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Abstract

Tissue engineering stands at the forefront of regenerative medicine, offering innovative solutions
to replace, repair, and enhance damaged or lost tissue functions. The key to its success lies in the
careful selection of biomaterials. Mechanobiology plays a pivotal role in tissue regeneration, and
recent advances have revealed the profound impact of mechanical cues on cell behavior and tissue
development. Indeed, biomaterials have been engineered to provide structural support and mimic
the mechanical features of native tissues. This topical review provides an in-depth exploration of
the pivotal nanomaterials and microstructures related to the field, emphasizing the critical role

of biocompatibility and mechanical properties, and describing the strategies for enhancing cellu-
lar interactions at the nano/microscale. Engineered nanomaterials developed to meet these essen-
tial criteria are analyzed, encompassing inorganic and organic nanoparticles. We discuss how they
facilitate the controlled release of bioactive molecules, and provide mechanical support for cellu-
lar adhesion, proliferation, and differentiation. In the context of microstructures, we describe the
microfabrication techniques and analyze innovative and recent materials for microscaffolds, their
role in creating tissue-specific microenvironments, and their drug-release properties. Finally, open
challenges in the field are addressed, including translation to clinical applications, and the poten-
tial impact of biocompatible engineered nanomaterials and microstructures.

1. Introduction

In the last decades, the increased aging of the world population has brought to the rise of diseases char-
acterized by a growing request for organ replacement and tissue repair. Currently, organ failures are
treated with transplants but unfortunately, they are greatly limited by the availability of immunolog-
ically compatible donors, with success rates that remain very low because of immune and transplant
rejection [1]. According to the U.S. Government report on organ donation and transplantation, about
103 223 people are on the 2023 waiting list for organ transplantation and around 13 people die in the
U.S. each day waiting for an organ transplant [2]. Presently, a person every eight minutes in the U.S.

is added to the transplant waiting list and organ donor deficiency is at its highest point ever [2]. In
Europe, the situation is not brighter: demand for organs exceeds their availability in all E.U. Member
States, and the need increases faster than organ donation in most of them [3].

Tissue engineering, as defined by The National Science Foundation, is a discipline ‘combining princi-
ples and methods of engineering and life sciences for understanding the structure-function of tissues and
for developing biological substitutes to restore, maintain and improve tissue functions. This approach
holds great promise and in 2019, the global tissue engineering market has accounted for $9.88 billion
with a prediction to reach around $25.68 billion by 2026 [4].

© 2026 The Author(s). Published by IOP Publishing Ltd
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The main methodologies employed in tissue engineering are at the nano/microscale interface and
typically involve (i) the use of acellularized scaffolds able to induce endogenous tissue regeneration and
repair when implanted in the patient, or (ii) cell growth and differentiation into specific biocompati-
ble tridimensional (3D) scaffolds, providing physiological mechanical stimuli and giving rise to newly
formed functional tissues able to regenerate and/or replace injured tissues and damaged organs upon
implantation [5-7].

The possibility to produce miniaturized artificial structures resembling native tissues and organs,
combined with the introduction of biomaterials for fabricating scaffolds mimicking tissue microenvi-
ronment structure (i.e. the physiological niche), has revolutionized this field of research [8]. Moreover,
integration of biomaterials, cells, and biochemical signaling molecules regulating their interactions can
stimulate and promote tissue regeneration as evaluated both in in vitro and in vivo models [7, 9]. In the
last years, many kinds of biomaterials have been developed, based on the following properties: i) bio-
compatibility, ii) surface topography and morphology, iii) degradation trends suitable to new tissue for-
mation rates, and iv) 3D structure. These features can influence the capacity of cells to adhere, prolifer-
ate, migrate, and display a physiological behavior, finalized at developing a regenerated tissue even more
performing than the original one [10, 11]. There are plenty of nano/micro materials of natural or artifi-
cial origin devised for tissue regeneration purposes.

The extracellular matrix (ECM) represents the main structural component of tissues. It has a promi-
nent role in tissue modeling, providing signals and stimuli for influencing cell phenotype, behavior, and
fate, and is mainly composed of collagen, fibronectin, elastin, and proteoglycans [12]. The most criti-
cal features of ECM are stiffness, surface topography, geometry, and chemical composition, and all of
them dynamically influence cells in terms of mechanical stimuli and molecular activation, impacting cor-
rect tissue formation and organization [13]. Cells physically interact with the ECM and once detected
its mechanical properties, they transduce signals to the intracellular components, such as cytoskeletal
proteins, in a process called mechanotransduction. The main key players involved in this signaling cas-
cade are integrins, transmembrane receptors able to bind ECM proteins on the extracellular domain, and
the cytoskeleton localized in the intracellular domain. Upon specific binding, many other proteins are
recruited in small focal complexes present on membrane protrusions, that successively mature into focal
adhesions responsible for transducing the mechanical intracellular tension across the cell membrane to
the surrounding ECM [14].

Considering these observations, materials to be used as cell matrices must present a wide range
of stiffnesses depending on the degree typical of each target tissue (i.e. from GPa for hard glass and
polystyrene to MPa for elastomeric polymers and kPa for hydrogels). When fabricating 3D scaffolds,
it is equally important to consider specific properties such as surface topography, fiber orientation,
and porosity to favor the efficient transport of molecules necessary for cell proliferation and tissue
regeneration [15].

An essential feature of any foreign body artificially introduced into a tissue or organ is to not elicit
immune responses leading to inflammation, which might delay healing or may result in the rejection of
the implant by the body. Ideally, tissue engineering aims at replacing the implanted material with the
patient’s cells, promoting the creation of a natural ECM. Therefore, the implant might be fully degrad-
able, breaking down at a controlled rate aligned with the pace of new tissue formation and releasing
by-products nontoxic to normal physiology [16]. Biomaterials can be considered foreign bodies capa-
ble of eliciting an inflammatory response upon implantation. Thus, fine regulation is required to obtain
successful wound healing and inflammation resolution while avoiding tissue fibrosis [17]. The main
steps of a foreign body reaction can be summarized into (i) haemostasis and inflammation, (ii) stimu-
lation of cell proliferation and repair, and (iii) tissue remodeling. Upon tissue injury and within min-
utes, plasma proteins and ECM components are adsorbed on the biomaterial’s surface, and a provisional
matrix is formed. In terms of hours, innate immune cells, and in particular neutrophils, are recruited
to the damaged site and lead to the onset of acute inflammation (figure 1(a)). The release of ROS and
specific cytokines attracts monocytes, that can differentiate into macrophages polarizing into M1 pro-
inflammatory or M2 anti-inflammatory phenotypes, eventually fusing with foreign body giant cells [18].
Specific release of inflammatory signals facilitates fibroblast infiltration and formation of a fibrotic cap-
sule with subsequent implant rejection [19].

In this process, the architecture of the designed scaffold holds significant importance: highly porous
structures with interconnected pores are essential for facilitating cell migration, new blood vessel for-
mation, and diffusion of nutrients to the cells while removing waste products. Pore size plays a critical
role, and it must be large enough to enable cell migration, yet small enough to maintain a considerable
surface area for binding a suitable number of cells to the structure [20]. In this case, the acute inflam-
matory process can promote integration of the implant and tissue repair. Indeed, in terms of days, cells
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Figure 1. Main events and phases of the wound healing process. In the inflammatory phase (A), platelets activate, and neu-
trophils start migrating at the wound site. Upon release of specific signals, monocytes are recruited and undergo polarization
into M1, pro-inflammatory or M2, anti-inflammatory phenotypes. The resolution phase (B) is characterized by angiogenesis,
involving endothelial cell proliferation, activation, and recruitment of progenitor cells, and culminates in the complete tissue
regeneration. Reproduced from [23]. CC BY 4.0. Copyright 2017 the authors, published by frontiers media SA.

start dividing replacing the damaged tissue, and specific factors, such as cytokines, growth factors, and
extracellular vesicles carrying nucleic acids, proteins, and lipids released by macrophages induce migra-
tion and proliferation of endothelial cells creating new blood vessels [21, 22]. Finally, inflammation is
resolved, the provisional granulation tissue matures, and the temporary ECM is substituted by a colla-
gen matrix (figure 1(b)). The remodeling process can last from weeks up to months depending on the
specific tissue damage [23].

Engineered biocompatible materials, specifically tuned with nanoparticles (NPs), have been developed
as vehicles for controlled drug delivery, enhancing the mechanical properties of 3D scaffolds, providing
functionalized surface area, improving cell adhesion and interaction, mimicking the tissue microenviron-
ment architecture, and for modulating immune cells’ behavior. Parameters such as nanomaterials’ size
[24, 25], shape, stiffness, surface roughness, topography, charge, degradability, and ligand functionaliza-
tion have been studied for modulating the stiffness of the regenerated tissue [26], and mixing between
two or more nanomaterials has been exploited for achieving hybrid multifunctional devices for reducing
inflammatory outcomes [27].

Nanostructured materials with optimized mechanical properties and surface nanotopography
can control the switch from M1 pro-inflammatory macrophages, toward M2 anti-inflammatory
macrophages [28]. A central mechanism underlying this process is mechanotransduction and the abil-
ity of macrophages to convert physical stimuli from the microenvironment into biochemical signals.
Integrin-mediated adhesion complexes represent the primary mechanosensing machinery, and upon
interaction with nanostructured surfaces, they cluster and activate focal adhesion kinase (FAK), lead-
ing to downstream signaling mediated by Src, PI3K/Akt, MAPK/ERK, and RhoA/ROCK pathways.

These cascades regulate the cell cytoskeleton that contributes to determine macrophage phenotype.
Generally, increased cytoskeletal tension and matrix stiffness trigger the RhoA/ROCK-FAK axis and
influence inflammatory genes expression, whereas biomimetic matrices tend to favor a pro-regenerative
M2 profile [29]. Among the most important mechanotransduction effectors are the Hippo pathway co-
activators YAP (Yes-associated protein) and TAZ. Mechanical signals generated by nanomaterial stiff-
ness and nanotopography can regulate YAP/TAZ nuclear translocation, and their subsequent interac-
tion with transcription factors controlling genes involved in inflammation, metabolism, proliferation,
and tissue remodeling. Increasing evidence indicates that YAP/TAZ act as key molecular switches linking
mechanical cues to macrophage polarization, by means of their coupling to integrin-FAK-RhoA signaling
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and cytoskeletal dynamics [30]. Furthermore, mechanosensitive ion channels such as Piezol and

TRPV4 respond to substrate stiffness and nanomaterial-induced membrane deformation, triggering
Ca*" influx and activation of NF-xB, mitogen-activated protein kinase (MAPK), and STAT signaling.
These pathways modulate cytokine production and macrophage phenotype [31]. Currently, the design
of immunomodulatory nanomaterials is increasingly focusing on integrating structural and mechani-
cal features regulating these pathways. Such strategies allow timely modulation of macrophage polariza-
tion, promoting an initial M1 response for pathogen clearance followed by a switch toward the M2 phe-
notype to enhance tissue regeneration, vascularization, and healing [32]. In the last years, emerging
mechanobiological theories have been developed, with high relevance to the field of nanomaterials for
immunomodulation. One of these is the motor-clutch model, which describes how integrins, focal adhe-
sions, and the actomyosin cytoskeleton cooperate to convert nanoscale mechanical cues into intracellular
forces. This framework predicts how variations in ligand spacing, nanotopography, and substrate stiff-
ness regulate force transmission, influencing macrophage polarization and YAP/TAZ activation. Recent
reviews have proposed this model as a unifying theory for mechanobiology and mechanomedicine,
making it particularly relevant for the design of immunomodulatory biomaterials [33]. Another highly
relevant model is the cellular tensegrity theory, originally proposed by Ingber et al and recently revis-
ited through computational and multiscale models [34]. Tensegrity describes the cell as a prestressed
mechanical network in which cytoskeletal tension and extracellular forces are globally integrated. In
macrophages, this framework helps explain how nanomaterial-induced changes in cytoskeletal architec-
ture can transmit mechanical signals to the nucleus and alter inflammatory gene expression. Modern
tensegrity-based models provide quantitative tools to predict cellular responses to engineered nano- and
microenvironments [35]. Recent advances also emphasize YAP/TAZ-centered computational mechan-
otransduction models, which integrate matrix mechanics, focal adhesion dynamics, RhoA signaling, and
nuclear mechanosensing into predictive systems-level frameworks. These theories are increasingly used
to identify design procedures for biomaterials capable of controlling immune-cell phenotypes through
mechanical regulation of transcriptional programs. Notably, these approaches are expected to enable

in silico optimization of nanomaterial properties before experimental testing, accelerating the develop-
ment of next-generation immunomodulatory biomaterials [30]. Finally, the theory of dynamic reci-
procity has been developed, which views cells and biomaterials as a continuously evolving feedback sys-
tem. According to this concept, macrophages not only sense nanomaterial properties but also actively
remodel their microenvironment, generating adaptive mechano-immune responses. This perspective sup-
ports the development of responsive nanomaterials that can dynamically modulate M1-M2 transitions
during healing [36].

Also, microscaffolds can provide a controlled microenvironment to modulate inflammation in terms
of polarization and changing behavior of macrophages, and their characteristics including composition,
chemistry, and stiffness play a critical role in these processes.

In recent years, fabrication techniques like inkjet bioprinting have been extensively used for precise
control over drug deposition, making it potentially suitable for developing scaffolds with drug loading
capabilities for targeted therapies, including possibly controlling macrophage responses. By incorpo-
rating drugs into scaffold materials, these created smart scaffolds would release therapeutic agents in a
controlled manner, minimizing inflammation and immune response at the implant site. This innova-
tive approach not only provides greater control over drug release kinetics but also ensures that drugs
are delivered directly to the target tissue, optimizing therapeutic outcomes while minimizing side effects.
As research in this field continues to advance, nanomaterials optimization and smart scaffold technol-
ogy hold great promise for revolutionizing the management of foreign body reactions and enhancing the
efficacy of implanted medical devices [37].

In this review, we will provide an overview of the biocompatible nanomaterials and microstructures
presently applied in the tissue engineering field. Their applications in the regeneration of tissues, such as
bone, skin, cartilage, and wound healing will be described. The state of the art in the clinical context will
be also discussed, highlighting their impact on the development of functional, integrated tissues.

2. Tissue engineering in the current age

Tissue engineering has evolved from meticulous material selection for scaffold manufacturing to the
current emphasis on nano and micrometric materials and growth factors technology, to stimulate and
maintain cells in their physiological environment.

Crucial to this process are materials that are both biocompatible and biodegradable and, for
assessing these features and evaluating their safety and effectiveness, rigorous in vitro tests have been
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2D 2.5D

Figure 2. Schematic representation of the 2D, 2.5D, and 3D cell culture substrates classified based on their geometry and on how
cells interact with their surrounding environment.

developed [38]. Current approaches face challenges such as using inappropriate materials that fail to
accurately mimic the physiological properties of tissues and may induce undesired and uncontrolled
immune reactions.

Additionally, cell growth is often ineffective, because of the limited production of growth factors
required to stimulate cell communication and the non-effective mechanical stimulation typical of native
tissue. In vivo, cells are significantly influenced by the surrounding ECM in terms of stiffness, surface
topography, geometry, and specific composition, all of which regulate their behavior. Chemical stimu-
lation of the tissue microenvironment is another fundamental aspect determining the success of tissue
engineering, and many challenges in terms of efficiency and reproducibility remain to be addressed.

The integration of tissue engineering and nano/microstructures may solve these issues; materials,
including NPs, hydrogels, and 3D-printed scaffolds, have been explored for their potential to enhance
effectiveness in regenerative medicine applications.

In the field of biomaterials and tissue engineering, cell culture substrates are typically classified into
2D, 2.5D, and 3D based on their geometry and on how cells interact with their surrounding environ-
ment (figure 2) [39]. 2D substrates consist of flat surfaces where cells adhere and spread in a single
plane. These systems provide a simplified and highly controlled environment, even though they poorly
reproduce the complexity of native tissues. Cell-substrate interactions occur mainly at the basal mem-
brane, and cells display a flattened morphology, altered cytoskeletal organization, and gene expression
profiles that often differ from those observed in vivo. 2.5D substrates represent an intermediate configu-
ration, characterized by surface features such as grooves, pillars, wells, or multilayered architectures that
introduce partial three-dimensionality without fully embedding the cells. These topographies provide
additional mechanical and geometrical cues, influencing cell adhesion, orientation, migration, and force
generation. Cells can interact with multiple surfaces and are spatially confined, more closely resembling
physiological conditions respect to conventional 2D cultures. Finally, 3D substrates, including porous
scaffolds, hydrogels, and ECM-like networks, allow cells to interact with their environment in all spa-
tial directions. Cells are surrounded by a 3D architecture characterized by defined stiffness, porosity, and
mass transport properties, and this configuration promotes more realistic cell morphology, cell-cell com-
munication, mechanotransduction, differentiation, and tissue-specific functions. 3D systems provide the
most representative model of tissues and thus they are the preferred substrate for regenerative medicine.

NPs present a small size (1-1000 nm), they can easily cross cell membranes and, thanks to their high
surface-to-volume ratio and physical-chemical properties, they have revealed versatile agents in many
biomedical applications, from therapeutic agents to imaging tools and contrast agents, to targeted drug
delivery systems [40—42]. Most NPs are biocompatible, biodegradable, present low immunogenicity, and
are relatively easy to fabricate [43, 44], and nowadays, most of them are synthesized from inorganic and
organic materials (figure 3).

Microscaffolds, which have complex porosity architectures intended to imitate the natural ECM, can
be made from natural or synthetic materials. The mechanical strength, porosity, and degradation kinetics
of scaffolds are some of the characteristics that have a significant impact on tissue regeneration and cell
activity. Nanotechnology (for the materials used) and 3D microstructuring represent advances in scaffold
design that allow for fine control over the architecture and characteristics of the scaffold. Furthermore,
by creating a supportive microenvironment, the idea of ‘living scaffolds) in which cells are enclosed
within the scaffold or scaffold-free environments (such as spheroids or cell sheets), has the potential to
improve tissue regeneration.

In this context, nanomaterials can readily interact with cell membranes and modulate cellular
responses favoring cell adhesion, proliferation, migration and differentiation, essential for achieving
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efficient tissue and organ regeneration. Moreover, when combined with microstructured scaffolds, that
mimic tissue microenvironments through controlled porosity and mechanical properties, they actively
contribute, thanks to their chemical-physical features, to the creation of supportive regenerative condi-
tions. This synergistic interaction not only facilitates tissue regeneration but also enhances the activation
of biological pathways, ultimately improving the efficacy of tissue engineering approaches.

Currently, some of the main tissues object of research in tissue engineering and repair are bone, skin,
cartilage, and blood vessels. Pathologies involving these organs have become very common and there is
an increasing need for possible alternatives to standard medical and surgical approaches. Concerning
bones, apart from conventional implants, innovative bone grafts have been developed by using advanced
nano and biomaterials. The introduction of bioactive and biocompatible scaffolds with surfaces able
to support cell growth, promote differentiation, and mimic the biological microenvironment and the
mechanical forces necessary to provide physiological stimuli has been fundamental for successful bone
regeneration [45].

