo, which has driven researchers to incorporate
them into polymeric matrices to enhance their stability and
control the release of NO.'*® Depending on their solubility,
NO donors can be integrated into these matrices through
physical absorption from solution. For instance, the hydro-
phobic S-nitroso-N-acetyl-pr-penicillamine (SNAP) can be
embedded into materials by immersing the dry substrate in an
alcoholic solution of SNAP.*>*° Similarly, hydrophilic RSNOs,
such as S-nitrosoglutathione (GSNO) and S-nitroso-N-acetylcys-
teine (SNAC), can be incorporated by soaking the dry material
in aqueous solutions of these NO donors.'’ Alternatively,
RSNOs can be chemically bonded to the material’s structure
via covalent linkages. Both approaches—physical absorption
and covalent bonding—offer varying degrees of stability and
provide distinct strategies to achieve controlled NO release,
which can be fine-tuned for specific biomedical

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Chemical structures of the NO donors most used in 3D printed
NO releasing biomaterials: S-nitrosoglutathione (GSNO) S-nitroso-N-
acetil-pL-penicilamine (SNAP), and amine-based-diazeniumdiolates
(NONOates).

applications.>*?® Fig. 1 shows the chemical structures of
GSNO, SNAP and amine-based NONOates.

NO-releasing biomaterials

A variety of polymer-based systems and hydrogels have been
investigated as matrices for creating NO-releasing biomater-
ials. For example, injectable hydrogels composed of poly(ethyl-
ene glycol) (PEG) and fibrinogen, combined with fibrin micro-
particles encapsulating SNAP, have been developed to form
adhesive, NO-releasing hydrogels for tissue engineering.’
Beyond PEG, other synthetic polymers have also been utilized,
such as polyurethane. Notably, a composite of tryptophan-
polyurethane and carboxylated polycaprolactone loaded with
GSNO has been designed to promote antimicrobial and anti-
biofilm effects, specifically targeting wound healing
applications.>**?

In addition, hydrogels for topical use have been explored,
such as a LAPONITE®-polyamine composite loaded with
NONOate, leveraging LAPONITE®’s natural gelling properties
to deliver NO.?>* The versatility of NO-releasing biomaterials is
further demonstrated by the development of antibacterial and
conductive hydrogels, such as polyvinyl alcohol and sodium
alginate (PVA-SA) hydrogels, also loaded with SNAP.**> This
wide range of material platforms highlights the potential of
NO-releasing biomaterials for various therapeutic applications,
from wound healing to tissue regeneration and antimicrobial
treatments.

Natural polymers are increasingly being utilized in the
development of NO-releasing biomaterials, offering promising
applications in antimicrobial and wound healing therapies.
Examples include biodegradable scaffolds composed of silk
fibroin and zein protein, incorporating GSNO,® as well as algi-
nate and calcium microspheres infused with SNAP.>” Both
approaches have demonstrated potent antimicrobial activity
against  Staphylococcus  aureus and  Escherichia  coli.
Furthermore, the antimicrobial efficacy of NO release has been
confirmed using in situ ionotropically gelated SNAP-loaded
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calcium/alginate gels.*® In addition to these, natural polymers
can also be fabricated into sponge-like structures. For
instance, gelatin sponges loaded with thiolated starch nano-
particles, which were subsequently S-nitrosated to create NO-
releasing nanoparticles, have shown promise in wound dres-
sing applications by enhancing cell attachment and promoting
collagen production.”® Another approach involves the
functionalization of hyaluronic acid with NONOates to achieve
controlled NO release, which has also demonstrated beneficial
effects in wound healing. However, NONOate synthesis tends
to be more complex and labor-intensive compared to RSNOs,
making RSNOs a more practical and accessible choice for NO
donor incorporation in biomaterials.

Our research group has explored the incorporation of
RSNOs into different polymeric materials, including micellar
Pluronic F127 thermogels, which enable controlled NO release
either thermally or photochemically at targeted areas, particu-
larly for topical applications. In these systems, the release
profile of NO is regulated by the dimerization reaction of
RSNOs located both in the hydrophilic poly(ethylene oxide)
(PEO) corona of the micelles and in the intermicellar spaces.”°
Additionally, we developed S-nitrosothiol-functionalized poly-
vinyl alcohol (PVA) films blended with Pluronic (PVA-SNO/
F127), which enhanced wound healing by promoting wound
contraction and reducing the wound gap.>?° Recently, we
advanced this work by creating photo-crosslinked chitosan
cryogels functionalized with S-nitrosothioglycolic acid and
S-nitrosomercaptosuccinic acid. These cryogels, designed for
potential topical applications, demonstrated a high swelling
capacity, allowing them to absorb wound exudate and deliver
localized NO release to support wound healing.*'

Despite the significant progress in developing NO-releasing
materials, challenges remain, particularly regarding the struc-
tural complexity of the devices produced. The manual fabrica-
tion methods traditionally used for these materials are often
labor-intensive, time-consuming, and difficult to reproduce,
limiting their potential for more advanced biomedical appli-
cations. However, with the advent of 3D printing and additive
manufacturing, the transition to more complex and reproduci-
ble NO-releasing devices has become both an inherent and
inevitable step forward, offering new possibilities for inno-
vation and application in the field.

Terminology of 3D-printed
biomaterials

3D printing has emerged as a transformative technology in the
biomedical field, enabling the precise fabrication of complex
three-dimensional structures through layer-by-layer deposition,
guided by computer-aided design (CAD) models. This tech-
nique facilitates the creation of highly customized devices,
tissues, and organ constructs, offering significant potential for
advancements in personalized medicine, tailored specifically
to meet individual patient need.*>** However, the multidisci-
plinary nature of 3D printing in biomedicine involves experts

Biomater. Sci, 2025, 13, 858-874 | 861
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from various fields, including chemistry, bioengineering, phar-
macy, biology, medicine, materials science, and computer pro-
gramming. Consequently, the terminology used in different
studies often varies depending on the background and prefer-
ences of the authors, leading to inconsistencies in definitions
across the literature.**™*® To address this variability, this
section aims to provide standardized definitions of key terms
related to 3D-printed biomaterials, based on a comprehensive
review of the existing literature. This will promote clearer com-
munication and understanding among researchers and prac-
titioners in this rapidly evolving field.