Skin trauma is an injury involving the epithelial layers of this tissue. When large areas need to be
covered, it becomes difficult to promote wound healing, avoiding visible scars. Currently, autologous skin
transplantation is the most common type of intervention; with the advent of tissue engineering, the arti-
ficial creation of functional skin tissues has been made possible, overcoming some of the well-known
limitations linked to conventional approaches [46].

Cartilage does not present blood vessels and nerves, and its defects can be repaired by patient’s or
donor’s tissue transplantation, chondrocyte/mesenchymal stem cells (MSCs) transplantation, delivery of
cellularized scaffolds, and filling with biomaterials. Although many efforts have been made in the direc-
tion of repairing this tissue, unfortunately, current strategies present many drawbacks among which are
limited autologous cell sources and transplant rejection [47].

The increase in cardiovascular diseases has brought a continuous need for functional blood vessels to
be used in bypass and transplant procedures. However, allogeneic transplantation brings increased risks
of thrombosis, stenosis, and vascular degeneration. Thanks to tissue engineering, many systems have
been developed for stimulating blood vessel regeneration with the support of ad hoc devised nanoma-
terials and 3D microstructures [48]. In the following sections, the roles of NPs and microstructures in
tissue engineering will be reported, emphasizing their contribution in solving specific issues.

3. Inorganic nanomaterials in tissue engineering

Inorganic nanomaterials have gained rising interest in tissue engineering thanks to their biocompatibility,
magnetic, antibacterial, and mechanical properties. Moreover, they can be functionalized with fluores-
cent and bioactive molecules [49], such as growth factors, and are easily uptaken by living cells; they can
deliver molecules and drugs with specific targeting and finely modulate cell activity.

Inorganic NPs are exploited because of their biocompatibility and degradability; they can be used as
carriers for poorly soluble drugs and as calcium sources for bone repair [50, 51]. Iron oxide NPs (IO-
NPs) have been approved by the Food and Drug Administration (FDA) [52]; they present superparam-
agnetic properties and are very versatile as drug delivery carriers and contrast agents [53]. Cerium oxide
NPs (i.e. nanoceria), thanks to their reactive oxygen species (ROS) scavenging activity have demon-
strated efficient in regenerative therapies [54]. Moreover, they present anti-inflammatory, antibacterial,
and angiogenic properties and have been incorporated into polymeric scaffolds for promoting wound
healing [55].

The main inorganic nanomaterials employed in tissue regeneration belong to the following cate-
gories: (i) metal NPs, (ii) magnetic NPs, (iii) cerium oxide NPs, (iv) calcium phosphate-based NPs, and
(v) carbon-based NPs (figure 3(a)), (table 1).

4, Metal NPs

Gold NPs (AuNPs) are a colloid of nanometric particles of gold. Turkevich was the first to synthesize
spherical AuNPs in 1951 [74]. From then, many modifications to the protocol have been introduced for
obtaining multiple shapes and many procedures for functionalization with different ligands, from pro-
teins to antibodies, to fluorophores and small chemical groups such as thiols and amines were set [74,
75]. Thanks to their unique optical and physical properties, such as surface plasmon resonance [76], and
high biocompatibility, AuNPs application has spread in disparate fields of research and medicine.
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Figure 3. Scheme of the main inorganic and organic nanomaterials investigated in nanomedicine and employed in tissue engi-
neering. (A) Inorganic nanoparticles: from top to bottom, metal nanoparticles (NPs), magnetic NPs, cerium oxide NPs, calcium
phosphate NPs, carbon-based NPs. (B) Organic nanoparticles: from top to bottom, liposomes, dendrimers, polymeric micelles,

Table 1. Inorganic nanomaterials applied to tissue engineering.

Nanoparticle Fabrication approach Targeted organ Results Ref.
AuNPs Homogenization Myocardium Electrical conductivity; ex vivo non-invasive [56]
monitorization by computer tomography
AuNPs Reduction Bone Size-dependent induction of osteogenic differentiation; [57]
upregulation of S-catenin and p-GSK-3/; in vivo
stimulation of bone regeneration
AuNCs Reduction Skin Rapid detection of gram-positive and gram-negative [58]
bacteria; in vivo biocompatibility and biosafety
AuNPs Reduction Skin, bone Size dependent induction of M2 macrophage [59]
polarization; promotion of osteogenic differentiation;
degradation of S. aureus
AuNPs Reduction Skin Bactericidal and antioxidant activity; biocompatibility; [60]
in vitro promotion of cell proliferation and migration;
in vivo accelerated vascularization and collagen
deposition upon combination with electrical stimuli
AgNPs Aqueous solution Skin Antibacterial activity against S. aureus and K. [61]
mixture and pneumoniae infection; in vivo accelerated wound
precipitation regeneration; enhanced expression of TNF-ot IP8, Cox2,
MHCII; Col I and aSMA
AgNPs Incorporation into a Skin Antibacterial activity against S. aureus infection; [62]
matrix of M2 macrophage polarization; down regulation of
catechol-modified IL-6 and TNF-c; upregulation of Il-10; promotion of
hyaluronic acid mature blood vessels formation
SPIONs Co-precipitation Bone Stimulation of cell adhesion, proliferation, and ALP [63]
expression
I0-NPs Chemical bonding of Cartilage In vitro promotion of oxidative phosphorylation of [64]
carbon—carbon mitochondria; facilitated lipids catabolism in
double bonds chondrocytes; in vivo tissue remodeling
between GelMA and
10-NPs

(Continued.)




10P Publishing Nano Futures 10 (2026) 032001 C Martinelli et al

Table 1. (Continued.)

Nanoparticle Fabrication approach Targeted organ Results Ref.

10-NPs Not specified Cartilage Efficient MSCs labeling without affecting viability and [65]
differentiation ability; enhanced MRI tracking; in vivo
defect regeneration and proteoglycan formation

Nanoceria Hydrothermal Bone Increased proliferation and migration of MSCs; [66]

synthesis stimulation of osteogenic differentiation; ROS

scavenging; upregulation of genes related to cell growth,
migration, osteogenesis, ROS metabolism; in vivo bone
regeneration

Nanoceria Nanoemulsion Skin In vitro enhanced antibacterial, antioxidant and wound [67]
healing properties; in vivo full thickness wound
contraction and increased collagen synthesis

Nanoceria Modified cerium Skin In vitro ROS scavenging ability; in vivo biocompatibility [68]
oxide nanorods and biodegradability; in vivo enhanced wound healing
crosslinked to the and epithelium regeneration
hydrogel
CaP NPs Co-precipitation Skin, bone Efficient bFGF release; promotion of fibroblasts and [69]
osteoblastic cells proliferation
CaP NPs Precipitation from Bone Efficient TNF-« gene silencing and VEGF-A and [70]
aqueous solution BMP-7 gene expression mediated by transfection;
in vivo bone healing
CNPs Hydrothermal Bone In vitro hemocompatibility and cytocompatibility; [71]
carbonization of in vivo induction of bone formation

alginate biopolymer

Carbon dots One-pot Skin In vitro biocompatibility, low cytotoxicity, antibacterial [72]
hydrothermal activity, enhanced cell proliferation and migration
synthesis

MWCNTs Commercially Bone Biocompatibility and biodegradability; promotion of [73]
available biomineralization; osteogenic differentiation

Recently, gold NPs have been applied in tissue engineering, especially for improving scaffold struc-
ture, inducing cellular responses finalized at repair and regeneration, and for intracellular delivery of
molecules [77]. The electrical conductivity of AuNPs has been exploited in multiple ways. Researchers
have incorporated AuNPs into polymers to create conductive scaffolds and elicit precise responses in
cells [78, 79]. Carvalho et al have developed an injectable nanocomposite hydrogel composed of gelatin
and hyaluronic acid (GHA) and incorporating lysozyme nanofibrils, obtaining enhanced mechanical
and antioxidant properties, together with in situ synthesized gold NPs, giving electrical conductivity.
These nanomaterials demonstrated excellent in myocardial regeneration as shown in ex vivo computer
tomography [56].

AuNPs have been widely applied in the field of bone tissue regeneration. Osteogenesis is a very
complex process involving many key players and cellular mechanisms, among which differentiation of
osteoblasts, vascularization, and immunomodulation. A finely regulated balance must be established
between progenitor cells belonging to the osteoblastic lineage that are responsible for tissue mineraliza-
tion and calcium deposition, and osteoclasts that resorb mineralized bone. In the presence of a bone
defect, it is of fundamental importance to enhance stem cells’ functions, while repressing inflammation
due to increased oxidative stress. Biomaterials, thanks to their properties, can influence the regulation of
these processes. The use of biodegradable scaffolds displaying mechanical cues, prompting cell attach-
ment, proliferation, and differentiation together with the introduction of AuNPs that can enhance the
scaffold features, promote cell adhesion and response, deliver bioactive molecules, reduce inflammation,
and support vascularization, has brought tremendous advancements [80, 81]. More in detail, gold NPs
can efficiently participate in bone regeneration by (i) stimulating cells with a pulsed electromagnetic field
[82], and (ii) inducing efficient cell differentiation [83]. For instance, different sizes of NPs have been
able to elicit distinguished responses in pre-osteoblasts and stem cells [57].

MSCs typically differentiate into osteocytes, adipocytes, and chondrocytes upon proper stimuli [84],
and many mechanisms are involved in their osteogenic differentiation. AuNPs can (i) interact with spe-
cific proteins activating precise differentiation pathways through mechanical forces [85], (ii) activate
the extracellular signal-regulated kinase (ERK)/ MAPK) pathway promoting osteoblasts differentiation
[86], or (iii) work as antioxidants reducing the production of ROS and negatively affecting osteoclasts
formation [87]. The size, shape, and concentration of AuNPs have been demonstrated fundamental for
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regulating MSCs and pre-osteoblasts differentiation towards osteogenesis [57, 88]. Generally, smaller
sizes between 20 and 50 nm and spherical NPs have been revealed to be more efficient in promoting
osteogenesis [83].

Incorporation of AuNPs into polymer scaffolds can be exploited for modulating their properties,
for better mimicking the bone tissue ECM, favoring cell proliferation, and differentiation, for provid-
ing mechanical and electrical stimuli, and for regulating the degradation of the scaffolds upon in vivo
implantation [80]. For instance, scaffolds often present poor mechanical properties, and incorporating
AuNPs enhances their mechanical strength. An injectable chitosan/k-carrageenan hydrogel added with
AuNPs was demonstrated to be efficient in supporting cell adhesion and growth [89].

Currently, one of the most critical clinical health issues concerns the problem of wound healing.
Indeed, skin regeneration is a complex process involving many key players and it presents difficult chal-
lenges to overcome. Strategies for eliminating possible infections, promoting cell proliferation, and accel-
erating healing are currently top priorities. Although electrical stimulation has been used as a therapy,
this technique is not sufficient to cover large areas. Moreover, the high risk of bacterial infection poses
a threat because it usually destroys newly generated tissues and induces an inflammation cascade that
can reduce treatments’ efficacy. In wound-healing applications, gold nanostructures have therefore been
exploited along a common path: combining their intrinsic antibacterial and antioxidant activity with a
polymer or peptide matrix, and frequently potentiating it through photothermal or electrical stimulation,
to clear infection while simultaneously promoting M2 macrophage polarization, cell proliferation and
angiogenesis [58-60, 90-92].

An imaging-guided antibacterial platform constituted by ultra-small gold nanoclusters (AuNCs)
protected with an antimicrobial peptide HHC10 and glutathione co-ligand was applied for selective
detection of bacteria and antibiotic effect, showing great potential for wound healing in vivo [58]. Gold
nanorods functionalized with the antimicrobial peptide C-At5 have been developed for selectively con-
trasting gram-positive and gram-negative infection. These NPs were demonstrated to be highly bio-
compatible in human skin fibroblasts and were able to enhance wound healing in mice models upon
near-infrared photothermal therapy [90]. Gold NPS with a diameter of 50 nm were able to polarize
macrophages toward an M2 phenotype and favored their phagocytic activity toward Staphylococcus
aureus, thus inducing an anti-inflammatory response. Moreover, they promoted differentiation of bone
marrow stromal cells in vitro showing great promise for future application in vivo [59].

Gold NPS have also been successfully integrated into matrices and polymers. An anti-microbial poly-
mer constituted by poly hexamethylene biguanide and gold NPs for photothermal therapy has been
developed and demonstrated effective in killing S. aureus, promoting wound healing in in vivo mod-
els, and enhancing M2 polarization and tissue angiogenesis [91]. Poly (e-caprolactone) (PCL)/gelatin
nanofibrous matrices loaded with gold NPs showed good mechanical properties and porosity favoring
cell proliferation in vitro and in vivo in a rat model on a full- thickness excisional wound [92]. We report
here a recent work, exemplifying the use of gold NPs as agents to modify a material and promote regen-
eration in an in vivo model. Poly(lactic-co-glycolic acid) (PLGA) membranes have been modified with
gold NPs and antibacterial peptides enhancing their anti-inflammatory, antibacterial, and biocompati-
bility properties. Upon electrical stimuli, the nanomaterial efficiently promoted cell proliferation in vitro
and displayed bactericidal and antioxidant properties. In in vivo models of full-thickness skin defect, the
composite membrane showed significantly accelerated vascularization and collagen deposition support-
ing wound healing (figure 4) [60]. The results obtained led the authors hypothesize that the antimicro-
bial peptides efficiently improved the antibacterial properties of the membranes by inhibiting infections
caused by pathogens and promoting full thickness skin defects in rats. Silver NPs (AgNPs) present great
antimicrobial properties, being able to inhibit bacterial function by binding their surface and promot-
ing ROS formation [93]. They are ideal candidates for being incorporated or synthesized in situ in scaf-
folds, especially for wound healing applications, when the probability of developing an infection is very
high. Different kinds of polymers have been combined with AgNPs, and configured in different shapes,
from nanofibrous to porous scaffolds. Interesting research reported the design of an antibacterial hydro-
gel, composed of AgNPs and poly (gamma-glutamic acid) (y-PGA), meeting two of the most important
requirements for wound healing: antibacterial and moisturizing capacities. In vitro and in vivo experi-
ments revealed its efficient activity and showed optimal prevention of wound contraction in mice [94].

Chitosan hydrogels loaded with AgNPs and calendula extract were shown to be efficient as haemo-
static, antibacterial, and anti-inflammatory materials, obtaining a controlled release of the natural
compound [95]. Composite hydrogels constituted by chitosan, poly (vinyl alcohol) (PVA), and silver
NPs together with ibuprofen were able to give sustained release of the molecule and showed antibac-
terial activity in vitro. In vivo, wound healing was promoted as indicated by the expression of specific
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Figure 4. Evaluation of the effects of different membrane materials and electrical stimulation on skin wound healing in a rat skin
defect model. (A) The closure rate of the wound defects with different treatments at days 0, 5, 9, and 12. (B) Schematic diagram
of wound closure at different time points. (a) PLGA, (b) PDA@PLGA, (c) Au-PDA@PLGA, (d) Os-PDA@PLGA, (e) Os/Au-
PDA@PLGA and (f) Os/Au-PDA@PLGA + ES. (C-E) Quantitative statistical analysis of wound closure for different treatments
at 5,9 and 12 d. Scale bar = 1 cm, p < 0.05, n = 3. PDA, polydopamine; Os, antibacterial peptides; ES, electrical stimulation.
Reproduced from [60]. CC BY 4.0. Copyright 2024 the authors, published by Springer Nature.

markers of cell migration and proliferation [61]. Similarly, a nanocomposite of hyaluronic acid and sil-
ver NPs displayed a potent antibacterial activity against S. aureus and favored sustained release of basic
fibroblast growth factor. This nanomaterial was able to induce M2 macrophage polarization, upregula-
tion of anti-inflammatory cytokines, and regulate the deposition of collagen and vessel formation [62].
A nanoporous composite of chitosan and fibrin encapsulating silver NPs has been developed for wound
healing. In vitro experiments validated the prepared bandage for safety, biocompatibility, and antibacte-
rial properties against multiple microorganisms. In vivo, efficacy was proven in rats presenting postop-
erative abdomen wounds [96]. Interestingly, gold, and silver NPs bioactive glasses have been combined
in biopolymer composites for application in bone regeneration. Proliferation and migration of human
fibroblasts and osteoblast cells were favored, and new bone formation was promoted in vivo [97].

Summarizing the reported research concerning metal NPs, they have been widely applied as effi-
cient tools for improving the mechanical properties of scaffolds, for stimulating cells to differentiation,
for delivering molecules and for obtaining efficient antibacterial activity, avoiding undesired immune
reactions.

5. Magnetic NPs

IO-NPs have been widely applied in the diagnostic and therapeutic fields, thanks to their biocompatibil-
ity in aqueous solutions and ease of functionalization [98]. These nanomaterials present a magnetically
oriented core and can be exploited for targeted delivery and local release of drugs in the presence of an
applied magnetic field [99, 100].

Collagen membranes have been modified by incorporating FDA-approved I0-NPs, greatly improv-
ing their osteo-conductivity and osteo-inductivity properties. This modified scaffold showed good bio-
compatibility in vitro on pre-osteoblast cells and efficiently stimulated their differentiation. Encouraging
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results have been obtained upon implantation of the construct in rabbits carrying radial defects, where
rapid bone repair was observed [101].

The loading of IO-NPs into polymeric scaffolds has been exploited for preparing devices for
magnetic hyperthermia. In vitro experiments demonstrated that cell adhesion and proliferation were
enhanced, and the expression of alkaline phosphatase (ALP) was stimulated, leading the way for their
use in bone regeneration [63].

In the last years, many wound dressing polymers have been used for wound healing thanks to their
biodegradability, biocompatibility, and haemostatic properties. The advent of nanomaterials, and 10-
NPs, have been exploited to enhance the features of polymer-based hydrogels. In recent work, chitosan-
dextran-glycerol hydrogels have been enriched with IO NPs and displayed decreased porosity and
increased antibacterial activity, paving the way to a possible application for wound regeneration [102].

Daya et al modified IO-NPs with the pro-angiogenic natural molecule curcumin and then dispersed
them in hyaluronic acid hydrogels. The nanomaterial showed a sustained release of the drug and bio-
compatibility upon culture of bone marrow-derived MSCs. Moreover, the NPs were magneto-responsive,
and vascular endothelial growth factor was secreted in the presence of the magnetic hydrogel, thus
demonstrating a promising strategy for tissue regeneration [103]. The use of magnetic NPs has been
applied also to cartilage regeneration by modifying a hydrogel constituted by methacrylate gelatin with
IO-NPs, that provided tuneable stiffness to the material based on their concentration. Upon interaction
with chondrocytes, the biomaterials modulated their properties and promoted their metabolic activity,
and upon in vivo implantation it demonstrated successful as a means for regeneration [64]. Suryadevara
et al developed a labeling strategy for tracking MSCs and chondrogenic pellets based on the mechanopo-
ration of MegaPro iron NPs. Upon cell labeling, their features were investigated by imaging and spec-
troscopy and successively, upon implantation in pig knee joints, by magnetic resonance imaging (MRI).
NPs did not influence physiological cell behavior while displaying a better MRI performance with respect
to cells labeled with ferumoxytol NPs [65].

Summarizing the reported findings concerning magnetic NPs, thanks to their physical chemical prop-
erties, they have been successfully used for improving tissue regeneration, for stimulating cell prolifer-
ation, for enhancing biomaterial mechanical features, for releasing drugs, and for gaining specific cell
labeling.

6. Cerium oxide NPs

Cerium is a rare earth metal that can exist both as CeO, and Ce,03. Cerium oxide (CeO) NPs (nanoce-
ria) present both Ce** and Ce*" on their surface and, as small as they become, the number of 3+
increases while oxygen vacancies are created. This peculiar feature gives to this nanomaterial specific
properties, allowing it to act as a scavenger of hydroxyl and nitric oxide radicals, and peroxynitrite

[104, 105].

Bone is currently one of the most transplanted tissues in the world and the exponential increase in
bone fractures requires more effort to find effective therapies for repair and full functional recovery.
During this process, the generation of free radicals is a known challenge that remains to be overcome.
Tissue engineering approaches based on the use of scaffolds loaded with cerium oxide NPs able to scav-
enge free radicals and counteract oxidative stress contributing to a slowing of the healing process are
currently a potential choice.

Generally, porous scaffolds favor bone healing and regeneration. Nanoceria incorporated into gelatin
alginate scaffolds enhanced their mechanical features and biomineralization properties. Moreover, these
composite scaffolds favored MSC differentiation together with reducing the presence of free radicals
in vitro [106] and in vivo [107].

A nanocomposite scaffold carrying nanoceria effectively supported cell growth of human osteoblasts
and their proliferation and mineralization. Upon oxidative stress induction, it efficiently reduced cyto-
toxicity and upon implantation showed good biocompatibility properties with minimal induction of
immune response [108]. Kurian et al applied nanoceria and their properties as agents able to modify
the surface properties of a material and facilitate stem cells proliferation. Indeed, the inclusion of uni-
form layers of nanoceria into gelatin methacryloyl (GelMA) matrices enhanced their mechanical prop-
erties and gave an antioxidant response to the microstructure. The scaffolds confirmed to be efficient
in scavenging radicals in vitro by acting as antioxidants able to capture ROS. Moreover, rat bone mar-
row MSCs (BMSCs) were successfully cultured on the scaffolds and underwent enhanced proliferation
and viability, thus demonstrating their high biocompatibility (figure 5) [66]. Chitosan scaffolds modified
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Figure 5. ROS scavenging nature of the hybrid scaffolds and cell proliferation and cytoskeleton/nuclear staining images of cells
cultured on GelMA and Ce@GelMA scaffolds. (a) Images showing GelMA and Ce@GelMA scaffolds treated with non-ROS-

like (H,0) and ROS-like (H,O,) solutions. Scaffolds incubated in H,O, showed an instant color change due to the presence of
antioxidant nCe, while noncoated scaffolds remained the same. (b) The oxidase like nature of the hybrid scaffolds was confirmed
by TMB assay. The characteristic UV absorbance peak observed at 652 nm indicates the antioxidant property of the Ce@GelMA
scaffolds. (c) The cell proliferation rate was measured using a CCK-8 assay. The Ce@GelMA scaffolds exhibited a significantly
higher cell proliferation rate as compared to GelMA for up to 3 d of culture. (d) Fluorescence images of rMSCs seeded on scaf-
folds stained with phalloidin (green) for F-actin and DAPI (blue) for nuclei, after 3 d of culture. The statistical significance was
calculated using two-way ANOVA multiple comparison tests (*P < 0.05). Reprinted with permission from [66]. Copyright
(2022) American chemical society.

with iron-doped dicalcium phosphate dihydrate minerals and nanoceria efficiently prevented infection
and allowed the proliferation of human BMSCs [109].

The presence of high levels of ROS in the wound microenvironment is responsible for the slowdown
of wound repair and induction of fibrotic reaction. Therefore, it is fundamental to modulate free radical
levels to obtain fast tissue healing and regeneration. A hydrogel incorporating curcumin and cerium
oxide has been developed and characterized showing controlled release, favoring cell migration, and
reducing oxidative stress in vitro and inflammation in vivo [110]. An ECM gel was emulsionated with
nanoceria and curcumin and showed antioxidant antibacterial properties and a good ability to penetrate
the wound site accelerating the healing rate [67]. Similarly, cerium oxide NP incorporated poly-L-lactic
acid (PLLA)-gelatin composite fiber membranes were fabricated showing great biocompatibility in vitro
[111]. An interesting formulation composed of an injectable self-healing hydrogel coated with cerium
oxide nanorods showed good ROS scavenging activity, biocompatibility, and biodegradability upon
implantation. Skin epithelium regeneration was enhanced together with accelerated wound healing [68].
Nanocapsules composed of a core carrying pirfenidone as an anti-fibrotic drug and cerium oxide in the
shell were demonstrated to be highly biocompatible and with good ROS scavenging activity. Upon adhe-
sion to Polylactic acid (PLA) fiber membranes, this nanocomposite was applied in vivo to the wounds
inducing tissue epithelialization, favoring collagen fiber arrangement, and reducing scar formation [112].

In conclusion, cerium oxide NPs have been widely applied as free radicals’ scavengers, for supporting
cell growth and differentiation, enhancing the mechanical properties of scaffolds and accelerating the
wound healing processes.

7. Calcium phosphate-based NPs

Due to their high similarity to the mineral part of the bone tissue, biocompatibility, and high surface
area, calcium phosphate NPs (CaP NPs) have been employed in tissue engineering [113, 114]. A kind of
calcium phosphate, hydroxyapatite (HA), has been studied and developed, thanks to its biocompatibility
with bone cells. HA, known for its osteoinductive properties, promotes cell adhesion and proliferation,
facilitating bone tissue regeneration. Many studies have been performed also focusing on the combina-
tion of these NPs with other molecules and drugs.

Hydroxyapatite nanospheres have been designed and loaded with bone morphogenetic protein-2
(BMP-2) showing rapid regeneration upon implantation in rats presenting femoral bone defects [115].
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In another research, layer-by-layer assembled biomimetic calcium phosphate particles have been syn-
thesized carrying BMP-2. Upon implantation into 8 mm diameter rat cranial critical-sized bone defects
and, when combined with coprecipitated biphasic calcium phosphate (BCP), they induced new bone
formation with a higher degree of BCP biodegradation as compared to the effect obtained when used
alone [116].

To give stability to the basic fibroblast growth factor, a molecule essential for the promotion of
angiogenesis and wound healing, multifunctional versatile calcium phosphate NPs loaded with this
molecule, together with heparin and ferucarbotran have been developed. In vitro experiments demon-
strated their ability to specifically promote mouse fibroblasts and osteoblastic cell proliferation [69].

Tenkumo et al developed a system of calcium phosphate NPs with multiple functionalizations for
bone repair. In detail, tumor necrosis factor alpha inhibition by siRNA and release of VEGF-A and
BMP-7 by plasmid DNA were evaluated in a rat model of femoral head defects. Upon implantation, the
multifunctional NPs revealed efficient in promoting bone healing [70].

8. Carbon-based NPs

Carbon NPs (CNPs) can be easily functionalized and loaded with specific drugs. Moreover, they dis-
play remarkable electrical and mechanical properties, and they have been successfully applied to tissue
engineering [117]. Indeed, 3D scaffolds composed of alginate hydrogels have been filled with CNPs, cre-
ating a porous structure as a niche for improved bone cell proliferation and migration. Upon in vivo
implantation into an induced bone defect, the scaffold promoted bone formation [71]. Carbon quan-
tum dots, graphene, carbon nanotubes (CNTs), and nanodiamonds are the most used nanomaterials in
this category. In the last decade, carbon dots have been exploited thanks to their fluorescence properties,
high biocompatibility, and low toxicity.

Environmental factors are known to contribute to the upregulation of enzymes involved in the loss
of elasticity and skin aging. Carbon quantum dots have been fabricated with specific optical properties,
high biocompatibility, and antioxidant/antiaging features, by carrying multiple phenolic moieties, that
demonstrated to be able to lower detrimental enzymatic activity. These nanomaterials can suppress free
radical accumulation induced by UV radiation, and once incorporated in hydrogels, favor wound healing
[118]. Commonly, they are chemically synthesized and only a few studies have been focused on the pos-
sibility of extracting them from natural sources. In recent work, Cheng et al extracted carbon dots from
resveratrol, and their features and activities were deeply investigated in vitro in human umbilical vein
endothelial cells and in vivo in a rat skin defect model of inflammation. Carbon dots performed better
than resveratrol itself and promoted cell migration and tube formation while stimulating vessel forma-
tion and wound healing in vivo [119].

Ghataty er al used fluorescent carbon dots as agents able to promote tissue regeneration both in vitro
and ex vivo. Carbon dots synthesized from bovine serum albumin have been designed as fluorescent
carriers of linezolid, an antibiotic used for reducing wound infections. In vitro experiments such as
metabolic activity assays, antibacterial activity evaluation, elastase, collagenase, and tyrosinase activity
inhibition assays were performed together with ex vivo hemolysis tests. The nanomaterials revealed to be
biocompatible when used in normal human skin fibroblasts promoting their proliferation and migra-
tion in a scratch wound healing assay. Treated cells display significantly higher contraction and closure
of the wound gap respect to control cells. Overall, the results demonstrated their great potential for use
in wound healing and tissue regeneration (figure 6) [72]. Garlic peel-derived carbon quantum dots have
been combined with synthetic hydrogels of dimethylaminoethyl methacrylate and acrylic acid to promote
rapid chondrogenesis [120].

The introduction of graphene oxide has brought great advancements in the field of tissue engineer-
ing because of its mechanical strength, optical transparency, electrical conductivity, and biocompatibil-
ity, essential features for bone regeneration. Scaffolds of chitosan, gelatin nanobioglass, and graphene
oxide have been fabricated and characterized. With an average pore size of a hundred micrometers,
good incorporation of the biomaterial, and thermal stability they were investigated for their capacity
to interact with the human MG-63 osteosarcoma cell line. These cells proliferated, were metabolically
active and were induced to osteogenic differentiation [121]. Multiwall CNTs (MWCNTs) have been used
for bone regeneration applications. By combining gelatin methacryloyl, bioactive glass, and MWCNTs,

a nanocomposite hydrogel has been obtained. Biological experiments demonstrated that it supported
MSCs interaction and differentiation into osteogenic lineage and provided the electrical and mechanical
features necessary for bone physiological repair and regeneration [73].
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Figure 6. Evaluation of the effectiveness of the BCDs and LNZ-BCDs nano-biomaterials in the wound healing process deter-
mined in vitro by scratch wound healing assay. (a) Images at 1 mm scale bar, (b) profile of changes in the width of wounds with
time, and (c) wound closure percentages of untreated control and treated normal human skin fibroblast (HSF) cell line with
BCDs nano-biocarrier and LNZ-BCDs nano-bioconjugate at 24 and 48 h. BCD, bovine serum albumin carbon dots; LNZ, line-
zolid. Reproduced from [72]. CC BY 4.0. Copyright 2023 the authors, published by MDPI.

Composite scaffolds potentiated by the inclusion of nanodiamonds carrying the antibiotic van-
comycin have been produced for the treatment of infected bone defects. Experiments conducted
demonstrated that they performed excellently in terms of biocompatibility and antibacterial activity and
promoted osteogenesis. In vivo experiments showed that, upon implantation, the scaffold was biocompat-
ible and efficiently carried out its functions [122].

From the reported research, we can state that both calcium phosphate-based and carbon-based NPs
have been successful in treating different issues related to tissue engineering by efficiently promoting cell
adhesion and proliferation, by delivering specific cargos thanks to their relative ease of loading, and by
displaying exceptional properties in terms of biocompatibility, antibacterial activity and low toxicity.

In summary, inorganic NPs have been demonstrated as efficient systems in tissue engineering, by
improving scaffold structure, delivering bioactive molecules, acting as triggered release agents in response
to external stimuli, as ROS scavengers, and by providing a niche for specific cell proliferation and dif-
ferentiation (figure 7). Further developments and design refinement will guarantee obtaining even more
specific and functional NPs. Concerning their translation from basic research to the clinical context, it is
important to underline that much more effort is still needed to standardize the fabrication and charac-
terization procedures and warrant their wide and safe medical application following compliance with the
main regulatory frameworks.
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Figure 7. Overview of the main inorganic nanomaterials investigated in nanomedicine and employed in tissue engineering. The
main mechanisms of action are indicated, together with the targeted organs.

9. Organic nanomaterials in tissue engineering

Organic NPs constituted by natural or synthetic materials have been widely employed for tissue regen-
eration because they are highly biocompatible, can incorporate multiple kinds of molecules, and can

be easily fabricated. However, they generally present high clearance by the reticuloendothelial system

in vivo. Therefore, surface modification by using biocompatible polymers (e.g. polyethylene glycol (PEG),
a hydrophilic molecule with low immunogenicity) is commonly carried out to reduce phagocytosis by
macrophages and subsequent organ clearance. Lipid NPs are widely applied in drug delivery, and thanks
to their small size, they have demonstrated the ability to cross the blood-brain barrier [49]. Polymeric
NPs can be fabricated by using natural or synthetic materials and can efficiently incorporate a plethora
of hydrophobic and hydrophilic drugs [123, 124]. PLGA has been approved by the FDA for its safety,
biodegradability, and high versatility and it has been successfully employed as a therapeutic agent in dif-
ferent pathologies, such as diabetes, neurodegenerative diseases, and cancer [125-130]. Another bioma-
terial that has raised increasing interest is the hydrophilic component of silk, sericin [131]. This protein
presents low immunogenicity [132], displays antioxidant properties [133], and has been used as a nano-
material, both for producing nanocarriers for insoluble molecules [134, 135] and as a biomineralization
matrix [136]. Natural materials like fibroin, collagen, and chitosan as well as synthetic carriers, are cur-
rently widely utilized and have shown to be highly biocompatible. Different kinds of organic NPs have
been developed for tissue repair applications, from liposomes to dendrimers, polymeric micelles, and
nanofibers (figure 3(b)), (table 2).

10. Liposomes

Liposomes are constituted of a bilayer of amphiphilic lipids and form closed structures in water able to
carry both hydrophobic and hydrophilic molecules. They display high biocompatibility thanks to their
similarity to the cell membranes, low immunogenicity, and can be functionalized for increased tar-
geted delivery [12]. However, despite the many advantages, their ability to store and maintain proper
drug concentration at the site of interest is yet an open challenge. These nanomaterials have been widely
applied to bone repair and wound healing, but also to cartilage regeneration. They have been developed
for transporting growth factors, hydrophilic, and very unstable molecules that make it difficult to target
injured sites within a reasonable time and many natural and synthetic bioactive molecules, providing
their sustained release.

Melatonin, which displays beneficial antioxidant effects and has been shown able to promote
osteoblast differentiation and bone formation, needs very high amounts to achieve clinical results when
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Table 2. Organic nanomaterials applied to tissue engineering.

Nanoparticle Fabrication approach Targeted organ Results Ref.

Liposomes Reverse phase Bone Increased ALP and osteocalcin expression in [137]
evaporation osteoblasts; formation of mineralized nodules

Liposomes Phospholipids mixture Bone In vivo increased de novo bone formation and [138]
in organic solvent and bone-to-implant integration; increased transition
extrusion M1-to-M2 phenotype

Liposomes Thin-film hydration Skin In vitro efficient drug delivery; no cytotoxicity; [139]

cell proliferation and migration; in vivo reduced
inflammation; increased re-epithelialization;
collagen deposition and angiogenesis

Dendrimers Hydrothermal synthesis Bone In vitro increased proliferation and migration [140]
of nanoceria and ability of MSCs; upregulation of genes associated
conjugation with to cell growth, migration, osteogenesis, and ROS
dendrimers metabolism; in vivo implant integration and

effective bone regeneration

Dendrimers Mixture of GelMA and Cartilage In vitro biocompatibility; promotion of cartilage [141]
methacrylic regeneration by ASCs; in vivo articular cartilage
anhydride-modified defect repair
poly(amidoamine)

Polymeric micelles Nanoprecipitation Bone Cytocompatibility; tunable and continued drug [142]

release

Polymeric micelles Solid dispersion Skin In vitro controlled and sustained drug release; [143]

cytocompatibility; in vivo biocompatibility;
enhanced cell migration and proliferation

Nanofibers Electrospinning Bone Biocompatibility; proliferation of hASCs; [144]
increased levels of ALP, osteocalcin and
osteopontin

Nanofibers Electrospinning Bone Increased cell adhesion, enhanced ALP activity; [145]

upregulation of osteopontin, Col-1 and BMP-2
Nanofibers Electrospinning Bone Increased ALP activity; enhanced cell—cell [146]
interaction and calcium content; biocompatibility
Nanofibers Electrospinning Bone Recruitment of BMSCs; induction of BMCs [147]
differentiation to chondrocytes and osteoblasts
with enhanced related gene expression; in vivo
cartilage and new bone formation
Nanofibers Electrospinning Cartilage Improved mechanical properties; drug sustained [148]
release; in vitro BMSCs proliferation; in vitro and
in vivo enhanced chondrogenesis and promotion
of neocartilage formation

systemically administered. Xiao et al developed a composite adhesive GelMA system loaded with lipo-
somes carrying this molecule for local administration. The authors observed a reduction of osteoblasts’
apoptosis in the presence of induced oxidative stress and near the implant in animal models [149].

A 3D scaffold has been designed to carry liposomes of a cholesterol analogue together with
smoothened agonist as a drug, for stimulating the Hedgehog pathway, fundamental for the release of
signals promoting bone regeneration. In vitro experiments demonstrated that bone marrow stromal cells
underwent osteogenic differentiation and in vivo research showed successful calvarial bone healing [150].
Minhua et al have fabricated liposomes loaded with scutellarin. The authors showed that osteoblasts
expressed increased levels of alkaline phosphatase and osteocalcin and formed mineralized nodules
in vitro [137].