Bioprinting terminology

Bioprinting. Bioprinting refers to the use of the additive
manufacturing process to print 3D structures with biocompati-
ble materials, which can be converted into tissues or organs by
stimulating cellular activity. Constructs obtained by bioprint-
ing can be used in regenerative medicine and in pharmacoki-
netic and cell biology studies.

Resolution. In 3D printing, resolution refers to the smallest
feature size or the minimum dimensions that can be accu-
rately produced by a given technique. Higher resolution allows
for the creation of more intricate and detailed structures,
which is crucial in applications like tissue engineering, where
precision is essential.

Constructs. Constructs are the final 3D-printed objects or
structures, created based on a CAD model. These are the physi-
cal representations of the digital design, produced through
layer-by-layer printing processes.

Fidelity. Fidelity refers to how accurately the printed con-
structs match the dimensions and details of the original CAD
model. Constructs that closely resemble the computational
design are said to exhibit high fidelity.

Bioinks. Bioinks consist of living cells or cell aggregates,
often combined with biocompatible materials such as hydro-
gels, biological substances, and active compounds. These
bioinks are designed to support cell viability and biological
function during and after the printing process.

Biomaterial Inks. In contrast to bioinks, biomaterial inks,
are formulated without living cells. These inks provide greater
versatility in printing processes and techniques. Biomaterial
ink constructs are often used as scaffolds, designed to support
subsequent cell proliferation and tissue development.

Printability. Printability refers to the ability of a bioink or
biomaterial ink to be successfully printed, forming reproduci-
ble and structurally sound constructs. Printability is a key
factor in ensuring the precision and functionality of 3D-
printed biomaterials.

Post-processing. Post-processing (also referred as postfabrica-
tion) involves additional steps taken after the initial printing to
enhance the integrity, structural stability of the construct or to
add a functionality to the construct. Common post-processing
methods include UV-visible curing, crosslinking in a bath, and
other techniques that solidify or reinforce the printed material,
ensuring it meets the desired mechanical and biological pro-
perties, while postfabrication may include the coating of the
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construct with one or more layers of other materials, the physi-
cal absorption of active principles and the chemical
functionalization of the construct.

3D printing techniques for
biomaterials

3D printing is categorized by the International Organization
for Standardization (ISO) through the ISO/ASTM 52900 stan-
dard into seven processing categories. Among these, we found
that two main categories are consistently used in research
related to the 3Dprinting of NO-releasing biomaterials for bio-
medical applications: vat photopolymerization and material
extrusion.

Vat polymerization

This  category,  which  includes techniques like
Stereolithography (SLA) and Digital Light Processing (DLP), is
renowned for its high resolution. This process relies on four
key components: a light source (a laser for SLA or a digital
micromirror device (DMD) for DLP), a vat containing the 3D-
printable inks, a light control system for selective photo-cross-
linking, and a platform (moving along the z-axis) that anchors
and supports the construct during printing.”® These are photo-
induced methods, where resins containing photoinitiators,
monomers, and/or polymers undergo photopolymerization or
photocrosslinking when exposed to electromagnetic radiation.
The process enables the stepwise solidification of layers on a
platform that incrementally moves along the z-axis, ultimately
producing the final construct.>® To replicate a CAD model, suc-
cessive layers are cured and exposed to the light source, as
shown schematically in Fig. 2a. One of the significant advan-
tages of vat polymerization is its superior resolution, often
reaching as fine as 20 pm - far surpassing that of extrusion-
based methods. This makes it ideal for 3D printing intricate
and complex structures. However, in biomedical applications,
a major limitation is the availability of photoinitiators that are
both water-soluble and biocompatible, making it challenging
to incorporate these into bioinks that contain living cells or
biological materials.”®>*® Despite these limitations, vat
polymerization remains a powerful tool for creating high-

(a) (b)

VAT POLYMERIZATION MATERIAL EXTRLjSION

Fig. 2 Schematic drawings of the principal 3D printing categories used
for the biomaterials development: (a) vat polymerization and (b) material
extrusion.

This journal is © The Royal Society of Chemistry 2025
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resolution constructs, particularly in fields where precision
and complexity are paramount.

Material extrusion

Material extrusion is the most used 3D printing technique for
bioapplications due to its simplicity, accessibility, and cost-
effectiveness. The process involves the use of a syringe con-
nected to the printer, which extrudes material in continuous
filaments through a nozzle, allowing for layer-by-layer depo-
sition of the construct.>* Fig. 2b provides a schematic illus-
tration of the material extrusion process. Two primary extru-
sion-based approaches are frequently employed in the develop-
ment of materials for biomedical applications:

Fused deposition modelling (FDM). In this method, melted
polymers are extruded and deposited in layers according to a
computer-aided design (CAD) model. The molten material is
laid down on a build platform, where it solidifies and fuses
with previous layers, gradually forming the desired structure.

Semi-solid extrusion (SSE). Unlike FDM, SSE is performed at
lower temperatures and utilizes bioinks or biomaterial inks in
the form of gels, pastes, or dispersions. This method, also
known in the literature as hydrogel-forming extrusion or
microextrusion, allows for the fabrication of constructs using
biologically compatible materials without subjecting them to
the high temperatures required in FDM.>’

The resolution of constructs produced by extrusion-based
methods is limited by the diameter of the nozzles, which dic-
tates the thickness of the deposited filaments. Typically, extru-
sion-based printing achieves a resolution of around 100 pm,
depending on the nozzle size used. Although this resolution is
lower compared to other 3D printing techniques like vat
polymerization, material extrusion remains a versatile and
efficient method for fabricating bioengineered constructs.>

Printable biomaterials properties

Material selection is crucial in producing structures that
closely replicate the unique properties and characteristics of
biomedical devices, tissues, and grafts. As a result, the require-
ments for printable materials must account for factors such as
biocompatibility, rheological behavior, structural integrity, and
the final mechanical properties of the construct. Fig. 3 high-
lights these four key components in relation to printable
materials for biomedical applications.

Rheological properties

The flow and viscosity characteristics of printable inks directly
influence the 3D printing process. The rheological behavior of
inks and printed structures is critical for ensuring printability,
shape retention, and fidelity to the original 3D model.””
Rheological parameters are specifically tailored for each print-
ing technique. For instance, in the case of the SSE technique,
low-viscosity inks make it difficult to form a stable, continuous
filament, leading to reduced resolution as the filament
spreads upon deposition. Conversely, high-viscosity inks can

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Printable material characteristics in 3D printing for biomedical
applications: rheological properties, shape retention, mechanical pro-
perties, and biocompatibility.

hinder material extrusion and may even cause nozzle clogging.
Therefore, conducting rheological analyses is essential to
determine the optimal viscosity range needed to achieve the
desired pseudoplastic behavior in these fluids.>® Typically, vis-
cosity values reported in the literature range between 30 and 6
x 107 mPa s to prevent nozzle clogging.>®

During the printing process, materials must exhibit fluidity
with increasing shear rates, but once deposited, they must
stabilize - a characteristic seen in shear-thinning materials.
The successful formation of a continuous filament after extru-
sion depends on the viscoelastic nature of the fluid, which
should display a predominantly elastic behavior at this stage.
Furthermore, a short structural recovery time after extrusion is
desirable to allow for optimal printability, indicating the
material’s ability to quickly restore its integrity.

In summary, the key rheological properties of printable
inks include viscosity, viscoelastic shear modulus, and vis-
cosity recovery. Viscosity governs the material’s behavior both
at rest and during flow, while shear-thinning behavior ensures
effective extrusion and solid-like properties when at rest.®®
Additionally, the relationship between ink behavior, nozzle
size, shape, and extrusion rate must be assessed to guarantee
both printability and resolution.®"®*

By contrast, vat polymerization requires inks with low-vis-
cosity liquid behavior. The ink must flow through the vat to
refill the area for subsequent light exposure as the print head
lifts with each layer. In general, current research on vat
polymerization inks does not emphasize detailed rheological
characterization.®® However, attention must be given to the
longevity of inks used in vat polymerization, particularly
regarding viscosity. When reusing photocurable inks,
increased viscosity may result if the photopolymerization or
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photo-crosslinking reaction extends beyond the construct. To
minimize excessive light scattering, the use of photoblockers
or photoinhibitors is often recommended. Additionally, fil-
tration or sieving mechanisms can be employed to remove
crosslinked aggregates, improving print quality.

Shape retention and fidelity

Another critical factor in 3D printing biomaterials is the need
for post-processing, both during and after printing, to ensure
the stability and shape retention of the printed structure in its
solid form. This post-processing also guarantees accurate fide-
lity to the original 3D computer model. Generally, shape reten-
tion refers to the ink’s ability to maintain its form and dimen-
sions following extrusion and deposition, as well as after sub-
sequent layers are added.®® In photo-induced 3D printing,
shape retention can be controlled by regulating photo-
polymerization and photo-crosslinking reactions. By applying
spatial control of incident irradiation on the resin, it is poss-
ible to form layers with precise dimensions, thereby maintain-
ing the dimensional fidelity of the final construct compared to
the computational model.®®

The structural stability of the printed construct is closely
linked to crosslinking strategies, especially when using hydro-
gel matrices. Crosslinking can be induced by light or heat and
can involve mechanisms that create chemical bonds or rely on
physical and enzymatic interactions. Typically, polymer solu-
tions undergo crosslinking either after the deposition of each
layer or at the end of the printing process during extrusion. In
this context, the constructs can be physically crosslinked by
inducing gelation through thermal or ionic means, resulting
in the formation of intermolecular forces that maintain the gel
structure. Alternatively, chemical crosslinking can be used,
where reagents promote covalent bonding between polymer
chains to ensure the construct remains solid. In fused depo-
sition modelling (FDM), structural stability is achieved by the
solidification of melted polymer inks, particularly for scaffold
production.®®

Mechanical properties

The final construct of a printable biomaterial must possess
sufficient mechanical strength to endure mechanical stress
and deformation, particularly in applications involving organs
and implants that are continuously subjected to mechanical
forces in real biological environments. The -crosslinking
process, as discussed earlier, plays a significant role in deter-
mining the mechanical properties of the construct, as it helps
achieve the desired mechanical characteristics for the specific
application.®” In the case of biomaterial inks composed of
hydrogels, it is crucial to assess their swelling behavior.
Hydrogels typically swell by allowing water to diffuse between
the polymer chains. Unfortunately, many studies overlook this
aspect and provide mechanical characterizations only in post-
printing conditions. However, it is essential to evaluate the
mechanical properties of the material under physiological con-
ditions, where hydrogels will experience swelling.®® This swell-
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ing process significantly affects the morphology of the entire
gel and, consequently, its mechanical properties.®°

Biocompatibility

Biocompatibility is a fundamental requirement for all bio-
medical materials. These materials must either support
natural biological processes or intentionally induce specific
biological effects. In essence, the components of these
materials should be non-toxic and capable of integrating with
target tissues, potentially promoting cellular adhesion, pro-
liferation, and differentiation.”® Biocompatible materials must
also elicit a healthy immune response, even after implan-
tation, and should be completely non-cytotoxic.”' To meet
these requirements, some devices are made from bioresorb-
able materials that fulfill their intended function and are then
reabsorbed by the body over time.