Immune cells are the main players involved in the response to a biomaterial implant into a liv-
ing tissue. Macrophages polarize into M1 pro-inflammatory or M2 anti-inflammatory phenotypes and
are essential in determining its fate through a foreign body reaction, leading to integration and tissue
repair. Strategies for immunomodulation and for inducing macrophage pro-healing response are at the
top of the current research in the field. In a recent work, multilayered liposomes composed of artificial
apoptotic cell mimetics phosphatidylserine induced an M1 to M2 transition and, upon their integra-
tion into titanium implants, helped in promoting bone regeneration. In a rat model of femur implanta-
tion, the formation of new bone tissue and successful promotion of M2 macrophage polarization were
observed [138].
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Much research on the use of liposomes has been performed also in the field of wound healing, based
on the encapsulation of natural therapeutic molecules. Across these studies the liposome serves as a
common platform to stabilize and locally deliver otherwise poorly bioavailable cargoes, consistently
yielding faster re-epithelialization, reduced inflammation and increased angiogenesis in rodent wound
models [139, 151-154].

For instance, highly hydrophilic madecassoside has been loaded into liposomes optimized for topi-
cal administration. The formulation excellently performed in vivo in rat models showing a good healing
potential [151]. Similarly, in a rat model of open skin ulcers, liposomes carrying curcumin were applied
together with adipose tissue-derived stem cells demonstrating efficient wound healing [152]. More
recently, PEGylated liposomes encapsulating the antioxidant compound oleuropein improved wound
healing capacity with respect to not-modified liposomes, as proven by scratch assay [153]. A liposo-
mal formulation of the chemokine stromal cell-derived factor-1 alpha released from hydrogels demon-
strated efficient in promoting skin regeneration. Pro-healing M2 macrophages were recruited at the site
of the open wound in mouse models and increased dermal angiogenesis was appreciable [154]. Kiani
et al developed a system for PEGylated liposomal delivery of microRNA-21 and simvastatin. The nano-
material presented a high efficiency of encapsulation and cellular uptake. I vivo experiments showed a
fast re-epithelialization, wound closure, and a consistent reduction in inflammation [139].

As mentioned before, the treatment of infections arising from tissue damage is one of the major
concerns in wound healing. We report here a work exploiting the use of liposomes as drug delivery
agents able to promote tissue regeneration in vivo. A hydrogel loaded with liposomes carrying berber-
ine hydrochloride for evaluation on wound tissue in mice was prepared. Notably, inflammation was
reduced by acting as an antimicrobial agent, and efficient dermis regeneration was obtained. Moreover,
treated samples showed a continuous migration of keratinocytes from the dermis to the epidermis, thus
suggesting an active role of the drug in promoting physiological regeneration. Liposomes showed to be
biocompatible and reduced inflammation normally induced in the organism by the administration of
drugs, thanks to the efficient delivery of berberine hydrochloride and high affinity to cell membranes.
Finally, enhanced angiogenesis was observed with increased secretion of VEGF (figure 8) [155]. A versa-
tile tool constituted by polymyxin B targeted liposomal photosensitizers for photodynamic therapy has
been developed. It acted against multidrug-resistant A. baumannii burn infections by disrupting its mem-
brane and increasing ROS. This approach worked also in vivo, efficiently stimulating tissue regeneration
by modulating the polarization phenotype of macrophages [156].

Concerning the most recent application of liposomal formulations to cartilage tissue repair, we report
here two studies. In the first one, the authors developed liposomes composed of phospholipids or cov-
ered by macrophage membrane proteins that were intravenously administered in mouse models of post-
traumatic osteoarthritis showing a localization at the site of injury and presenting an immunomodu-
latory effect on infiltrating immune cells [157]. The second one reports an innovative multifunctional
hybrid system developed by Kryuchkova et al composed of i) a matrix of spider silk, ii) a coating of fer-
romagnetic NPs for drug release upon a thermal trigger given by exposure to alternating magnetic fields,
and iii) liposomes as drug carriers. The study demonstrated a high potential for cartilage regeneration
because of the perfect match between the biocompatible physiological and mechanical properties of the
biomaterials and the system for controlled drug release upon specific external stimuli [158].

From the reported research, we can conclude that liposomes have been successfully applied for
inducing cell differentiation and tissue repair, for encapsulating and delivering a plethora of natural ther-
apeutic molecules and drugs, for promoting anti-inflammatory responses and as components of multi-
functional devices.

11. Dendrimers

Dendrimers are ordered branched polymers that can be exploited to bind multiple ligands on their pro-
truding arms improving their bioavailability while giving necessary protection until they reach their
target site [159]. An innovative material composed of BCP NPs and dendrimers presenting phospho-
serine, known to stimulate mineralization and differentiation of stem cells toward bone tissue, has been
employed in vitro and injected in vivo in an osteoporotic model, demonstrating successful integration
and bone regeneration [160]. An interesting approach for promoting bone regeneration is based on

the use of functionalized composite hydrogels combining the biocompatibility of the biomaterial with
the mechanical properties given by the incorporated dendrimers. A recent study reported the benefi-
cial application of a GelMA hydrogel combined with dendrimer (G3)-functionalized nanoceria. MSCs
adhered and proliferated showing an increased capacity to migrate and were able to survive oxidative
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Figure 8. Evaluation of wound healing by H&E and Masson staining of wound tissues of different groups (Scale bar = 200 pxm)
(A). Immunofluorescence staining of CK14 (red) for the wounds at days 14 (Scale bar = 200 pum), cells were stained with

CK14 and nuclei were re-stained with blue DAPI (B). Immunofluorescence staining of F4/80 (green) and VEGF (red) for

the wounds at day 14 (Scale bar = 100 pm) (C). Quantification of the length of the new leather layer of the wound (***p,

**p < 0.01, *p < 0.05 when compared with the model group, ##p < 0.01, #p < 0.05 when compared with the BH-Lip gel group,
n = 6/group) (D). Maturity of collagen fibers in different groups (***p, **p < 0.01, *p < 0.05 when compared with the model
group, ##p < 0.01 when compared with the BH-Lip gel group, n = 6/group) (E). Quantification of F4/80 fluorescence inten-
sity (***p < 0.01, *p < 0.05 when compared with the model group, ###p < 0.01, #p < 0.05 when compared with the BH-Lip
gel group, n = 6/group) (F). Quantification of VEGF fluorescence intensity (***p, **p < 0.01 when compared with the model
group, ##p < 0.01 when compared with the BH-lip gel group, n = 6/group) (G). BH, berberine; lip, liposome. Reproduced from
[155]. CC BY 4.0.

stress thanks to the scavenging properties of nanoceria. Upon implantation, a very low inflammatory
response was induced, and bone regeneration was shown to be effective in a rat model of bone defect
[140]. A recent example of PEG-based hydrogel modified with dendrimer-like poly-lysine has been
reported as a scaffold for promoting osteogenesis. Human BMSCs were able to differentiate and secrete
BMP-2 [161].

Dendrimers have been successfully applied also to wound healing. Zhu et al have reported the
development of a L-Arginine-rich amphiphilic dendritic peptide, acting as a nitric oxide donor favor-
ing angiogenesis and epithelialization, and facilitating bacterial infection elimination in combina-
tion with photodynamic therapy thanks to the presence of the photosensitizer chlorin e6 [162]. An
injectable GeIMA hydrogel scaffold has been produced and loaded with methacrylic anhydride-modified
poly(amidoamine) as a stem cell delivery system for the induction of chondrogenic differentiation for
cartilage repair. ASCs were encapsulated proving the scaffold’s biocompatibility and ability to promote
cartilage regeneration in vitro and in vivo [141].
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12. Polymeric micelles

Polymeric micelles are constituted by the self-assembly of amphiphilic block copolymers in water

and present a stable structure able to encapsulate hydrophobic and hydrophilic drugs [163], such as
chemotherapeutics, reducing their heavy side effects while enhancing their pharmaceutical properties
[164]. An example of PLA-PEG-PLA polymeric micelles loaded with the hydrophobic drug simvas-

tatin for promoting osteogenesis has been reported by Cisneros et al. The NPs have been mixed with
N-methacryloyl chitosan and PEG dimethacrylate for fabricating a hydrogel. Sustained release of the
molecule over a 17 week time frame was observed confirming its potential clinical application [142].
Biodegradable polymeric micelles composed of methoxy-poly(ethylene glycol)-di-hexyl-substituted-
poly(lactic acid) have been developed for carrying the mineralocorticoid receptor antagonist spironolac-
tone. This molecule is used to block the off-target effects of treatment with glucocorticoids that impair
efficient cutaneous wound healing. The NPs accumulated and preferentially delivered the drug to the
epidermis and upper dermis [165]. Great relevance in skin tissue engineering is devoted to stimulating
chronic wound repair, for instance in diabetic patients. In particular, the development of multifunctional
hydrogels is on top of the strategies in this field. Curcumin micelles have been fabricated and loaded
into an injectable chitosan-carboxymethyl cellulose-g-Pluronic F127 hydrogel to obtain a controlled
release of the molecule while promoting wound healing. The profile of release and biocompatibility were
evaluated in vitro on fibroblast cell lines and in vivo in diabetes rat models upon subcutaneous injec-
tion. The composite induced efficient cell migration and proliferation together with the delivery of cur-
cumin, a well-known natural compound involved in angiogenesis, collagen deposition, and antioxidant
activities [143].

A novel field of interest in tissue engineering is based on the design of gels with self-assembling abil-
ities. Self-assembly of P311 peptide micelles and diblock copolymer poly (ethylene glycol)-block-poly
(propylene sulfide) successfully promoted epidermal cell migration and efficiently reduced ROS pres-
ence. Moreover, the nanomaterials were proven to accelerate diabetic wound healing and new tissue
formation [166]. A carrier composed of amphiphilic polyurethane (PU) has been designed to obtain an
efficient and reversible self-assembly into micelles in aqueous medium. A triple-charged peptide, com-
monly found in human collagen type IV and displaying self-assembly properties, was added to the PU
solution. The strong interactions promoted the formation of a gel carrier, and the properties of the com-
plex were then investigated. It presented a reversible sol-gel transition at physiological temperature, thus
proving to be a versatile material with great potential for in situ applications in tissue regeneration [167].

Summarizing the findings reported concerning dendrimers and polymeric micelles, thanks to their
high biocompatibility, biodegradability, and versatility have been specifically functionalized for stim-
ulating tissue regeneration, for delivering molecules in vitro and in vivo, and for reducing possible
pharmaceutical-related side effects while providing sustained release of drugs.

13. Nanofibers in tissue engineering

Nanofibers are very versatile biomaterials suitable for scaffold fabrication because of their high surface-
to-volume ratio, porosity, and ability to mimic the tissue microenvironment in terms of morphology.
They are typically composed of natural (e.g. collagen, gelatin, chitosan, and alginate) or synthetic poly-
mers. The latter present a plethora of advantages, among which are low immunogenicity, biodegrad-
ability, low costs of production, high versatility in terms of mechanical properties, and easy tuning of
degradation rates [168]. Commonly, PLA, PGA, PCL, PU, PVA, and poly- (ethylene oxide) (PEO) are
used. Nanofibers can be produced by phase separation self-assembly and electrospinning. With the sec-
ond technique, the polymeric solution is subjected to an electrostatic force beyond its surface tension
under applied voltage. Upon ejection, the solution undergoes multiple stretching and splitting, creating
nanoscale fibers upon solvent evaporation [169].

Some of the most important properties of these nanomaterials, related to the field of tissue regen-
eration, are the possibility of tuning their (i) spatial orientation, (ii) stiffness, and (iii) size for obtain-
ing specific cell orientation, differentiation, and morphology. Moreover, they can be functional-
ized with active molecules, such as growth factors and ECM proteins to better control cell behavior
[170]. To reduce the hydrophobicity of nanofibers and promote cell attachment, specific incorpora-
tion of hydrophilic materials, such as PEG [171], or treatment of scaffold surfaces with plasma can be
used [172].

Bones are composed of organic and inorganic materials and present a structure consisting of
collagen-mineralized fibrils coated by hydroxyapatite. To efficiently regenerate this tissue, scaffolds
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mimicking the physiological ECM must be designed. For bone, electrospun nanofiber scaffolds have fol-
lowed three complementary design routes. Specifically, core—shell architectures that deliver osteogenic
growth factors in a sustained or sequential manner [173-176], the incorporation of bioactive or antiox-
idant nanofillers (such as calcium silicate, hydroxyapatite nanowires, montmorillonite or MgO/g-C3N4)
to add osteoinductivity, mechanical reinforcement and ROS scavenging [144-146, 177, 178], and finally
the engineering of aligned, channeled or multilayered geometries that recruit and guide marrow-derived
stem cells toward the defect [147].

Core-shell nanofibers have been loaded with multiple growth factors for promoting bone regen-
eration, among which are platelet-rich plasma [173], BMP-2, and dexamethasone [174]. Core-shell
silk fibroin/PCL/polyvinyl alcohol nanofibrous mats have been proven to stimulate bone regeneration
by releasing connective tissue growth factor and regulating the release of BMP-2 [175], essential for
bone regeneration [179]. Core—shell silk fibroin/poly (L-lactide-co-e-caprolactone) (PLCL), carrying
an osteogenic peptide and hydroxyapatite, promoted differentiation into osteoblasts of human-induced
pluripotent stem cell-derived MSCs and proved to be effective in bone regeneration in vivo [176].

The accumulation of ROS in the presence of bone defects is one of the main challenges that pre-
vent a fast osteogenesis process. Therefore, strategies for producing scaffolds carrying antioxidant
molecules together with nanomaterials responsible for providing mechanical strength and controlled
drug release have been implemented. One research reported the development of nanofibers com-
posed of PLA/organophilic montmorillonite/resveratrol. In vitro, experiments showed biocompatibility
towards human adipose MSCs together with efficient free radicals scavenging activity and pro-osteogenic
stimulation [144]. Recently, it has been reported the design and fabrication of sandwich mesh structures
by electrospinning carrying naringenin and vitamin K2 that synergistically stimulated osteogenesis, as
assessed by in vitro experiments [177]. An electrospun PLLA nanofiber scaffold integrated with calcium
silicate nanowires, facilitated cell adhesion and activation of osteopontin, collagen I, and BMP-2 gene
expression [145].

GelMA cryogel microspheres integrated with hydroxyapatite nanowires and calcium silicate
nanofibers presented a microstructured porous conformation and a rough surface, greatly enhancing cell
biocompatibility and injectability, showing osteogenesis and bone regeneration in vivo [178]. A work by
Danagody et al demonstrated the prominent role of surface topography in obtaining physiological cell
growth and activity. A nanofibrous membrane constituted of polyacrylonitrile (PAN)/PEG and incor-
porated with MgO/gC;N, induced tissue healing and bone regeneration in vitro [146]. In the presence
of long bone defects, it is essential to provide scaffolds able to support the BMSCs confined inside the
bone marrow, for obtaining efficient damage repair. A 3D vertically aligned nanofiber scaffold presenting
long channels and large pores has been developed for recruiting stem cells from the bone cavity. Upon
implantation, BMSCs differentiated into chondrocytes and osteoblasts, favoring bone regeneration [147].

Scaffolds composed of nanofibers have also been used for wound healing, acting as skin substitutes
[180]. Hyaluronic acid-silk fibroin/zinc oxide nanofibers successfully promoted wound regeneration
while suppressing any undesired inflammatory response [181]. Chitosan-PCL/PVA-melatonin/chitosan-
polycaprolactone three-layer nanofiber wound dressing was fabricated by electrospinning and its effects
in the regeneration of the epithelial layer together with the remodeling of wounds, collagen deposition,
and decreased inflammation were evaluated in vivo [182]. Notably, other types of nanofiber dressings
have been produced (i) containing berberine as an antibacterial molecule [183], (ii) as bilayers with ker-
atin and vascular endothelial growth factor [184], and iii) composed of gelatin and Astragalus polysac-
charides for joint wound healing [185].

An innovative study demonstrated the feasibility of creating methacrylamide chitosan/PCL nanofibers
delivering tannic acid as an inhibitor of microorganisms’ proliferation and promoter of wound heal-
ing, and curcumin, at a later stage, for relieving inflammation and promoting dermal tissue matura-
tion in vivo [186]. The use of nanofibrous membranes composed of recombinant spider silk protein and
PLCL allowed to obtain scaffolds with ideal properties for skin regeneration, such as higher hydrophilic-
ity and enhanced mechanical, and thermal properties. This nanomaterial efficiently delivered human
epidermal growth factor to cultured mouse fibroblasts [187]. Another material widely used in tissue
regeneration, silk fibroin, has been integrated into electrospun nanofibers, showing improved tensile
strength, Young’s modulus, swelling capability, and thermal stability. Upon addition of deferoxamine and
ciprofloxacin, high antibacterial activity was observed together with enhanced wound healing [188].

A research by Liu et al showed a new strategy for cartilage regeneration, by designing a nanofiber
composite microchannel-containing injectable hydrogel. These scaffolds were constituted of thermosen-
sitive gelatin microrods, for forming pores, and PLA/gelatin fibers carrying kartogenin, a small molecule

20



10P Publishing

Nano Futures 10 (2026) 032001 C Martinelli et al

T

Functionalization
and cargo delivery *

Liposomes

==
-

/-
1/
ROS fi tio
2 ‘ v 'x‘\ S Bone Cartilage
Dendrimers ‘\\\_
Alternating magnetic field

i i ¢

Photosensitizer

Polymeric Micelles w \/\/\/

ROS scavenging

—»%‘_

Skin Blood vessels

[ Organic Nanomaterials [ Mechanisms of action ]

Figure 9. Overview of the main organic nanomaterials investigated in nanomedicine and employed in tissue engineering. The
main mechanisms of action are indicated, together with the targeted organs.

that emerged as a promising agent for cartilage regeneration. The structure efficiently supported the pro-
liferation of BMSCs and promoted the formation of novel tissue in a rabbit model of cartilage defect
[148].

Although nanofiber scaffold design has been improved in recent years, however, some more studies
are needed to reduce the costs and the time-consuming preparation protocols and to increase scaffold
porosity, which is essential not only for giving mechanical support to cell growth and proliferation but
also to allow oxygen and nutrients diffusion and waste products excretion. Further work will be required
in the future to optimally combine all these factors.

Summarizing the reported findings, nanofibers, thanks to their physical properties, have been applied
for modulating cell spatial orientation and differentiation. Upon functionalization with growth factors,
specific molecules, and drugs they have been exploited for facilitating cell adhesion, promoting prolif-
eration, and for obtaining antioxidant and antibacterial activities. Moreover, 3D scaffolds composed of
aligned nanofibers have demonstrated highly efficient in recruiting stem cells, contributing to specific
tissue regeneration.

In conclusion, organic NPs are efficient agents for transporting growth factors, drugs, and bioactive
molecules and ligands, improving their bioavailability, while providing sustained and controlled release
upon specific triggers. Moreover, they have been applied as systems for spatially orienting cells, giving
mechanical support and inducing a controlled cell behavior (figure 9). Future efforts will be devoted to
improving their fabrication protocols in a timely and cost-effective manner, making the most of their
properties for optimally supporting tissue regeneration, and for adhering to the regulations required for
their clinical translation.