In certain applications, biodegradability is crucial, as it
allows the material to gradually degrade and be replaced by
living tissue. This feature is particularly important when the
material is used as a temporary scaffold for tissue regener-
ation, which will eventually be replaced by natural tissue. In
such cases, the byproducts of the degradation process must
also be non-toxic to cells.”>”*

Integrating NO release with 3D-
printed biomaterials

As discussed, incorporating NO release capabilities into 3D-
printed biomaterials could enhance their therapeutic efficacy.
This is based on the many beneficial effects demonstrated by
NO-releasing biomaterials developed through other methods,
such as solvent evaporation molding or medical device coat-
ings. However, integrating 3D printing with NO release poses
two significant challenges that need to be addressed:

1. Thermal sensitivity. Molecules or chemical groups that
release NO, such as RSNOs and NONOates, are thermally sen-
sitive. When incorporated into a resin for FDM-based 3D print-
ing, they undergo thermal decomposition during the extrusion
process. As a result, 3D printing of NO-releasing biomaterials
by extrusion has so far been limited to cold extrusion of hydro-
gels, which undergo cross-linking via mechanisms like iono-
tropic cross-linking. In this context, printing hydrogel con-
structs using the FRESH (Freeform Reversible Embedding of
Suspended Hydrogels) technique emerges as a promising
alternative.”®

2. Photosensitivity. RSNOs, NONOates, and other NO
donors, such as sodium nitroprusside (SNP), Roussin’s Red
and Black Salts, and ruthenium nitrosyl complexes, are photo-
sensitive. They release NO through photochemical reactions
triggered by visible or ultraviolet light.”®”” This characteristic
complicates or limits their application in 3D printing pro-
cesses like stereolithography (SLA) or digital light processing
(DLP).

The following subsections describe key strategies developed
to overcome these challenges, making it possible to integrate

This journal is © The Royal Society of Chemistry 2025
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Table 1 Summary of the materials, NO donor, 3D printing category and nitric oxide releasing strategy used in the 3D printing of NO-releasing

biomaterials
3D printing
Materials” NO donor category Nitric oxide releasing strategy Ref.
Gelatine-alginate SNAP Extrusion Cold extrusion of SNAP-charged 79
hydrogel
PLA coated with PEG, PCL, and PEG-PCL SNAP FDM Postfabrication coating 18, 82
and 84
Mesoporous Silica@MXene SNO-funtionalized  Extrusion Postfabrication impregnation 87
silica
Methacrylated poly(dodecanediol citrate) SNAP DLP Postfabrication absorption from 88
SNAP solution
Polycarbonate urethane-silicone (PCU-Sil) SNAP FDM Postfabrication absorption from 83

Methacrylated poly(dodecanediolcitrate-co-dodecanediol
mercaptosuccinate) mP(DC-co-DM)
PAA/F127/CNC GSNO

Silicone elastomers of (PDMS)

mP(DC-co-DMSNO) DLP

SNAP and GSNO SSE

SNAP solution

Postfabrication functionalization 89
of the scaffold

DLP Postfabrication absorption from 90
GSNO solution

Dispersion of solid NO donor 92
particles in the ink

“For the chemical structures of the polymers used in the materials (except those in ref. 82 and 86) see Table S1 (ESI}).

3D printing with externally controlled NO release. The main
strategies are summarized in Table 1.

(a) Cold extrusion of SNAP-charged hydrogel. NO plays a
vital role in signaling processes related to wound healing,
including vascular homeostasis, inflammation regulation, and
antimicrobial action.”® With the aim of accelerating wound
healing through topical NO delivery, Wu et al.”® developed a
bioink tailored for 3D bioprinting, specifically for creating
scaffolds to treat severe burns. Their bioink formulation com-
bined sodium alginate, gelatin, SNAP, and Adipose-Derived
Mesenchymal Stem Cells (ADSCs) for extrusion-based 3D print-
ing. This approach led to significant improvements in cell
migration, angiogenesis, and the growth of Human Umbilical
Vein Endothelial Cells (HUVECS) in vitro. In addition to these
in vitro results, the study also demonstrated accelerated wound
healing over 14 days in a mouse model, attributed to the
bioink’s ability to stimulate epithelialization and collagen pro-
duction. Immunohistochemistry assays further revealed that
the 3D-printed system contributed to the regulation of vascular
endothelial growth factor (VEGF), a critical factor in the neo-
vascularization process. While the study showcases the poten-
tial of SNAP-loaded hydrogels for 3D bioprinting, it’s impor-
tant to note that SNAP was incorporated into the hydrogel
within the printer syringe, and the printed constructs were
immediately immersed in a calcium chloride solution for
crosslinking. Despite SNAP’s stability in its solid form, its
inclusion in the aqueous medium of gelatin and alginate
initiates its decomposition, resulting in NO release. This
decomposition continues during the extrusion printing
process and throughout the subsequent immersion in the
CacCl, solution for crosslinking. This ongoing decomposition
of SNAP in the aqueous environment introduces two major
challenges: 1 — Uncertainty in SNAP concentration: The exact
SNAP concentration present in the construct immediately
before application is unknown, as some of the SNAP is lost

This journal is © The Royal Society of Chemistry 2025

during printing and crosslinking. 2 - Lack of storage feasi-
bility: The constructs cannot be stored in a hydrated form and
must be prepared extemporaneously, just before application.

This limitation may pose challenges in practical, real-world
scenarios. One possible strategy to partially overcome these
difficulties is to freeze the construct immediately after print-
ing, followed by freeze-drying. In this way, as has already been
demonstrated in studies by Pévoa et al,*® the preservation of
the RSNO in the dried construct can be ensured and it can
therefore be stored in a stable form for long periods of time.
In this case, for application, the construct can be hydrated
immediately before use or applied in dry form to the lesion to
be hydrated through the absorption of exudate (in the case of
moist lesions). Most dry hydrogels swell rapidly after contact
with an aqueous medium and the absorption of water will
promote the mobilization of RSNO molecules and their dimer-
ization with the release of NO, as already reported in a similar
strategy for hydrogels loaded with GSNO."”

(b) Postfabrication coating with NO-releasing polymer
layers. Implantable blood-contact devices require specific attri-
butes for effective biological applications, such as promoting
endothelialization and ensuring hemocompatibility. NO plays
a crucial role in these devices by exerting antithrombogenic
action.®" To reduce the thrombogenicity of small-diameter vas-
cular grafts (SDVGs), Kabirian et al."®®* developed a method
using FDM 3D printing with polylactic acid (PLA) filaments.
The grafts were fabricated by extruding PLA through a needle
at 220 °C. However, SNAP, which was used as a nitric oxide
donor, could not be pre-incorporated into the PLA filament
due to its thermal sensitivity, which would cause decompo-
sition during extrusion. To circumvent this issue, these
researchers coated the PLA constructs with poly(ethylene
glycol) (PEG), polycaprolactone (PCL), or a PEG/PCL blend con-
taining SNAP. This coating was achieved by immersing the
PLA constructs in polymeric solutions of PEG, PCL, or PEG/
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PCL containing SNAP in tetrahydrofuran (THF), followed by
solvent evaporation. To further reduce the rate of NO release,
an additional top coating (tc) of PCL was applied over the
coated constructs. The process is illustrated in Fig. 4a. The
coated tubular constructs were tested for their ability to inhibit
platelet aggregation by incubating the PLA constructs coated
with PEG-PCL-SNAP-tc in human platelet-rich plasma (PRP).
Control PLA constructs coated with PEG-PCL-tc were also incu-
bated under the same conditions. The results, shown in
Fig. 4b, revealed that the NO-releasing constructs strongly
inhibited platelet aggregation. Scanning electron microscopy
(SEM) images (Fig. 4c and d) demonstrated the difference in
platelet morphology. In the absence of NO (PEG-PCL-tc), acti-
vated platelets with irregular shapes and protruding pseudo-
pods were observed. In contrast, in the presence of NO
(PEG-PCL-SNAP-tc), the platelets exhibited a non-activated,
spherical morphology. In summary, the SNAP-coated vascular
grafts effectively inhibited platelet aggregation for a significant
14-day period, successfully preventing thrombus formation
within the grafts. In a subsequent study, Kabirian et al.®* devel-
oped SDVGs using PCL and an innovative method to incorpor-
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ate SNAP into the device. In this approach, SNAP was encapsu-
lated within multi-walled carbon nanotubes (MWCNTs), which
were dispersed in a blend of poly(ethylene glycol) (PEG) and
PCL. This blend was then incorporated into the printed con-
structs through a coating process. A schematic of the prepa-
ration of NO-releasing SDVGs is shown in Fig. 5a.
Encapsulating SNAP within the carbon nanotubes resulted
in a prolonged release of NO, extending up to 18 days. This
system demonstrated good cytocompatibility, enhanced the
proliferation of endothelial cells, and exhibited antimicrobial
activity in vitro. Immunofluorescence and MTT absorbance
assays (Fig. 5b and c) were conducted with endothelial cells
incubated with the NO-releasing graft, a control graft, and
culture medium after 7 days. The MTT assay showed that NO
release from the grafts significantly enhanced cell prolifer-
ation. The morphology of human umbilical vein endothelial
cells (HUVECSs) was also assessed. Images revealed that cells in
both NO-releasing and control constructs displayed a spread-
out morphology, indicating favorable conditions for cell
growth. Furthermore, as shown in Fig. 5e, the NO-releasing
constructs accelerated endothelial cell migration from the
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Fig. 4 (a) Schematic representation of NO-releasing vascular graft printing using PLA filament with the final SNAP solution coating in polymer. (b)

Aggregation (%) of fresh human platelet rich plasma (PRP) of three donors incubated with fresh, 24 h, and 48 h pre-soaked grafts for 10 min.
Morphology of graft-adhered platelets after 1 h incubation of fresh human PRP with (c) PEG-PCL-tc coated control grafts and (d) PEG-PCL-SNAP-tc
coated grafts showing irregular morphology with protruded pseudopodia and resting spherical morphology, respectively. Reprinted (adapted) with
permission of F. Kabirian, B. Ditkowski, A. Zamanian, M. F. Hoylaerts, M. Mozafari and R. Heying, ACS Biomater. Sci. Eng., 2019, 5, 2284-2296.
Copyright 2019, American Chemical Society.
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Fig. 5 (a) Preparation of NO-releasing vascular grafts (SDVGs) and in vitro biological effects. The upper part depicts the loading of SNAP into
hydroxyl-terminated multi-walled carbon nanotubes (MWCNTs-OH), coating them within the lumen of 3D-printed SDVG, and subsequent NO
release. The lower part highlights the graft’s biological properties, including enhanced endothelial cell proliferation, migration, and antibacterial
activity. (b) Immunofluorescence: ECs incubated with NO releasing graft, control graft and culture medium after 7 days. (c) absorbances by MTT
assay. (d) Immunofluorescence imaging of HUVECs after 1 and 7 days of cultivation in direct contact with NO-releasing grafts, control grafts and
culture medium (e) Scratch assay of HUVECs in presence of NO-releasing graft, control graft and culture medium. Reprinted (adapted) with per-
mission from F. Kabirian, P. Baatsen, M. Smet, A. Shavandi, P. Mela and R. Heying, Sci. Rep., 2023, 13, 1-12. Copyright © 2023.
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neighboring vessel toward the wounded site of the graft. While
these studies produced promising results, it is important to
note that the coating strategy used in both cases is not exclu-
sive to constructs obtained by 3D printing. This method can
be applied to constructs produced using various other manu-
facturing techniques.

With a similar goal, Chug et al.®” created a polycarbonate
urethane-silicone (PCU-Sil) for the fabrication of medical
devices through additive manufacturing via extrusion. The
devices were manufactured in the form of discs with varying
porosities to assess the effect on NO release from the materials
impregnated with SNAP solution. The authors observed that
different porosities exhibited distinct NO release profiles
varying from 7 to 14 days, thereby leading to differences in
antimicrobial action against Staphylococcus aureus. In vitro
assays conducted during 24 h resulted in over 99% bacterial
death. Through this study, the authors successfully employed
a polycarbonate-based silicone elastomer biomaterial for NO
release with potential antimicrobial action for the first time,
which may be utilized in the future for the manufacturing of
medical devices.