A summary of the main applications of inorganic and organic nanomaterials in tissue engineering is
reported in figures 10 and a comparative analysis between the two categories in terms of performance,
toxicity profile, cost level, scalability and main advantages versus limitations is reported in table 3. As it
can be seen, metal NPs exhibit strong antimicrobial properties, making them highly effective in biomed-
ical applications. However, their relatively high toxicity and cost, particularly for noble metals, limit a
large-scale implementation. Magnetic NPs show excellent scalability and low toxicity, offering promis-
ing opportunities for targeted delivery and industrial processes. Cerium oxide NPs present unique
redox-switching ability and antioxidant behavior, although their safety profile remains dependent on
the synthesis conditions and dosage. Calcium phosphate-based NPs display high biocompatibility and
biodegradability, making them particularly suitable for biomedical applications. Carbon-based NPs pro-
vide high adsorption capacity and multifunctionality but face concerns regarding toxicity and regula-
tory approval. Among organic nanocarriers, liposomes, dendrimers, polymeric micelles, and nanofibers
demonstrate excellent potential for drug delivery and regenerative medicine. Liposomes present strong
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Figure 10. Overview of the main applications of inorganic (left) and organic (right) nanomaterials employed in tissue
engineering.

clinical maturity and biocompatibility, whereas dendrimers provide highly controlled and targeted deliv-
ery at the expense of higher production costs. Finally, polymeric micelles and nanofibers combine good
scalability with low toxicity, although stability and application range can be limiting factors.

Importantly, long-term toxicity, biodistribution, and clearance are key factors to be considered for
the clinical translation of both inorganic and organic NPs. Biodistribution is mainly determined by the
physicochemical properties of the nanomaterial, such as size, surface charge, shape, and functionalization
[189, 190]. Inorganic NPs such as gold and iron oxide often exhibit strong tissue retention because of
their low biodegradability, raising concerns about their potential long-term accumulation and chronic
toxicity, including oxidative stress and inflammatory responses [191, 192]. Concerning organic NPs,
such as liposomes and polymeric systems, they are generally more biodegradable, enabling enzymatic
or hydrolytic degradation into nontoxic byproducts, which improves their safety profiles but may limit
long-term stability and sustained delivery applications. Clearance pathways strongly depend on NP size:
if below 5-6 nm, they can undergo renal excretion, whereas larger ones are predominantly cleared via
hepatobiliary routes and sequestered in the liver and spleen [193]. Importantly, protein corona formation
in biological fluids can significantly alter NPs, affecting both biodistribution and immune recognition.
One of the main challenges that remain open in the view of NP clinical translation is finding the opti-
mal balance between prolonged circulation for therapeutic efficacy and efficient clearance to minimize
long-term toxicity, in other words the possibility to combine controlled degradation with optimized tar-
geting properties. It must be considered that the interaction between nanomaterials and cells is governed
by complex molecular mechanisms that begin when NPs are exposed to biological fluids inside our body
and continue through cellular uptake and intracellular processing. Initially, the rapid adsorption of pro-
teins onto the NP surface modulates its recognition by cell-surface receptors [194]. This step influences
successive uptake pathways, such as clathrin-mediated endocytosis, caveolae-dependent internalization,
macropinocytosis, and phagocytosis, that strongly depend on particle size, shape, and surface chemistry
[189]. Receptor-mediated interactions are particularly important for uptake by immune cells, such as
macrophages, while electrostatic interactions between positively charged NPs and negatively charged
cell membranes contribute further to their internalization. Successively, NPs are directed to the endo-
lysosomal compartments, where acidic pH and enzymatic activity may trigger degradation for organic
systems or promote persistence for inorganic materials. Once inside the cell, NPs can activate oxidative
stress pathways via ROS generation, leading to mitochondrial dysfunction and activation of signaling
cascades such as NF-xB, or they may trigger inflammasome activation, contributing to inflammatory
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Table 3. Comparative analysis between inorganic and organic nanoparticles applied to tissue engineering.

Nanoparticle Performance Toxicity profile Cost level Scalability Key advantages Main limitations

Metal NPs Strong antimicrobial and Moderate-high (ion release, High (noble metals) Moderate Exceptional reactivity, Aggregation, instability,
redox behavior ROS generation; Ag highest strong antimicrobial effects, cost (noble metals)

risk) versatile chemistry

Magnetic NPs High in enhancing Low-moderate (generally Low Very high Magnetic recovery, Aggregation, instability
mechanical properties of biocompatible iron biomedical safety,
biomaterials, drug release metabolism) industrial maturity

Cerium oxide High redox switching Context-dependent Moderate-high (rare earth Moderate Unique ROS modulation, Complex safety profile,
(Ce*t/CetT), (low-moderate; dose and dependency) strong biomedical potential sensitive to synthesis
antioxidant/pro-oxidant coating dependent) conditions
activity

Calcium Moderate performance Very low (biomimetic, Low Very high Excellent biocompatibility, Weak functional versatility

phosphate-based (drug delivery, bone biodegradable) natural degradation beyond biomedicine

NPs regeneration) pathways

Carbon-based High adsorption capacity, Variable (low-high High (graphene/CNTs) High High surface area, Toxicity uncertainty,

NPs

Liposomes

Dendrimers

Polymeric

micelles

Nanofibers

tunable surface chemistry

High efficiency in
encapsulating drugs, strong
clinical translation, and
controlled release

Very high precision
delivery, multivalent
surface functionalization.
controlled/triggered release
High solubilization of
hydrophobic drugs,
stimuli-responsive release,
efficient tumor penetration
High surface area for local
drug delivery, tissue
engineering, wound healing

depending on structure and
functionalization)

Very low (biomimetic
phospholipid composition)

Low-moderate (surface
charge-dependent
cytotoxicity)

Low-moderate (depends on
polymer composition)

Very low (depends on
polymer used, often
biodegradable)

Moderate-high
(phospholipids, sterility,
stability requirements)
High (multi-step synthesis,

purification complexity)

Low-moderate

Low-moderate

High (industrialized,
several FDA-approved
systems)

Moderate (synthetic
complexity limits scale-up)

Moderate-high
(self-assembly scalable but
stability issues)

High (electrospinning
scalable industrially)

multifunctionality, strong
environmental applications
Excellent biocompatibility,
clinical maturity, flexible
loading

High drug loading control,
gene delivery efficiency,
imaging multifunctionality

Small size, high tumor
penetration, responsive
release systems

Structural mimicry of
ECM, localized sustained
release, regenerative
medicine applications

structural variability,
regulatory concerns

Poor physical stability,
leakage, oxidation, storage
constraints

Cytotoxicity (cationic
surfaces), cost, regulatory
barriers

Dilution instability, burst
release risk

Limited systemic delivery,
mostly implant/local
applications
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responses [192, 195]. Overall, these mechanisms determine cellular fate, nanomaterials toxicity, and ther-
apeutic efficacy, thus their understanding is essential for designing safe nanomaterials for biomedical
applications.

As mentioned above, the physicochemical properties of nanomaterials, particularly size, shape, and
surface chemistry, quantitatively determine their biological fate and functional outcomes. Size is one
of the strongest factors: particles below approximately 10 nm often show rapid renal clearance with
circulation half-lives in the order of minutes to hours, whereas particles in the 20-100 nm range typ-
ically exhibit maximal tumor accumulation via the enhanced permeability and retention effect, with
uptake efficiencies varying by more than an order of magnitude depending on tumor type and vascu-
lar permeability [193]. Above approximately 200 nm, sequestration by the mononuclear phagocyte sys-
tem increases, with liver and spleen uptake often exceeding 60%—-80% of injected dose in vivo. Shape
also influences these outcomes with nanorods, nanowires, and nanotubes showing prolonged circula-
tion and reduced phagocytic uptake compared to spherical particles of equivalent volume, while discoidal
particles may increase endothelial interaction probability by several folds under flow conditions [196].
Concerning surface chemistry, PEGylation can extend blood half-life from minutes to many hours by
reducing opsonin adsorption by up to 90%, while positively charged surfaces can increase cellular uptake
rates but also raise nonspecific protein binding and cytotoxicity [189]. In conclusion, all these parame-
ters interact, and even small physicochemical modifications can lead to significant differences in biodis-
tribution, clearance half-life, and target-site accumulation of nanomaterials, determining their potential
for clinical translation.

14. Microstructures

Microscaffolds are essential tools for the success of tissue engineering. They provide a surface for cells
to attach, grow, and in some cases differentiate into committed cells or in others to maintain their
stem fate. They also help to preserve or recreate the shape of the final tissue structure. To be effective,
microscaffolds design for in vitro or in vivo tissue engineering must meet specific biological and struc-
tural criteria in terms of biocompatibility [197, 198], pore size [199-201], degradability [202, 203], and
optical [204, 205], and mechanical properties [206-210].

Their microfabrication for biological applications can be grossly divided into two main approaches: i)
top—down and ii) bottom—up technologies.

15. Top—down microscaffold fabrication approaches

Top—down fabrication technology in the context of tissue engineering refers to a strategy where large
structures are shaped or subtractive patterned to create small ones. This approach is often used to cre-
ate complex 3D tissue structures (table 4). The process involves the use of external forces or stimuli to
manipulate biomaterials into desired patterns. These external forces can be physical, chemical, or bio-
logical. For instance, physical forces could include mechanical pressure, electrical fields, or light beam,
chemical stimuli could involve pH or temperature changes, and biological stimuli might include the
presence of certain drugs or enzymes. We can also find stimuli such as light, magnetism, or acoustic
waves, to pattern biomaterials and cells within a single construct. Examples include laser microma-
chining, 3D photopatterning, pattern-guided electrospinning and other types of coupled micropattern-
ing (like magnetic assembly or acoustic patterning coupled with bioprinting). Patterns that are created
through this fabrication approach try to mimic the complex architecture of natural tissues, which often
have intricate 3D structures.

15.1. Photopatterning

Photopatterning can be used to manage (i) the cross-linking of synthetic, natural, organic, or even
organic/inorganic polymers, (ii) the degradation of hydrogels, or to control the display and release of
biochemical signals like adhesive patterns and growth factors (figure 11(a)). By combining elements that
respond to different light wavelengths, it is possible to fine-tune multiple parameters within a single sys-
tem, enabling the creation of intricate patterns. Photopatterning of large surfaces can be achieved by
using a photomask to selectively light up areas of a sample. While this method is better suited for pat-
terning on a 2D surface, it can also be exploited to create 3D structures by employing a layer-by-layer
approach. 3D patterning can be achieved by using more complex techniques like interference, or two-
photon lithography which can create an environment with a scale down to the cellular level. In the last
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Table 4. Top—down fabrication approaches applied to tissue engineering.

C Martinelli et al

Top—down approaches

Description

Targeted organ

Detailed applications Ref.

Photopatterning and
Two-photon
polymerization

A technique that uses
light to control material
cross-linking,
degradation, or
functionalization in 3D

Vascular system /skin
/bone /cartilage

- Creating 3D channels and [202, 203, 211-224]
pores for tissue engineering

- Patterning of biochemical

cues to guide cell migration

and differentiation

- Optogenetics to control

signaling pathways and cell

fate

Laser micromachining

A process that uses a
focused laser beam to
remove material from a
bulk material at a
microscopic scale. The
laser ablates, melts, or
modifies the material to
create desired patterns,
holes, or structures.
Different laser types and
pulse durations offer
varying levels of
precision and thermal
effects, allowing for
processing of a wide
range of materials from
hard and brittle ceramics
to soft polymers.

Vascular system /
skin/nerve

- Creating micro and nano [225, 226]
holes in various materials (e.g.
catheters, stents)

- Cutting thin materials

- Creating patterning for
modulating material
properties like hydrophobicity
or adhesion

- Selectively removing or
patterning thin layers

- Creating 3D micro scaffolds
through layer-by-layer ablation
or by combining with other
techniques

10 years, 3D patterning has been largely and easily achieved through two-photon polymerization (2PP).
2PP is a direct laser writing technique that promotes the curing of a photosensitive material inducing
radical reactions between chain precursor and photo-initiator molecules. This method implies the focus-
ing of the light into a point, allowing it to act on molecular bonds into both solid and liquid bulk mate-
rials. One of the advantages of two-photon patterning is that the rate of absorption into a material (i.e.
photoresist) relies on a nonlinear dependence, being proportional to the incident light intensity squared
times the number of reactive molecules in the material cross-section. Therefore, being inversely propor-
tional to the area, the greatest density of excited molecules arises in the highly focused regions only, gen-
erating features with a resolution lower than the Rayleigh—Abbe diffraction limit (100 nm for scaffolds
and recently, down to 22 nm for a single feature) [206-210, 212, 213]. The choice of the photosensitive
material is crucial for the performance and functionality of the fabricated structures [203, 209, 216, 227].
Different materials that can be polymerized, or in the case of the top—down approaches degraded, in 2PP
include organic photopolymers, such as acrylates, commercial IP-series, stimuli-responsive materials for
4D printing, hydrogels, epoxy, hybrid polymers, such as metallic containing materials, inorganic dielec-
tric materials, and emitting materials [217-220].

15.2. Photodegradation
Between the physical methods that exploit two-photon absorption, we can mention as top—down
approach the photodegradation. This technique uses light-sensitive moieties, such as ortho-nitrobenzyl
or coumarin, to break bonds and degrade hydrogel structures, creating channels or pores that can be
used for microchannels [202, 228]. Photocoupling is another light patterning technique that uses light to
activate functional groups, such as thiols or amines, that can react with biomolecules, such as peptides
or proteins, to pattern them within the hydrogel [229].

15.3. Laser micromachining
Laser micromachining is a top—down microfabrication technique that employs highly focused laser
beams usually in the form of ultrafast (down to femtosecond) pulses, to remove material with nano-
metric precision. In the biomedical scenarios, this approach is used to create complex microstructures
in biocompatible materials as metals, polymers or ceramics commonly employed to realize implantable
devices, microfluidic systems, and tissue scaffolds. Due to the nonlinearity of the process, any thermal

25



10P Publishing

Nano Futures 10 (2026) 032001 C Martinelli et al

damage is minimized, preserving the integrity of the material. Laser micromachining in the biomedi-

cal scenario has been used so far to produce texturized implant surfaces to improve osseointegration by
creating biomimetic roughness on metallic implants, microfluidic channels, usually realized in fused-
silica glasses or polymers for point-of-care diagnostics and lab-on-a-chip devices, or to create trenches or
microneedles [225, 226].

In summary, top—down fabrication technology is a powerful tool that allows for the creation of
complex 3D tissue structures by precisely controlling the arrangement of cells and biomaterials. This
approach holds great promise for the development of engineered tissues that can replicate the structure
and function of natural tissues.

16. Bottom—up microscaffold fabrication approaches

To produce patterning inside a larger 3D build, bottom-up techniques rely on the controlled assembly of
small-scale elements at first. This can be accomplished by building small structures, such as spheroids or
microgels, or through 3D bioprinting. Examples include 3D bioprinting, photolithography, laser assisted

techniques, microfluidics, cell sheet technology, and self-assembly (table 5).

16.1. 3D bioprinting

In tissue engineering, 3D bioprinting is used to create biocompatible constructs in a wide range of mate-
rials. Some of the widely used methods for fabricating 3D scaffolds are inkjet, pressure-assisted, laser-
assisted bioprinting, and extrusion-based bioprinting (figure 11(e)—(e’)). These techniques have shown

a significant impact on cell adherence, proliferation, and differentiation in both in vitro and in vivo
studies. Additionally, 3D-printed constructs with growth factors enhance ECM production, collagen I
content, and glycosaminoglycan content for cell growth and bone formation. This technology can also
be employed to create individualized biological constructs for various tissues, including cartilage, vas-
cular grafts, skin, neural tissue, heart tissue, liver tissue, lung tissue, etc. The different bio-fabricating
approaches will result in different physical approaches. Inkjet-based bioprinting uses thermal or piezo-
electric actuators to generate droplets of biocompatible substances (bioink) onto a substrate [236]. It has
advantages such as high-throughput, high resolution (10-50 ;m), and high cell viability, but it requires
bioink to be in a liquid state and have appropriate viscosity [237-239, 275]. Laser-assisted bioprint-

ing uses continuous wavelengths (or femtosecond ones) to selectively crosslink bioinks onto a substrate
[241-244, 276], while pressure-assisted bioprinting uses pressure forces bioinks through nozzles to create
patterns (figure 11(e’)) [245-248].

16.2.2PP

The distinction between top—down and bottom—up fabrication approaches is peculiar, particularly when
discussing 2PP. When 2PP is employed to add or modify features on existing bulk material, it aligns with
the top—down approach, which typically involves the removal or addition of material to create structures.
Conversely, when 2PP is utilized to construct complex three-dimensional structures from the ground

up, one voxel at a time, it embodies the bottom—up approach. This method aims at building molecu-

lar Lego blocks, where each voxel represents a unit structure, and their sequential polymerization leads
to the formation of intricate scaffolds or constructs. The bottom—up approach allows for the creation of
microscaffolds with complex geometries and gradients of properties that mimic the natural ECM, facil-
itating cell attachment, proliferation, and differentiation. In contrast, the top—down approach using 2PP
might be more suited for applications where modifications to existing structures are needed, such as cre-
ating microfluidic channels within a bulk material or modifying the surface properties of a device for
enhanced functionality. This demonstrates the adaptability of 2PP as a fabrication technique, capable of
both subtractive and additive processes, and highlights the importance of defining the approach based on
the end goal of the fabrication process.

16.3. Electrospinning

Between the fabrication techniques, electrospinning is a highly versatile technique that allows the pro-
duction of ultrathin fibers with diameters as small as nanometers (figure 11(c)). This technique starts
with bulk fiber, which is then processed into nanostructures through the controlled application of elec-
tric forces. The process begins with a polymer solution or melt loaded into a spinneret. Then, an electric
field is applied, causing the polymer to form a charged jet that elongates and solidifies into nanofibers
as it travels to a collector. The resulting fibers can have various morphologies, including porous, hollow,
helical, aligned, multilayer, core—shell, and multichannel structures [230-235, 277].
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Table 5. Bottom—up fabrication approaches applied to tissue engineering.

Bottom—up approaches Description

Targeted organ

Detailed applications

Ref.