(c) Postfabrication impregnation of porous 3D-printed
scaffold. NO has been extensively studied in bone tissue repair
due to its significant role in regulating inflammation, angio-
genesis, and osteogenesis.*> Low concentrations of NO are
known to stimulate osteoblast growth and differentiation,
making it an attractive agent for bone tissue engineering.®®
The use of 3D-printed scaffolds loaded with NO donors pre-
sents a promising approach in this field. Yang et al.®” devel-
oped a bioglass scaffold using 3D printing, employing the SSE
technique for controlled NO release, with a focus on appli-
cations in bone regeneration and osteosarcoma treatment.
Their approach involved creating an inorganic biomaterial con-
sisting of mesoporous silica (MS)-coated 2D Nb,C MXene,
loaded with S-nitrosothiol (SNO) groups as NO donors, which
were incorporated into the large macropores of a 3D-printed
bioglass scaffold (BG). This system, denoted as MS/MXene-
BG-SNO (abbreviated as MBS), combines the advantages of NO
release with a bioactive scaffold for bone repair. To fabricate
this construct, the researchers first functionalized MS with
thiol groups (SH) using mercaptosilane modification, followed
by S-nitrosation to form pendant SNO moieties. The MXene
and SNO-functionalized MS were then impregnated into the
pre-printed scaffolds. The resulting device exhibited photo-
thermal characteristics, which were activated by exposure to
near-infrared radiation (NIR). Upon NIR exposure, the scaffold
released phosphate, calcium, and NO, while locally raising the
temperature to 60 °C. This localized temperature increase
facilitated the ablation of bone cancer cells, providing a burst
of NO release in both in vitro and in vivo studies using ectopic
osteosarcoma and cranial defect models in mice. The study
also reported excellent adhesion and viability of human bone
mesenchymal stem cells (hBMSCs) on the scaffold’s surface,
promoting osseointegration. This research represents a signifi-
cant advancement in the treatment of osteosarcoma through
the integration of photothermal therapy and NO release.
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In this approach, the porous bioglass scaffold was obtained
using 3D printing, while the NO-releasing properties were
introduced later by impregnating the pores with mesoporous
silica functionalized with NO-donating SNO groups. This strat-
egy is similar to the previously mentioned method of coating
constructs with NO-donor materials. It can, in principle, be
used to impregnate porous materials produced by other manu-
facturing techniques beyond 3D printing.

(d) Postfabrication absorption of SNAP from ethanolic solu-
tion. The study reported by de Oliveira et al.®® describing the
manufacture of NO-releasing vascular stents illustrates the
strategy of post-printing incorporation of a NO donor into the
constructs by absorption from solution. This study focuses on
the development of bioresorbable vascular stents using the
DLP 3D printing technology. The stents were made from
methacrylated poly(dodecanediol citrate) (mPDC), a photocros-
slinkable, bioresorbable polyester. After the DLP printing
process, the stents were impregnated with SNAP, by absorbing
it from an ethanolic solution. The method of SNAP incorpor-
ation represented a significant advancement because it
allowed homogeneous loading of SNAP across both the surface
and bulk of the stents. This uniform distribution ensured that
the SNAP-loaded constructs remained stable after solvent
removal, allowing for long-term storage. Additionally, these
stents demonstrated a prolonged, controlled release of NO,
which is regulated by the hydration and hydrolysis rates of the
stent material upon contact with an aqueous environment.
The slow, sustained release of NO makes these 3D-printed
stents particularly promising for use as intracoronary stents,
where NO’s antithrombogenic and antiplatelet properties can
help prevent restenosis and late thrombosis. The controlled
release of NO from the luminal surface of the stents may
provide therapeutic benefits, addressing common compli-
cations associated with stenting, such as thrombosis and
impaired endothelial healing. The strategy allowed the pro-
duction of 180 BVS per print pointing to a simple and scalable
method to produce BVS.

(e) Postfabrication functionalization of the scaffold. Similar
to the previous example, a study by de Oliveira MF et al.®® also
utilized DLP 3D printing to fabricate bioresorbable vascular
stents, this time using a novel photocurable copolyester,
methacrylated poly(dodecanediol citrate-co-dodecanediol mer-
captosuccinate) (mP(DC-co-DM)). The key innovation in this
study was the incorporation of NO donors, specifically RSNO
groups, which were chemically bonded to the polymer chains
of the copolymer, enabling a controlled release of NO. Notably,
the -SNO moieties were generated in a post-printing step
through an S-nitrosation reaction. The stents were first fabri-
cated using DLP technology, ensuring high fidelity and pre-
cision in their design. Fig. 6a and b illustrate two stent
models, A and B, while Fig. 6¢c provides images of the 3D-
printed stents, each with a diameter of 5 mm. After printing,
the stents underwent chemical modification: the free sulthy-
dryl groups on the polymer backbone were converted into
S-nitrosothiols by immersing the stents in a 0.1 M butyl nitrite
ethanolic solution for 4 h at room temperature, protected from

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a, b) CAD model, macroscopic pictures and scanning electron micrographs of 3D printed 5 mm diameter mP(DC-co-DM)5 stents, models A
and B. (c) Scheme of the S-nitrosation reaction of mP(DC-co-DM) to produce mP(DC-co-DMSNO), and photographs of model A mP(DC-co-DM)5
and mP(DC-co-DMSNO)5 stents, highlighting the colour change after the S-nitrosation reaction. (d) Cumulative NO release curves of model A and B
mP(DC-co-DMSNO)5 stents during the first 60 min after immersion in water at 37 °C. (e) Scanning electron micrographs of the luminal surface of
mP(DC-co-DMSNO)1 model A stent coated with endothelial cells after 24 and 48 h incubation. Reprinted (adapted) with permission from M. F. de
Oliveira, L. C. E. da Silva, D. M. Catori, M. V. Lorevice, K. E. A. Galvdo, A. L. G. Millds and M. G. de Oliveira, Macromol. Biosci., 2023, 23, 2200448.

Copyright 2023.

light. This postfabrication process ensured that NO-releasing
S-nitrosothiol groups were evenly distributed both on the
surface and within the bulk of the stent, allowing for a sus-
tained and controlled NO release. Fig. 6d shows the cumulative
NO release profile of the mP(DC-co-DMSNO) stents during the
first hour after immersion in water at 37 °C.