Two-photon polymerization A technique that uses light to control material

cross-linking in 3D

Bone /vascular system
/skin /cartilage /nerve

- Creating 3D scaffold for controlling cellular fate or for maintaining
cellular functionalities

[202, 203, 206, 209, 211-224,
227-229]

Electrospinning A technique to produce ultrathin fibers by using an
electric field that is normally labeled as bottom—up. The
process starts with a polymer solution or melt loaded
into a spinneret. An applied electric causes the polymer
to form a charged jet that elongates and solidifies into
nanofibers. When combined with patterned collectors
or masks, it can function as a top—down technique to

impose micro-organization onto fibers

Bone /skin vascular
system /Nerve

- Creating nanofibrous scaffolds that replicate the native extracellular
matrix in terms of composition and architecture

- Controlling drug delivery with loaded fibers

- Creating filtration or sterile membranes

[224, 230-235]

3| Inkjet bioprinting A method that precisely dispenses bioink onto the
target surface, utilizing thermal or piezoelectric

mechanisms to produce droplets

Bone /skin /cartilage
/vascular system
/ligament

- Creating biological constructs with a resolution ranging from 10 to

50 pm

- Fabricating various tissue types, including cartilage, vascular grafts, skin,
neural tissue, heart tissue, liver tissue, and lung tissue

- Contactless bioprinting for both hard and soft tissue regeneration

- Creating biocompatible constructs using a wide range of materials,
including bioinks loaded with cells, growth factors, drugs and other
bioactive molecules

(210, 218, 236-240]

Laser-assisted bioprinting A technique that uses a pulsed laser beam to transfer
biological material from a donor layer to a receiving

substrate

Bone /skin /cartilage
/vascular system
/ligament

- Depositing living cells and biomaterials to create functional tissues and
organs

- Creating and depositing in situ biocompatible constructs using a wide
range of materials, including bioinks loaded with cells, growth factors,
drugs and other bioactive molecules

- Producing skin constructs for wound healing and burn treatment

[232, 241-244]

Pressure-driven bioprinting A technique that combines a fluid-dispensing system
and an automated robotic system to extrude and print

bioink in continuous cylindrical lines

Bone /skin /cartilage
/vascular system
/ligament

- Creating 3D scaffold for tissue defect healing or for tissue replacement

- Creating organ-on-a-chip systems,

- Creating organoids,

- Employing high cell densities and highly viscous inks during bioprinting
processes

[245-250]

(Continued.)
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Table 5. (Continued.)

Bottom—up approaches Description Targeted organ Detailed applications Ref.
Microfluidics A technique that uses microscale channels and droplets Bone /skin /cartilage - Separating specific cell types from a mixture for diagnostics or [251-259]
to control the flow and mixing of cells and biomaterials therapeutics (cell sorting)
in the 3D environments - Creating gradient of biomolecules for studying cell migration
- Generating 3D structures with defined cell patterns or material gradients
- Developing microencapsulated 3D constructs with complex cell organoid
and tissue culture environments (with a control on the
microenvironmental cues)
Magnetism A technique that uses magnetic fields to manipulate the Vascular system - Patterning of cell aggregates and spheroids [260-262]
position and orientation of cells or particles in 3D /cartilage - Labeling of cells with magnetic nanoparticles for remote control
- Negative magnetophoresis to shuttle cells to low field regions
Acoustic patterning A technique that uses acoustic forces to modulate the Skin /cartilage /bone - Large-scale manipulation of cell aggregates [263-267]

distribution of cells or particles in 3D

- Precise single cell positioning and grouping
- Dynamic and programmable cell manipulation

Cell origami

A technique that uses stimuli-responsive biomaterials
and folding principles to create complex 3D cell
structures

Bone

- Producing intricate 3D microstructures, including micro-sized
containers and scaffolds for artificial tissues

- Creating 3D tissue constructs with complex geometries for regenerative
medicine and drug testing

[268, 269]

Cell sheet and self-assembly

A process that relies on the spontaneous organization of
molecules or cells into ordered structures

Skin /cartilage /bone

- Patterning cells to create functional in vitro tissue construct

- Creating exogenous material-free 3D microenvironments

- Creating thick (up to 0.5 mm in height) constructs for bone, cartilage,
and skin tissue engineering

[270-274]
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Figure 11. Top—-down and bottom—up technologies to realize 3D microscaffolds or 3D micro-architectures. (a) Two-dimensional
and three-dimensional photopatterning/photodegradation. Two-dimensional photopatterning is typically achieved using con-
tinuous wave (CW) ultraviolet (UV) light, which allows for the precise manipulation of polymer surfaces. On the other hand,
three-dimensional structuring within a polymer is facilitated by multiphoton illumination, a technique that enables the cre-
ation of complex shapes and patterns at a submicron scale. This method is not only used for the cross-linking or degradation

of polymer networks but also for the uncaging of bioactive molecules within the scaffold. (b) Acoustic patterning and magne-
tophoresis. Acoustic patterning employs sound waves (provided by emitters) to organize cells into a cohesive strategy for con-
structing complex tissue structures, while magnetophoresis utilizes static or modulated magnetic fields to manipulate particles
and living cells. The sketch likely illustrates the precise control over cell placement and alignment, which is crucial for replicating
the intricate architecture of natural tissues. (c) Electrospinning in action: sketched view of the electrospinning process, show-
ing the intricate formation of ultra-fine polymer fibers as they are drawn from a charged liquid droplet to create a nanoscale
fiber material. This innovative technique employs electric forces to produce fibers with tunable properties for tissue engineering
applications. (d) Cell origami is based on the principles of the ancient art of paper folding applied to cellular structures. This
technique utilizes the natural traction forces exerted by cells to induce the folding of specially designed microstructures into
three-dimensional shapes. The process involves the use of biocompatible materials to which cells can attach and manipulate. As
cells adhere to these substrates, their inherent traction forces (generated as they attempt to move) cause the flat, two-dimensional
surfaces to bend and fold along pre-determined creases, transforming into complex, three-dimensional forms. (e) Bioprinting
and 3D-printing processes. This process allows for the precise spatial arrangement of different materials or cell types dispersed
within a bioink. Motorized stages allow for positioning the printing head with a precision close to 100 nm. (e’) Pressure-driven
bioprinting utilizes pneumatic or mechanical forces to extrude biomaterials through a nozzle, allowing for the construction of
three-dimensional structures. Piezoelectric bioprinting, on the other hand, employs electric charges to control the deposition of
biomaterials, offering high-resolution printing capabilities. Inkjet Dropping allows for depositing droplets layer by layer to form
multilayered tissues. Lastly, two-photon bioprinting involves the use of laser-focused photons to solidify light-sensitive materials,
creating intricate structures with cellular-level detail.

29

C Martinelli et al




10P Publishing

Nano Futures 10 (2026) 032001 C Martinelli et al

16.4. Microfluidics

Microfluidics, the well-known in vitro category of devices, in recent years, has become an emerging bio-
printing branch, known as ‘organoid formation on a chip) that has the potential to create simple 3D
structures with specific cell patterns and mimic complex biophysical/biochemical parameters of 3D cellu-
lar/tissue microenvironments. Because of the micro-scaled geometries, high surface area to volume ratio,
dynamic fluid flow, and low reagent consumption, this technique has been applied to fabricate 3D con-
structs with cell-like functionalized micro-fibers hollow, complex micro-spheroids, gel microspheres, and
high-viscous inks (jammed gels) [251-259].

16.5. Magnetophoresis

Magnetophoresis can be used to pattern and create three-dimensional structures by using magnetic
forces to control the 3D location of cells. This technique does not directly physically move cells, making
it gentler than other methods, while it uses the interaction of intrinsically magnetic properties of certain
cells and external magnetic fields (figure 11(b)). There are two main types: positive and negative. In pos-
itive magnetophoresis, cells move towards stronger magnetic fields, while in negative magnetophoresis,
they move away. Positive magnetophoresis requires special magnetic cells, while negative magnetophore-
sis only needs a magnetic environment [260-262].

16.6. Acoustic wave techniques

In addition, surface acoustic wave techniques garnered significant attention in the field of tissue engi-
neering. This technique is a biocompatible, easily accessible, label-free, and non-invasive tool that has
gained prominence by enabling precise sorting, manipulation, cell patterning, and rapid spheroid forma-
tion (figure 11(b)) [263-267].

16.7. Cell-based technologies

Origami-based methods have emerged as effective strategies for creating 3D microstructures due to their
simplicity and efficiency compared to other top—down fabrication techniques (figure 11(d)). These meth-
ods have been utilized to develop various 3D cell-laden microstructures, including micro-containers and
scaffolds for artificial tissues. The folding process often relies on surface tension, stress-induced forces,
and hinge shrinkage triggered by external stimuli such as temperature and electrical/chemical signals.
Cells themselves can drive this folding through their natural contractile forces, known as cell traction
forces, facilitated by actomyosin interactions and actin polymerization. Patterning cells on microplates
allows them to stretch and adhere, leading to the self-folding of 3D structures. The advantage of cell
origami is its biocompatibility, as it does not require special materials for folding. This innovative tech-
nique holds significant potential for applications in tissue engineering, drug delivery, and other biomedi-
cal fields [269, 278].

Cell sheet and self-assembly fabrication techniques are two relatively mature scaffold-free tissue engi-
neering approaches that use cells as a biomaterial. The first method involves the creation of micrometric
sheets, which are layers of cells that can be used for composing complex tissue portions [270]. While
some research has suggested a more sophisticated approach [271], in which numerous cell types were
cocultured inside a single sheet, the most straightforward method of using cell sheets to create 3D tissues
is to stack monoculture cell sheets of distinct cell kinds layer by layer [272]. Instead, the latter method
relies on cells organizing themselves spontaneously, that is, without external direction or control, into an
equilibrium-preserving structural arrangement [273].

Nonetheless, the scaling up of both technologies for 3D tissue fabrication is still limited. Thick 3D
tissues cannot survive for very long time in vivo or in vitro due to inadequate nutrition and waste prod-
uct buildup. Stacked cell sheets can only be as thick as 70-80 pum in vivo. One way to solve the issue for
in vivo applications is by creating hybrid 3D structures to be used with cell sheets, which makes it simple
to construct potentially up to 0.5/1 mm thick cell-dense tissue. One method could be to include bio-
printed blood capillary-like networks into tissue-engineered structures to build thicker tissue in vitro.

17. Microfabrication technologies and normative scenario

The use of microstructures (extended also to materials and nanomaterials based on inorganic and
organic NPs) into tissue engineering products may provide increased functionality, such as regulated
biocompatibility, degradability, and better mechanical and optical properties. However, bringing these
advances from the research laboratory to clinical practice necessitates complete compliance to regulatory
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frameworks intended to assure safety, performance, and quality. For example, the European Union’s reg-
ulatory environment is primarily determined by the E.U. Medical Device Regulation (MDR) 2017/745,
which puts mandatory performance standards and safety measures on medical devices. This regulation
revised the Medical Device Directive 93/42/EEC and made significant changes to enhance the regulatory
framework for medical devices. This regulation classifies devices into four categories (I, Ila, IIb, and III)
depending on the danger they represent to patients and users. Depending on the classification, produc-
ers or even scientists must go through a conformity assessment procedure, which frequently includes the
participation of a notified body and the creation of extensive technical paperwork (like the Biological
Evaluation Report), including specific design and production information. This information must satisfy
ISO 10993 biocompatibility and safety criteria, which include several studies such as cytotoxicity, sensi-
tization and irritation, genotoxicity, and so on. Furthermore, the E.U. MDR emphasizes quality manage-
ment systems that adhere to ISO 13485 standards. ISO 13485 sets standards for an organization to show
its capacity to supply medical devices and related services that consistently fulfill customer and regula-
tory requirements, such as process validation and quality control.

For instance, to comply with ISO 10993, biofabrication procedures based on light-matter interaction
that employ resist, or custom-made biomaterials must undergo final testing to show compound stability.
Photoinitiators and bioinks, for example, must be examined for their capacity to produce DNA dam-
age, whereas resins must be tested for their impact on cellular survival and function, including cytotox-
icity and immunogenicity. Similarly, standardizing bioink formulations, employed in most of the bot-
tom—up techniques, is critical for ensuring consistent performance over several batches and over a deter-
mined amount of time (i.e. shelf-life). This entails extensive testing and quality control procedures to
verify that the bioinks do not cause undesirable biological reactions. Furthermore, the mechanical qual-
ities of the printed structures, such as tensile strength and elasticity, must be examined to ensure that
they fulfill the performance requirements. Similarly, fabrication processes which may employ thermal
and mechanical effects that may damage cells or material (like laser assisted techniques or piezo/pressure
driven ones) must mitigate risks by selecting appropriate fabrication parameters and by using materi-
als that may not degrade. Finally, the process validation must be assessed by using a quality manage-
ment system compliant with ISO 13485. In this regard, the manufacturing process must consistently gen-
erate structures with predetermined specifications and attributes. Maintaining high quality and safety
standards requires regular equipment calibration and maintenance, as well as extensive documentation
and a control system alongside the fabrication line (e.g. real-time machine-vision inspection or sensors’
data collection). Advanced imaging methods, including scanning electron microscopy and atomic force
microscopy, should be used to ensure the structural integrity and accuracy of the scaffolds produced.
Similarly, scaffold-free techniques like self-assembly and cell origami must ensure the stability and func-
tionality of the assembled biological structures over time, crucial factors for clinical applications.

18. Materials for microscaffolds in tissue engineering

Scaffolds play a crucial role in bone tissue engineering, providing a structural framework for cell attach-
ment, proliferation, and differentiation to regenerate damaged or lost bone tissue. Ideal scaffolds should
mimic the ECM of natural bone, possess mechanical strength, promote vascularization, and support the
growth of new bone tissue. Various materials and fabrication techniques have been explored to design
scaffolds tailored for bone tissue engineering applications. However, engineered biomaterials for bone
grafts are still behind natural bone grafts in regenerative potential, especially for weight-bearing appli-
cations. To address this problem, there is an immense need for implantable scaffolds that support bone
regeneration with load-bearing capacity. Emerging approaches involve using scaffolds with stem cells,
drug addiction, or reinforced fibers with NP embedding or fiber coating, which are showing promising
outcomes in generating new bone and repairing segmental defects in animal studies.

The studies summarized in this section illustrate a small set of recurring strategies for engineering
load-bearing and tissue-specific microscaffolds, such as reinforcing soft matrices with ceramic or car-
bon fillers and bioactive coatings to raise mechanical properties [279-281]. Moreover, we presented bio-
printing cell-, vesicle- or drug-laden inks by inkjet, extrusion or laser-assisted methods to reconstruct
multi-layered tissues [239, 243, 245, 247]. Then, we made an insight on electrospinning composite mem-
branes that combine high porosity with antibacterial for wound coverage [234, 277], and the assembly of
hybrid constructs from fibers, spheroids or self-folding units used to introduce three-dimensional micro-
architecture [269, 282, 283].

One of the most promising approaches is the coating method, such as hydroxyapatite and fiberglass
coating, which have been employed to enhance the mechanical properties of PLA scaffolds. Moghimi
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et al realized a concentric core—shell structure with a hard shell. The first one is the stiffer material: PLA
microfibers coated with HA NPs and encapsulated with the cells. The soft core is a mixture of GelMA
(8%), PLA microfibers, and platelet-rich factors extracted from human blood, which makes the com-
posite material with growth factors incorporated to mimic the bone marrow or induce osteogenesis
[279]. Incorporating short fibers coated with HA improves biological activity and reinforces mechani-
cal strength in bioinks. The scaffold has been bioprinted by extrusion bioprinting and by UV exposure.
The scaffold diameter was 6 mm, and the height was 3 or 6 mm. The core diameter was 2 mm, while
the scaffold porosity was about 80%. PLA short fibers with an average length of 600 xm and an average
diameter of 40 pm were obtained.

Wound healing scaffolds are designed to completely rejuvenate skin functionality and architecture
by overcoming existing challenges in the development of skin analogues through cellular engineering
and the integration of biochemical and biomechanical elements. In this domain, Ferroni et al crafted a
3D-printed construct using a methacrylated hyaluronic acid bioink. This construct was specifically engi-
neered to administer small extracellular vesicles derived from human MSCs, thereby augmenting the
cutaneous regeneration process. The scaffold, characterized by a pore size of 1.34 mm, facilitated the
release of these diminutive vesicles within a live pressure ulcer model, leading to improved wound heal-
ing in diabetic rodents, as demonstrated through assays of re-epithelialization, vascular formation, and
neural tissue integration [245].

Inkjet printing technique primarily targets the construction of cellular multilayers, where the bioink
is precisely deposited onto a base material. In this context, Kang et al developed a triple-layered pul-
monary structure utilizing a specially formulated bioink that integrates collagen, pulmonary cells, and
vascular cells. This innovative approach resulted in an inkjet-printed pulmonary structure with a notable
thickness of approximately 12 £ 1.1 pum and its structural details were examined through histological
analysis [239].

PCL is a semi-crystalline, biocompatible, and biodegradable polyester having mechanical character-
istics comparable to those of biological tissues. However, PCL is a synthetic polymer missing biologi-
cal patterns for cell recognition, hence it is frequently used with natural polymers such as chitosan and
gelatin [93]. Viera et al used PCL blended with chitosan, a natural polysaccharide derived from chitin
for fabricating the scaffold in electrospinning to realize thin-fiber structures having a high porosity as
to enhance cellular migration and fibroblast infiltration. They produced fibrous membranes having a
mean fiber diameter of 3.4 &+ 0.7 um, an overall thickness of 227 £ 65 um, and a porosity of about
88% [277].

In the field of wound healing, the research by Khan ef al introduced an innovative two-layered scaf-
fold structure. The base layer consists of a gelatin-based hydrogel created through lyophilization, while
the upper layer features a nanofiber mesh composed of bacterial cellulose and polyvinyl alcohol, formed
through the electrospinning process. This dual-layered hydrogel-nanofiber construct exhibits a network
of pores with 70%—-80% porosity (pore sizes ranging from 100 to 150 pm, which promotes effective fluid
uptake and cellular movement. It also enhances the diffusion of nutrients, supports the growth of new
tissue due to its expansive surface area, and possesses robust antibacterial properties [234].

In one study by Huang et al a highly biomimetic 3D-printed porous scaffold made of multi-walled
CNTs with the same dimensions as collagen fibers and primarily aligned along the printing direction
was combined with HA and blended with a PCL matrix to create scaffolds using a screw-based extru-
sion production system resulting in a filament diameter of 330 pm [280]. This mixture led to increasing
the storage modulus, the elastic modulus of the filament (compressive modulus was nearly 90 MPa), and
the yield strength (almost 3 MPa) of the scaffold, the surface roughness increased, which promoted bone
differentiation, helped to adjust the path of the hard surface transfer mechanism, and enabled high pro-
tein absorption. The obtained pore size was 350 pm [280].

To reduce the scaffold size while maintaining mechanical properties, carbon-based nanomaterials
can be employed to modify pre-existing biocompatible materials. Carbon-based nanomaterials such
as graphene oxide, CNTs, fullerenes, carbon diamond, and their derivatives improve the mechanical
stability of scaffolds, which play an important role in bone regeneration. Specifically, the mechanical
properties of graphene oxide and reduced graphene oxide have been extensively studied in the context
of tissue engineering scaffolds. Nonetheless, few researchers were able to fabricate by additive man-
ufacturing techniques [208]. One notable study by Kadhim er al focused on reinforcing electrospun
PCL-gelatin nanofiber scaffolds with bone morphogenetic protein-modified graphene oxide to increase
mechanical stability. Therefore, the mix of PCL and graphene oxide decreased the strain at break from
116% =+ 6.2% to 90% =+ 2.9% due to the stiffness increase, while the swelling ratio rose significantly,
from 150% to 218%. The obtained fibers had a diameter of 270 nm [281].
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To promote fully vascularized bone regeneration using laser-assisted bioprinting, researchers initial

improvements focused on enhancing bioprinted layers quality, both mechanically and physiologically.

In conjunction with Washio et al, Kérourédan produced gelatin hydrogel sponges integrating bioac-

tive glass, which demonstrated mechanical and chemical efficacy as scaffolds, including the produc-

tion of hydroxyapatite crystallization in the setting of dental pulp and dentin regeneration. They high-
lighted that those bioactive glasses induced bone regeneration more quickly than other bioactive ceram-
ics (e.g.hydroxyapatite) due to their osteoconductivity and osteoinductivity. Furthermore, angiogenesis
or neovascularization was not impaired, thanks to the scaffold made of Gel 5 wt % bioactive glass 1 wt
%, porosity of 385 um, porosity of 91.7 + 1.55%, and an overall height of 500 pum with a scalable lat-
eral size [243]. Another study combines electrospinning technology with origami methods to produce

a 3D complex of nanofiber scaffolds and cells and investigates its potential applications in bone tissue
engineering. This method’s primary features are the utilization of electrospun nanofiber boxes and the
twofold seeding of human fetal osteoblasts on nanofiber films. The nanofiber boxes are predicted to pro-
vide a constrained environment for the nanofiber films, whilst the twofold seeding of cells may assist the
bonding of neighboring nanofiber films via ECM secretion. To improve mechanical qualities, nanohy-
droxyapatite particles were incorporated into polycaprolactone nanofibers. Finally, origami was used to
generate 3D nanofiber structures in a variety of basic and complicated shapes [269].

A bioresponsive hydrogel made of GHA can be cross-linked with genipin, making it suitable for 3D
bioprinting of tissue engineering scaffolds that maintain high shape accuracy and resolution in extru-
sion bioprinting. The cross-linking of genipin with gelatin polymers enhances the hydrogel’s stability and
makes it extrudable as it was demonstrated by Khatun and colleagues [247].

To further reduce the bottom—up starting point, self-assembly methods can be used to gener-
ate spheroids. These can be used as modular tissue units, facilitating bottom—up tissue engineering
approaches. However, using bare spheroids as building blocks presents challenges such as difficulty in
achieving defined geometry and mechanical stability. To address these issues, researchers have explored
the use of microscaffolds, such as buckyballs, which are highly porous cage-like structures capable of
carrying cells and supporting spheroid formation within their core. This approach integrates cellular
spheroids cultured within robust micro scaffolds, offering synergistic benefits of both scaffold-based and
scaffold-free strategies. These structures were produced using 2PP in a biodegradable PCL-based resin,
with a diameter of 350 ym, a volume of 0.014 mm?, a truss thickness of 35 yum, and a porosity of about
95%. Since one buckyball was produced in 10 s, Guillaume and colleagues estimated it feasible to manu-
facture enough hybrid spheroids to fill defect volumes up to 1 cm® within 6 d [282].

An example from Wang et al investigated the incorporation of conductive nanofiber yarns, synthe-
sized from polycaprolactone, silk fibroin, and CNTs, into a GelMA hydrogel. This integration promoted
the alignment of cardiomyocytes and the expression of mature cardiomyocyte markers while maintaining
their functionality. Similarly, composite materials comprising PCL nanofibers in an HA hydrogel have
been studied [283].

Fibers exhibit distinct effects on the alignment and organization of various cell types, including hep-
atocytes, neural cells, tendons, and ligaments, among others. This strategy holds potential across a range
of tissue types, particularly considering the feasibility of bioprinting inks containing nanofibers or parti-
cles. This enables the combination of macroscale patterning with micro- or nanoscale features of fibers
and NPs, facilitating precise control over tissue engineering constructs [284-286].

2PP initially utilized acrylic photopolymers and a wide variety of commercial photoresists specif-
ically designed for tissue engineering applications, like IP-L 780, Ormocomp® (produced by micro
resist technology GmbH), PEGda, SR368, and SR499 triacrylate blends (from Sartomer), Accura® SI10
(from 3D Systems Corporation), ORMOCER®s (from The Fraunhofer ISC), hydrolytically degradable
polycaprolactone-based polymers, enzymatically degradable methacrylamide-modified gelatin (known as
gelMOD), and water-soluble PI-Irgacure [219, 287].

However, recent research shifted towards photosensitive sol-gel hybrid materials, such as
ORMOCER®, Polyethylene Glycol diacrylate, poly(trimethylene-carbonate), SZ2080 or towards naturally
derived materials like GelMa in tissue engineering applications.

The choice among these photoresists is dictated mainly by the property required of the final scaffold,
such as biodegradability for transient bone constructs (e.g. PTMC and methacrylated PLLA) [203, 211],
crosslinking efficiency for high-resolution woodpile and grid architectures (CHic and chitosan/gelMOD)
[212, 288], long-term biocompatibility and optical quality for implantable niches (SZ2080) [206, 289—
292], and stimuli-responsiveness or on-demand degradation for dynamic, ‘4D’ constructs (like host—
guest photoresists and photodegradable PEG) [202, 209].
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A peculiar polymer is poly(trimethylene-carbonate) (PTMC). Due to its degradation mechanism
given by surface erosion driven by enzymatic erosion, PTMC has shown to be a highly suitable poly-
mer for the fabrication of scaffolds for bone tissue engineering and hence poses a great potential for the
realization of biocompatible and biodegradable scaffolds with an unprecedented large size. In this regard,
Weisgrab and colleagues realized a (PTMC)-based bulky balls scaffold of large size (18 x 18 x 0.9 mm?)
with a volume of 292 mm?, a volumetric porosity of 96%, a structure width of around 20 ym, and a
thickness of approximately 30 pm (figures 12(a)—(h)) [203]. Similarly, Song and his team introduced a
unique one-component, polymer-based photoreactive material system that relies on carbon-hydrogen
(C, H) insertion crosslinking (named CHic) to create 3D microstructures for bone tissue engineering.
The material is locally crosslinked through a C, H insertion and is composed entirely of one compo-
nent, specifically the prepolymer molecules themselves. The prepolymer can undergo the process of
multi-photon polymerization, which leads to the formation of active intermediates. These intermedi-
ates can bond with neighboring aliphatic components, some of which are integral to the prepolymer’s
main structure. Consequently, when stimulated, this CHic-capable photoreactive substance can establish
a network of crosslinks independently, without relying on monomers, photoinitiators, or sensitizers. The
resulting structures were fabricated in the form of woodpile patterns, with pore sizes measuring 10 pm,
25 pm, and 50 pm, achieving a lateral precision as fine as 2.5 pum. This was accomplished by employ-
ing an objective lens with low magnification (20x) and a numerical aperture of merely 0.7, designed for
water immersion [212]. In the study conducted by Rodimova et al a three-dimensional scaffold was engi-
neered using methacrylated poly(L-lactic acid) within a supercritical carbon dioxide environment. This
scaffold was designed for the purpose of enhancing osteogenic differentiation and the efficacy of bone
formation in human MSCs that were introduced to the structure. The scaffold is composed of three
stratified cylindrical layers with uniform diameters, while the variant with gradient pore sizes features a
central layer with enlarged cylinders, replicating the porous architecture of natural trabecular bone. The
uniform scaffold has internal and external diameters measuring 180 pm and 250 pum respectively, with a
height of 80 um. In contrast, the gradient scaffold boasts internal and external diameters of 300 m and
400 pm respectively, and a height of 100 pm [211].

S72080, a biocompatible photopolymer frequently used for microscaffold realization was employed
by Raimondi and her team for different biological purposes. As an example, they used a 100x oil-
immersion objective with a numerical aperture of 1.4 to create artificial stem cell niches. These niches
had two different heights (20 and 80-100 pm) and four lattice pore sizes (10, 20, 30 pm, and graded).
They aimed to study the impact of purely structural cues on stem cell behavior. Then, the team created
a new substrate with approximately 400 niches to ensure the proliferation and stemness maintenance of
cultured cells [289].

Additionally, SZ2080 stem cell niches were coated with thin layers of hyaluronic acid-based and
gelatin-based hydrogels to explore the interactions between structural and chemical biomimicry and their
impact on stem cell responses. Parodi et al demonstrated the efficacy of this kind of scaffold in chondro-
genic differentiation of seeded rat MSCs [290].

Additionally, SZ2080 has been employed in ten years’ old preclinical studies. Maciulaitis et al created
hexagonal-pore-shaped microscaffold having a rod height and width of about 15 and 10 pm, respec-
tively, a pore size of 40 x 40 pum? and a maximum dimension of 2.5 x 2.5 x 0.22 mm?®. These con-
structs were then in vitro seeded with isolated allogeneic rabbit chondrocytes and in vivo implanted into
laboratory rabbits for one, three, and six months. They achieved a degree of biocompatibility compara-
ble to the one of commercially available collagen membranes [291]. Another application of SZ2080 was
demonstrated by Conci and colleagues, where two works showed the possibility of realizing microscaf-
folds having sufficient mechanical and optical characteristics to control and trace over time a foreign
body reaction against microstructures implanted in living chicken embryos (figures 12(a’)—(f")) [206,
292].

Moreover, besides the reduced achieved resolution (10 pm), a water-soluble photosensitive deriva-
tive of chitosan and its hybrid biopolymer-based hydrogel with gelatin methacrylamide has been used as
the photoresist to realize scaffolds for bone remineralization. This hybrid hydrogel was utilized to con-
struct grid-like scaffolds of 400 x 400 x 75 and 500 x 500 x 75 um?® with a pore size of 80-100 um.
The fabricated 3D biopolymer-based scaffolds were loaded with dental pulp stem cells, after being func-
tionalized with an osteoinductive protein. The findings indicate promising potential for these hybrid
photo-cross-linkable materials when used with femtosecond pulse lasers, for in situ bioprinting of bio-
compatible and functional scaffolds for tissue engineering [287]. The team led by Hippler introduced a
photoresist that responds to stimuli, which is created through noncovalent, directional bonds between
B-cyclodextrin and adamantane components. The hydrogel microstructures produced through 2PP can
significantly alter their volume when exposed to soluble guest molecules of low molecular weight in
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Figure 12. Panel (a) design of buckyball-based scaffold. 3D render of the scaffold consisting of an 8 x 8 X 3 array with a diam-
eter of 300 um each. Panel (b) 2PP-produced PTMC-MA scaffolds support cell invasion and proliferation. SEM images of cell-
seeded scaffolds day 2 (b) and day 28 (c) post seeding. Panel d) bright field and (e) live/dead illustrations of the colonized scaf-
fold at day 28 post-seeding. Panel (f) quantification of sulfated glycosaminoglycans secretion by cells (§ indicates significance)
in control medium versus chondrogenic medium and (g) histological staining of sulfated glycosaminoglycans using Alcian Blue
at day 28. Black arrows show the chondrocytes embedded in the secreted extracellular matrix. (h) Von Kossa staining showing in
black the calcium mineralization after 28 d of cells cultivation in osteogenic medium. Cross-sections of the scaffold are marked
with black asterisks. Reproduced from [203]. © The author(s). Published by IOP publishing Ltd CC BY 4.0. Copyright 2020 The
authors, published by IOP publishing Ltd panel (a’) photograph of a whole device composed of four Microatlas, four spacers on
a 5mm diameter glass slide. Panel (b’) SEM micrograph of one Microatlas lattice, with the details of the thicker pillars (P) and
the microgrid. Panel (¢’) Microatlas implanted ex ovo in the respiratory membrane and a wide field of view of the implant taken
under two-photon excitation (A = 800 nm). Panel (d’) details of a Microatlas grid, imaged by two-photon excitation, at embry-
onic incubation days 10, 11, and 14 (top row, bar size = 50 zm) and of control tissue (bottom row, bar size = 50 pm). Signals
are fluorescence from cytoplasm and vessels (green, Exc: 800 nm, Em: 535/50 nm) and second harmonic generation from colla-
gen I (blue, Exc: 800 nm; Em: 400/40 nm). Panel (¢’) cell counting in the Microatlas and control tissue: cellular volume density
measured on 3D fluorescence images in the Microatlas and in the control samples, cellular volume density measured on H&E
stained tissue sections measured around the Microatlas and in the control samples, percentage increase in cellular density in the
Microatlas as measured on fluorescence images and as measured on the H&E sections around the Microatlas, and ratio of the
cell counting on the control samples as measured on the histological sections over the cell counting as measured on the fluores-
cence images. Panel (f”) H&E stained cross section (x—z plane) of the respiratory membrane. The pocket in which the Microatlas
was implanted is indicated by the arrow. Reproduced from [292]. CC BY 4.0. Copyright 2023 the authors, published by AIP
publishing.

physiological environments. Following this, the team integrated this innovative material with standard
photoresists to construct composite scaffolds. These scaffolds were composed of a base that repels pro-
teins, sections that attract proteins, and the responsive hydrogel and were tested with fibroblasts [209].
Multiphoton-assisted photodegradation allows for the creation and subsequent alteration of complex 3D
networks with personalized intraluminal patterns in the presence of encapsulated cells. In the study con-
ducted by Arakawa et al a novel approach for fabricating biocompatible 3D vascular structures within
hydrogel matrices is introduced, leveraging the precision of molecular photolysis. The creation of pho-
todegradable hydrogels was achieved through the process of strain-promoted azide-alkyne cycloaddition,
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utilizing poly(ethylene glycol) tetrabicyclononyne in conjunction with a diazide-modified synthetic pep-
tide. Subsequently, the research illustrated the capability to engineer perfusable microvessels with varying
dimensions by fabricating a series of five photodegraded channels with progressively diminishing widths
and heights. Microvessels with cross-sections as large as 200 x 200 ym? and as small as 10 x 10 pm?
were realized [202].

Nonetheless, microscaffolds may fail in supporting cell migration, cell-cell interactions, and in sup-
porting 3D mechano-transduction within their pores. In addition, all the presented microscaffolds suf-
fer from reduced scalability. In this regard, cell sheet engineering revealed as an emerging technology
designed to overcome these limitations. It involves growing cells to confluence on a cell sheet, after
which they can be detached from the culture dish surface thanks to external forces like temperature-
responsive polymers [270]. In certain studies, osteogenic layers derived from rabbit BMSCs were gener-
ated via a mechanical technique and subsequently implanted into the subdermal cavities of immunodefi-
cient mice, which promoted the formation of new bone tissue without the need for an external scaffold.
Similarly, the implantation of multi-tiered MSC layers from humans, crafted using a magnetic methodol-
ogy, into the cranial defects of nude rats, led to the development of new bone encircled by cells resem-
bling osteoblasts. While the creation of osteogenic layers through mechanical means and their implan-
tation into facial skeletal defects has been shown to enhance bone tissue formation, there are instances
where factors such as biological or mechanical disruptions may cause a delay or absence in bone fusion.
In such challenging scenarios, the solitary use of cell layers has demonstrated potential efficacy. Research
has delved into the application of osteogenic layers from rat BMSCs in addressing non-union fractures
and critical bone healing. The introduction of these layers into the femoral fractures of rats has been
observed to augment bone tissue formation at the site of the fracture, culminating in a stable union of
the bone. Moreover, in models of critical femoral fractures in rats, the administration of these osteogenic
layers has been instrumental in fostering bone tissue regeneration, ultimately achieving bone fusion.
Additionally, the encasement of pre-differentiated osteogenic layers from rabbit BMSCs around a frac-
ture gap of 2 mm in the mandible has shown to expedite the healing process of delayed bone fractures
and diminish the presence of fibrous tissue at the fracture location [255, 271].

Similarly, Forghani et al eliminate the need for biodegradable scaffolds by using thermoresponsive
hydrogels made of methylcelluse and poly(N isopropylacrylamide) for bone adipose tissue regeneration
[293]. By following the same detaching methods, a critical bone defect model of a load-bearing bone
on mice was assessed by Kazuaki Mito. His team implanted 25 mm diameter BMSC sheets one on each
side of the defect [272]. Moreover, in self-assembly production, Decoene et al demonstrated significant
progress made in automating aspects of tissue-engineered advanced therapy medicinal products like the
creation of industrial setups for cartilage cell aggregates with a focus on skeletal tissue engineering [273].

Innovations in biomaterials have led to the development of a novel technique for three-dimensional
cellular arrangement utilizing magnetic matrices. The research spearheaded by Goranov et al has
expanded upon previous methods by employing strategically engineered magnetic matrices. These
matrices exhibit intense magnetic gradients on a microscale (ranging from 100 to 200 xm) which can
effectively direct and secure cells that have been magnetically tagged to a predetermined side of the
matrix filaments (figure 13(a)). Such magnetic micro-patterning paves the way for constructing three-
dimensional cellular structures with finely tuned textural properties. For the magnetic labeling of cells,
commercially available magnetic particles were utilized, and the matrices themselves were crafted from
cutting-edge magnetic substances, incorporating iron-doped bioabsorbable hydroxyapatite into poly(e-
caprolactone) (figure 13(b)). The three-dimensional matrices were precisely crafted by the methodical
injection, extrusion, and placement of the filaments in a prearranged pattern, which allowed for the seg-
regation of two distinct cellular groups, MSCs and human umbilical vein endothelial cells, on opposing
facets of the magnetic osteogenic matrix filaments. This strategic placement of cellular types is antici-
pated to enhance the regeneration of bone structures at the micro-level, with a particular focus on fos-
tering vascularization within the engineered bone tissue (figures 13(c) and (d)) [260].

Moreover, Kamei et al cultured BMSCs with superparamagnetic IO-NPs (SPIONS, ferucarbotran),
allowing for incorporation of NPs into the MSC cytoplasm. MSCs containing ferucarbotran were then
attracted and guided by a magnet. Consequently, MSCs injected into a joint can be controlled and accu-
mulated at the cartilage defect area using magnetic forces [261].