The results indicated that NO release from the stents was
controlled by the hydration and hydrolysis of the polymer
when in contact with an aqueous medium. This controlled
release profile is highly advantageous for vascular stents, as
the NO’s antiplatelet and antithrombogenic properties help
prevent restenosis and thrombosis. Furthermore, the study
demonstrated that by adjusting the composition of the copoly-
ester and the stent’s geometry, the rate of NO release can be
modulated, making this a promising approach for bioresorb-
able vascular stents. Preliminary biological assays in cell
culture showed successful endothelial cell adhesion to the
stent surface, with NO release aiding in their endothelializa-
tion. Fig. 6e shows scanning electron microscopy (SEM)
images of the luminal surface of mP(DC-co-DMSNO)1 model A
stents, with endothelial cells spread across the surface after 24
and 48 h.

(f) Postfabrication absorption of GSNO from solution.
Santos et al.’® described the fabrication of NO-releasing semi-
interpenetrating networks of poly(acrylic acid)/Pluronic F127/

This journal is © The Royal Society of Chemistry 2025

cellulose nanocrystals using the DLP 3D printing. In this
study, high-fidelity 3D constructs which were subsequently
dried by lyophilization and charged with GSNO through
absorption from aqueous GSNO solutions and dried again by
lyophilization. As a result, this postfabrication approach
allowed the preparation of stable GSNO-charged constructs. By
using different GSNO concentrations, different levels of GSNO
load were obtained leading to different rates of thermal NO
release triggered by the rehydration of the dry constructs.
Fig. 7a shows a scheme of the 3D printing and GSNO charging
steps. The printing fidelity and resolution of the construct is
shown in the SEM micrographies of Fig. 7b-d. In addition,
Fig. 7e shows that the NO release kinetics which exhibited a
dose-dependent behavior with respect to the GSNO loading
characterized by rapid initial NO release steps within the first
hour, followed by a plateau of nearly constant rates of NO
release. This new approach stands out for its 3D printing of
high-resolution hydrogel constructs using the DLP technique
and the possibility of storing the GSNO-loaded constructs in a
stable form. It can therefore be extended to other hydrogels
that can be printed not only by DLP, but also by extrusion, and
is a promising strategy for the development of customized NO-
releasing 3D-printned hydrogel devices.

(g) Dispersion of solid NO donor particles in the ink. As
stated previously, the biological activity mediated by NO
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Fig. 7 (a) Scheme of the preparation of 3D printable hydrogel ink comprised of poly(acrylic acid) (PAA), Pluronic F127 micelles (F127), and cellulose
nanocrystals (CNC) for DLP 3D printing, followed by S-nitrosoglutathione (GSNO) charging through absorption from solution. (b—d) Representative
scanning electron micrographs with increasing magnifications of the surface of 3D-printed PAA/F127/CNC0.25/GSNO hydrogel disks. (e) Real-time
NO release from 3D-printed PAA/F127/CNCO0.25/GSNO hydrogel discs loaded with GSNO solutions (i) 5 mM, (ii) 10 mM, and (iii) 20 mM. Reprinted
(adapted) with permission from M. I. Santos, L. C. E. da Silva, M. P. Bomediano, D. M. Catori, M. C. Gongalves and M. G. de Oliveira, Soft Matter, 2021,

17, 6352-6361. Copyright 2021.

within the organism is dependent on its concentration range,
and at elevated concentrations, NO exhibits antibacterial
effects due to the generation of reactive nitrogen species,
leading to bacterial death.” Li et al.®” reported a one-step 3D
printing strategy to create drug-eluting polymer devices with a
drug-loaded bulk and a drug-free coating by extrusion 3D
printing utilizing a silicone ink infused with NO donors to fab-
ricate devices with antimicrobial properties. In this approach,
the authors circumvented the impediment of using the extru-
sion technique based on FDM extrusion (which leads to
thermal decomposition of the NO donor), by using a high-vis-
cosity liquid silicone resin, which can be cold-extruded and
quickly vulcanized after exposure to ambient humidity. The
strategy also avoids the need for irradiation in the DLP tech-
nique, which leads to the photodecomposition of the NO
donors. However, it is important to note that the NO donors
used in this study, GSNO and SNAP, were incorporated into
the resin in the form of micronized crystals. It comprises
therefore a dispersion of crystals leading to a two-phase resin.
Micrographs showed inhomogeneous segregation of the crys-
tals on the surface of the constructs, which was partly over-
come by coating the constructs with a layer of pure silicone.
The researchers fabricated specimens in a tubular form and
observed the sustained stability of both NO donors throughout
the printing process, with the crystals effectively preserved
within the printed constructs. Fig. 8a and b show the NO
release profile of the SNAP-doped silicone rubber tube with
PDMS construct in PBS at 37 °C and a picture of the construct.
The constructs obtained showed NO release over 7 days
immersed in PBS solution at 37 °C with decreasing NO fluxes
in the range of 3.8 x 107" mol min~" cm? to 0.5 x 10~' mol
min~" cm” As GSNO or SNAP crystals do not release NO

870 | Biomater. Sci, 2025, 13, 858-874
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Fig. 8 (a) NO release from SNAP-doped silicone rubber tube with
PDMS construct in PBS solution at 37 °C. (b) Picture of the 3D-printed
SNAP-loaded construct with PDMS coating. Reprinted (adapted) with
permission from W. Li, Y. Yang, C. J. Ehrhardt, N. Lewinski, D. Gascoyne,
G. Lucas, H. Zhao and X. Wang, ACS Appl. Bio Mater., 2021, 4,
7653-7662. Copyright 2021.

directly, the release of NO was attributed to the slow dis-
solution of the crystals by the water absorbed by the constructs
when immersed in PBS solution. It was observed that the NO
released by the devices inhibited the bacteria biofilms for-
mation of Proteus mirabilis in an in vitro model, during 24 h.
Besides, the SNAP-printed construct promoted good cell viabi-
lity, suggesting a potential alternative for preventing urinary
catheter infections.

This journal is © The Royal Society of Chemistry 2025
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Future perspectives

Although the photochemical release of NO from RSNOs can be
used as a tool to trigger the release of NO from an external
stimulus,” the photosensitivity of RSNOs limits their use in
the DLP 3D printing technique. In this case, the photochemi-
cal release of NO during the printing process not only con-
sumes part of the RSNO stock, but the NO released also reacts
with the radical species, blocking the radical propagation that
leads to the photocrosslinking of the resin, impairing the
printing process itself. One promising approach to overcome
this limitation is the incorporation of RSNOs into polymeric
nanoparticles, enabling the development of NO-releasing inks
for a one-step printing process. Catori et al®* have recently
shown that integrating PLGA nanoparticles (NPs) functiona-
lized with GSNO into in situ photocrosslinkable hydrogels
effectively protected GSNO from photodecomposition, allowing
for sustained NO release at rates capable of promoting cell pro-
liferation. Additionally, encapsulating GSNO in the NPs pre-
vented the partial inactivation of radical species formed by
photoinitiator homolysis, which occurs when GSNO is free in
solution. As a result, the gelation time for hydrogels with and
without NPs remained consistent. This work opens the possi-
bility of developing inks with direct inclusion of RSNOs, suit-
able for both material extrusion and vat polymerization
techniques.

Another avenue worth exploring is the incorporation of NO
donors into bioinks. The potential of bioinks for 3D printing
NO-releasing biomaterials remains largely underexplored in
the current literature. Incorporating NO donors into bioinks
could mitigate cytotoxic effects while enhancing biocompat-
ibility. Given NO’s crucial role in cellular signaling and tissue
regeneration, it is an attractive candidate for improving the
compatibility of 3D-printed biomaterials with living systems.
In photoassisted 3D printing, the requirement for photoreac-
tive substances, photoinitiators, and photoblockers—some of
which exhibit cytotoxicity—limits the inclusion of cells within
the ink.”® Conversely, extrusion printing may present chal-
lenges related to shearing forces that could also limit bioink
applications.’® Nevertheless, NO could potentially improve bio-
compatibility and promote cell proliferation in both cases,
representing a promising pathway for future research.

Researchers are also actively exploring new biocompatible
materials and 3D printing strategies to address broader chal-
lenges such as the vascularization of printed organs, the repro-
duction of physiological organ functions, and the mimicking
of tissue architecture. Insufficient or immature vascularization
in implanted constructs can lead to oxygen and nutrient depri-
vation, resulting in low cell viability and organ malfunction.
Recent efforts to overcome this limitation have focused on
incorporating pro-angiogenic factors into ink formulations
and pre-vascularizing constructs in vitro or in vivo using endo-
thelial cells.”””°® However, it is not unreasonable to consider
the angiogenic properties of NO to develop bioinks capable of
inducing vascularization in printed organs and tissues. These
innovative approaches not only address current limitations but

This journal is © The Royal Society of Chemistry 2025
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may also pave the way for new advancements in tissue engin-
eering and regenerative medicine.

Concluding remarks

Integrating NO release with the 3D printing of biomaterials
offers several potential benefits, including enhanced tissue
integration and improved biocompatibility of implants. NO
may promote cell adhesion and proliferation on the surface of
3D-printed biomaterials, supporting, for example, the growth
of osteoblasts in bone fixation plates or pins, chondrocytes in
intra-articular cartilage replacement prostheses, and endo-
thelial cells in vascular prostheses. Additionally, NO release
may effectively inhibit platelet adhesion, reducing the risk of
thrombus formation in intracoronary stents and endovascular
catheters. Furthermore, in all types of implantable scaffolds,
controlled NO release may exert strong antibacterial action,
significantly lowering the likelihood of hospital-acquired
infections.

The techniques developed so far enable the incorporation
of NO donors into biomaterials produced by 3D printing, both
through extrusion and DLP methods. However, significant
challenges remain in both approaches. In hot extrusion tech-
niques, such as FDM or SSE, the thermal decomposition of
NO donors continues to be an issue, while in DLP printing,
the photochemical decomposition of NO donors, such as
GSNO and SNAP, as well as NONOates, which are both thermo-
and photosensitive, limits their applicability. Cold extrusion
printing of hydrogels containing NO donors, followed by cross-
linking via ionotropic complexation, has the potential to avoid
thermal degradation of the NO donors. However, this strategy
requires the immediate stabilization of the constructs through
freezing and lyophilization, or their immediate use.
Alternatively, different post-fabrication coating techniques,
involving layers containing NO donors, can be employed.
While this approach adds extra steps to the manufacturing
process and limits the loading of NO donors to the surface of
the constructs or to pore filling, it provides a viable option for
modulating NO release at specific sites. Other postfabrication
strategies, such as the incorporation of NO donors throughout
the entire construct by absorption from aqueous or organic
solutions, have also shown promise. Although these methods
require additional steps (absorption and solvent removal), they
can ensure prolonged NO release, governed both by water
absorption and the hydrolytic degradation of biodegradable
constructs, such as polyesters. Additionally, functionalization
of polymer chains with NO donor groups, such as the
S-nitrosation of thiolated polymers to form polynitrosated
polymers, allows for the efficient loading of -SNO groups both
on the surface and within the bulk of the constructs. The only
reported strategy to date that enables the direct incorporation
of NO donors into resin is based on the dispersion of solid NO
donor crystals within the resin. However, this approach still
faces the challenge of achieving homogeneous crystal dis-
persion to control NO release rates more precisely. A promising
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strategy involves encapsulating NO donors in micro- or nano-
particles that protect them from radical reactions during 3D
DLP printing, promoting controlled NO release triggered by
the hydration of the construct. This approach could offer a
solution to integrate NO release in a single 3D printing step,
representing a promising avenue for the development of 3D-
printed NO-releasing biomaterials. In conclusion, although
significant progress has been made, challenges remain in opti-
mizing the controlled incorporation and release of NO in 3D-
printed biomaterials. Continued development of new tech-
niques and exploration of innovative strategies will further
push the boundaries of this emerging field, with the potential
to profoundly impact regenerative medicine, medical devices,
and other biomedical applications.
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