Acoustic forces can also be used to create cell patterning to control the three-dimensional generation
of tissues in vitro and in vivo. In this regard, Comeau et al demonstrated the possibility of reposition-
ing endothelial cells for tissue vascularization in a living organism. This study opens also to the possi-
bility of composing, in the same way, complex structures or 3D scaffolds by moving in situ micro and
NPs injected in an organism [265]. In addition, this method can also be joined to bioprinting. A novel
investigation has illustrated the efficacy of an ultrasound-assisted biofabrication method (figure 13(2’)),
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Figure 13. Panel (a) sketched representation of the experimental setup for 3D assembling the magnetically labeled cells inside

the magnetic scaffold. Panel (b) from left to right: micro-spatial patterning of magnetically labeled cells in magnetized scaffolds
(bar 200 p4m): magnetic PCL/FeHA scaffold; non-magnetic PCL/HA scaffold; schematic illustration of magnetically assembled
3D cellular architectures. Panel (c) magnetic gradient in T m ™! units: distribution in the scaffold region: color scale indicates

the magnitude while arrows show the direction of gradient and hence the direction of magnetic forces; in the dashed box: zoom-
ing around one fiber section, where green area delineates the attraction region (A), and gray area indicates the repulsion region
(R); Panel (d) gradient distribution along the dashed line in panel c. Reproduced from [260]. CC BY 4.0. Copyright 2020 The
Authors, published by Springer Nature. Panel (a’) schematic representation of fabrication of anisotropic hybrid hydrogel con-
structs featuring patterned cells. The hybrid GeIMA bioink is added to the ultrasonic patterning chamber (UPC) containing
opposing transducer-reflector pairs. The actuation of the transducer at ultrasonic frequencies generates standing bulk acoustic
waves (SBAW), which exerts radiation forces on the cells and particles, causing them to pattern along planes (3D patterning) par-
allel to the transducer/reflector surface. Panel (b”) setup for the 3D computational modeling of SBAW generation in UPC includ-
ing the boundary conditions. The pressure distribution pattern (right) is along straight lines as seen from the planar sections P1
(top view) and P2 (cross-sectional view), which is supportive of the analytical prediction that the cells and particles are patterned
along parallel planes. Panel (¢’) synthesis of anisotropic cartilage via maturation (4 weeks in static culture) of constructs featuring
ultrasound-assisted biofabrication (UAB) planar patterning of cells forming cell-adhesion. Cell morphology (green, actin) and
collagen production (red, Collagen II) of cells under chondrogenic differentiation medium and human chondrocytes after pro-
longed maturation within hybrid GeIlMA constructs. Both the cells and cell-derived Col II exhibited aligned morphology, which
establishes the effectiveness of UAB method in producing anisotropic musculoskeletal tissues. For human chondrocytes, while
the cells failed to establish an aligned morphology, the collagen was predominantly organized along a singular direction around
the periphery of the cells. For constructs containing patterned PCL, both cell types demonstrated cellular and Col II align-

ment. Reproduced with permission from [263]. © 2022 the authors. Advanced healthcare materials published by Wiley- VCH
GmbH. All rights reserved, including rights for text and data mining and training of artificial intelligence technologies or similar.
CC BY-NC-ND 4.0. Copyright 2022 with permission from Wiley-VCH GmbH.
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which employs the force of radiation emanating from superposed ultrasonic bulk acoustic waves. This
technique swiftly aligns cellular arrays and various biomaterial additives within hydrogel layers, both sin-
gle and multiple (figure 13(b’)). In this process, ultrasounds are applied with a composite bioink sys-
tem. This system includes either human adipose tissue-derived stem cells or chondrocytes, along with
either collagen microaggregates or polycaprolactone microfibers, all embedded within gelatin methacry-
loyl hydrogels. The resulting cartilage-like structures exhibit pronounced anisotropy. When crafted under
optimal conditions that combine thermo-reversible and photocrosslinking, these hybrid matrices show-
case superior mechanical properties such as stiffness and elasticity, as well as increased tensile strength.
Additionally, they maintain their intended shape, display an aligned morphology of the encapsulated
cells, and promote the secretion of collagen type II during extended culture periods (figure 13 (c’))
(table 6) [263].

In conclusion, one of the most significant barriers to clinical translation of nanomaterials and
microscaffolds mentioned in this chapter is noncompliance with demanding regulatory frameworks such
as the European MDR 2017/745, or the complexity to align with standard as ISO 10993, ISO 13485,
and so on. Many of the cited works do not completely comply (or even indicate data in agreement)
with standards such as ISO10993, despite their established biocompatibility, which poses considerable
challenges to future clinical studies. The apparent disparity between the current level of nanomateri-
als and microscaffolds research and those regulations emphasizes the need for more robust, compliant
approaches to bridge the gap from experimental investigations to clinical application. This may involve
the use of refined and more conforming biocompatibility studies, as well as thorough quality control in
fabrication protocol systems, to fulfill regulatory criteria and ensure cheaper standardization.

19. Materials for microscaffolds for drug release

Creating polymers capable of delivering drugs for use in 3D-printed microscaffolds for tissue engineer-
ing holds significant promise in advancing regenerative medicine. The incorporation of drug-delivering
polymers into 3D-printed microscaffolds can significantly enhance tissue regeneration. Drug delivery sys-
tems can provide controlled release of growth factors, cytokines, or other bioactive molecules at the site
of tissue regeneration, promoting cell proliferation, differentiation, and tissue remodeling. This precise
control enables the creation of complex tissue structures with tailored drug release profiles, optimizing
therapeutic outcomes. Drug eluting polymers can enhance the biocompatibility of scaffolds by mitigat-
ing inflammatory responses and promoting cell adhesion and proliferation. This is crucial for ensuring
the integration of the scaffold with the surrounding tissue and supporting tissue regeneration. Tailoring
drug release profiles within 3D-printed microscaffolds allows for personalized medicine approaches in
tissue engineering. Different patients may require different concentrations or combinations of drugs for
optimal tissue regeneration based on their specific physiological conditions and needs. Localized drug
delivery at the site of tissue regeneration minimizes systemic side effects associated with conventional
systemic drug administration. This targeted approach enhances therapeutic efficacy while reducing the
risk of adverse reactions in other tissues or organs. The combination of drug-delivering polymers and
3D-printing technology facilitates the fabrication of complex tissue structures with hierarchical organi-
zation and spatially controlled drug gradients. This is particularly relevant for engineering tissues with
intricate architecture such as blood vessels, nerves, or organs. Controlled release of bioactive molecules
from drug-eluting polymers can accelerate tissue healing processes by promoting angiogenesis, ECM
deposition, and tissue remodeling. By providing precise control over drug release, enhancing scaffold
biocompatibility, enabling personalized medicine approaches, and promoting accelerated tissue heal-
ing, this technology holds great promise for the development of next-generation regenerative therapies.
Nonetheless, few works showed this possibility since drug half-life can be limited in time and the fabri-
cation method can lead to degradation of the molecule itself.

In this context, PCL fibers can be loaded with drugs of specific chemical factors. 3D aerogel scaf-
folds composed of PLCL/gelatin electro-spun nanofiber loaded with statins (i.e. simvastatin) showed
promising capability. As an example, Linfeng and colleagues fabricated a scaffold by coaxial electro-
spinning followed by freezing and drying the nanofiber loaded with Simvastatin. The PLCL coaxial fiber
had a diameter distribution of 561 = 95 nm without simvastatin and increased to 631 = 103 nm when
loaded, highlighting an enhanced osteoblast proliferation and osteogenic differentiation [235]. Jaffredo
et al applied laser-assisted bioprinting techniques in vivo in mice, to demonstrate the possibility of vehic-
ulating corticosteroids (i.e. dexamethasone) embedded in a sacrificial thermosensitive gel-based scaffold
[244]. Then, inkjet and laser-assisted methods offer the capability to incorporate specific materials into
scaffold fabrication. Ten years’ old published research demonstrated the feasibility of forming patterns
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Table 6. Materials used to fabricate microscaffolds in tissue engineering.

Fabrication Approach

Material

Resolution

Mechanical proper-
ties

Targeted
organ Detailed application

References

Bioprinting

PLA + HA + GelMA

40 pm

E=3.4kPa

Bone - Implantable multi-material core-shell bone grafts
- These grafts are designed to mimic the structure of long bones,
featuring a stiffer shell and a softer core
- The scaffold incorporates a hybrid composite of
hydroxyapatite-coated poly(lactic acid) fiber-reinforced
methacryolyl gelatin/alginate hydrogel

[279]

Bioprinting

MeHA

1.34 mm

E = 3.02-4.39 kPa

Skin - Scaffold for the treatment of diabetic foot ulcers
- This advanced wound dressing aims to enhance wound repair by
providing a controlled release of proangiogenic factors
- The scaffold is a patch of methacrylated hyaluronic acid designed
to deliver small extracellular vesicles

[245]

Bioprinting & 2PP

Collagen &
Collagen + PEGda

80 m/100 nm

NA

Bone/ - Scaffolds designed study disease pathogenesis, drug efficacy, and

Cartilage/ pharmaceutics in the context of pulmonary diseases

Skin - Stem cell expansion and differentiation, bone and cartilage
regeneration, retina models etc.

[239, 294, 295]

Bioprinting

PCL + HA + MWCNT

330 pm

90-95 MPa

Bone - The scaffold is designed to mimic the hierarchical structure of
natural bone, aiming to repair damaged bone tissues
- Aligned multi-walled carbon nanotubes and nano-hydroxyapatite
within a polycaprolactone matrix
- The scaffold shows an increased mechanical strength, cell
proliferation, osteogenic differentiation, and scaffold mineralization

[280]

Bioprinting

Gel + bioglass

56-384 um

397 kPa

Vessels - The scaffold is made of a bioactive gelatin-sheet designed to
support prevascularization
- The scaffold shown potential for vascularized bone biofabrication,
which is crucial for enhancing bone regeneration and healing

[243]

(Continued.)
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Table 6. (Continued.)

Fabrication Approach

Material

Resolution

Mechanical proper-
ties

Targeted
organ

Detailed application

References

Bioprinting

Gel + HA + Genipin

590-1000 pm

NA

Vessels

- The scaffold is designed to support prevascularization

- The scaffold may produce bone substitutes that mimic the
structure and function of native bone, with a focus on promoting
vascularization

- This blend demonstrated the ability to support mineralization and
vasculogenesis

[247]

Bioprinting

Polydioxanone + silk

360 + 35 pm and
420 + 42 pm

100-200 MPa

Ligaments/ skin

- The scaffold is specifically aimed at repairing the anterior cruciate
ligament

- The blend of silk, polydioxanone and
poly(lactide-co-caprolactone), has been designed to enhance
material properties and improve in vitro and in vivo
biocompatibility - The addition of silk increased tensile properties,
degradation rate, and miscibility between phases

[296]

2PP

PCL + cells

Scaffolds diameter 300.4
+5.7 pm and trusses of
35.4 4.0 pm

NA

Bone

- The scaffold allows the creation of single spheroids within each
highly porous microscaffold, which can be used as modular building
blocks

- These tissue units can be combined to build larger tissue
constructs through a bottom—up self-assembly process

- This strategy can overcome limitations of scaffold-based and
scaffold-free methods by using a synergistic approach

[282]

2PP

S72080

2.1+ 0.4 pmto
1.04 + 0.06 um

1.9-4.4 GPa

Vessels/skin

- The Microatlas scaffold allows for the quantification and
identification of cells, as well as the visualization of collagen and
microvessels within the tissue, which is crucial for understanding
the tissue’s response to biomaterials and aiding in the healing
process after injury

- The Nichoid scaffold allows for stimulating stem cell proliferation
while maintaining their stemness

- Both scaffolds offer a 3D environment that influences cell growth
and proliferation.

- §Z2080 was proved to be biocompatible and inert both in in vitro
and in vivo applications

[206, 290-292, 297]

(Continued.)
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Table 6. (Continued.)

2PP

IP-L 780

5-12 pm

4.7 GPa

Vessels/skin/bone

- The scaffold is designed to support the growth of osteoblast-like,
endothelial, cartilage, fibroblast cells, etc.

- A novel work demonstrated the possibility to design, featuring
stackable microcontainers. This technology could potentially be
tailored for specific applications in drug screening or the creation of
artificial organs in a building block approach

[287]

2PP

Poly(trimethylene-
carbonate)

22-30 pm

NA

Bone

- The scaffold is made from a biodegradable and biocompatible
polymer which is suitable for bone tissue engineering

- The scaffold supports the attachment, proliferation, and
differentiation of human adipose tissue-derived mesenchymal stem
cells towards osteogenic and chondrogenic lineages

[203]

2PP

C, H-insertion
crosslinking polymers

2.5 pm

300-550 kPa

Bone

- Scaffold made from one-component, polymer-based photoreactive
material that relies on carbon-hydrogen (C, H) insertion
crosslinking for bone tissue engineering

- The scaffolds were made of woodpile with mesh sizes of 10 pm,

25 pm, and 50 pm with a lateral resolution down to 2.5 yum

[212]

2PP

Polylactide methacry-
late + polylactide

oligourethanedimethacry-

late

NA

140 £ 40 MPa

Bone

- The scaffold is aided in the healing of bone defects (an alternative
to allogeneic mesenchymal stem cell transplantation)

- The scaffold structure has been shown to improve osteoinductive
properties

[211]

2PP

GelMA + cells

2 pm

NA

Bone

- The scaffold is designed to support the growth and mineralization
of dental pulp stem cells

- The scaffold functionality is further enhanced by functionalization
with bone morphogenetic protein 2, which promotes matrix
mineralization, critical aspect of bone tissue engineering

[288]

2PP

B- cyclodextrin acry-
lamide 4 adamantane
acrylamide

3-4 pm

7-23 kPa

Skin

- The scaffold is designed to stretch single cells by applying an
equibiaxial stretch of up to 25%

- The scaffold utilizes a stimuli-responsive photoresist that contains
cross-links formed by noncovalent interactions between
B-cyclodextrin (host) and adamantane (guest), which can be
actuated under physiological conditions

- The host-guest interactions are reversible, allowing for controlled
manipulation of the scaffold’s mechanical properties and enabling
the study of cell responses over time

[209]

(Continued.)
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Table 6. (Continued.)

Fabrication Approach

Mechanical proper-

Material Resolution ties

Targeted
organ

Detailed application References

Photodegradation

Poly(ethylene glycol) 10 pm NA
tetrabicy-

clononyne + diazide-

functionalized synthetic

peptides

Vessels

- The scaffold can produce a photothermal effect upon interaction [202]
with NIR light, leading to tumor destruction with high

spatio-temporal resolution

- The scaffold has also a photodynamic effect involving the

production of reactive oxygen species which can kill cancer cells

- Creating 3D channels and pores for vascularization models

- Patterning of biochemical cues to guide cell migration and

differentiation

Cell sheets &
Self-assembly & Acoustic
Patterning

Cells aggregates NA NA

Skin/cartilage/
bone

- Creating 3D tissue constructs with complex geometries for [265,270-273,293]
regenerative medicine, developing organ-on-a-chip systems for drug

testing

- Cell sheets and Self-Assembly organoids are used for repairing or

regenerating defective tissues and organs, such as the heart, skin,

cornea, cartilage, esophagus, and brain

- They have been utilized in various preclinical trials

- They contribute to creating scaffold-free tissues, which are crucial

for studying cell-to-cell and extracellular matrix interactions

Microfluidics

GelMA 100-200 pm NA
Alginate 5-20 um
PAAm 363-571 pim
PEG-4MAL 64-105 pm
Dextran 150-1000 pm
Alginate 90.4 pm

PEG 355 ym

Chitosan 19.2-31.6 um
pNIPAm 81 pum

PEG 50-90 ptm

GelMA + chitosan
54-350 pm
HAMA/HepMA

256.6 pm

PEGDA 50-200 ;im

Hydrogel microspheres

Skin/cartilage/bone

- Largely used to manipulate small amounts of materials Principal [255]
applications in cell sorting, organ-on-a-chip, spheroid, hydrogel
microsphere formation, etc.

(Continued.)
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Table 6. (Continued.)

Magnetophoresis

MNP + cells + PCL 4 FeHA 100-200 pum

NA

Vessels

- The scaffold is intended to be a precursor for vascularized tissue [260]
- The scaffold employs magnetic gradients to orient and trap

magnetized cells on chosen sides of the scaffold fibers, facilitating

the assembly of cellular constructs organized in biologically

adequate arrangements

- This method is a versatile solution for controlled seeding

- The technology could potentially be used for in vivo environments

Magnetophoresis

Ferucarbotran + cells

NA

NA

Cartilage

- The scaffold is intended for the repair of focal articular cartilage [261]
defects

- Autologous bone marrow mesenchymal stem cells have been

magnetized with ferucarbotran and then controlled and

accumulated at the cartilage defect area using a magnetic force

- The process aims to enhance the repair of cartilage defects and has

been tested for safety and efficacy in a clinical trial setting

Bioprinting & Acoustic
Patterning

PCL + GelMa + cells

50-100 pum

NA

Bone

- The scaffold aims to replicate the microstructural organization of [263]
cells and extracellular components

- Human adipose tissue-derived stem cells or chondrocytes and

functional additives within hydrogel constructs were patterned by

means of ultrasound-assisted biofabrication, creating anisotropic

structures

- Additives that promote cell adhesion were encapsulated within

gelatin methacryloyl hydrogels

- The process aims to fabricate tissue constructs with enhanced

mechanical properties and aligned cell morphology

Bioprinting

Gel + drugs

NA

NA

Drug vehiculation
for cancer

- A proof of concept for a new technique of intracochlear drugs [244]
administration in mice is presented

- This technique involves delivering dexamethasone phosphate with

a thermosensitive hydrogel on the mouse round window membrane

- The drug diffusion into the perilymph was confirmed and no

significant cochlear damages were highlighted

(Continued.)
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Table 6. (Continued.)

Fabrication Approach

Material

Mechanical proper-
Resolution ties

Targeted
organ

Detailed application References

Electrospinning

PCL + CS

34407 pm 2-10 MPa

Bone

- The scaffold aims to support cell adhesion, proliferation, and [277]
infiltration, thereby facilitating the restoration of tissue structure

and function

- The incorporation of chitosan granules into polycaprolactone

fibers creates a 3D structure with expanded pores

- This design addresses the limitation of small pore sizes in

traditional electrospun membranes, which typically prevent cellular
infiltration and limit the membranes to behave more like 2D

structures

Electrospinning

PCL + Gel + GO

97-98 um 14.8-17.2 MPa

Bone

- The scaffold is realized for bone tissue engineering [281]
- Nanofiber scaffold used a blend of polycaprolactone/gelatin

reinforced with bone morphogenetic protein (BMP)-modified

graphene oxide

- The scaffold is designed to support bone tissue regeneration by

providing a structure that closely resembles bone tissue, offering

good biocompatibility, mechanical strength, and antibacterial

properties

Electrospinning

PVA + Gel

100-350 um NA

Skin

- The bilayer nanofibrous-hydrogel scaffold is designed to promote [234]
wound healing

- It has a hydrophilic surface, high swelling ability, and good

stability, which are beneficial for maintaining a moist wound

environment conducive to healing

- The structure includes a top layer of nanofibers and a bottom layer

of porous hydrogel, mimicking the extracellular matrix and

supporting cell adhesion, proliferation, and tissue integration

(Continued.)
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Table 6. (Continued.)

Electrospinning CS + Nanodiamonds 80-190 nm 353-405 MPa Skin - The electrospun nanofibrous scaffold, modified with medical [298]

3uysiiand dol
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grade nanodiamonds, is designed to mimic the properties of natural
skin

- The scaffold aims to improve mechanical durability, hydrophilicity,
and water vapor permeability, making it suitable for wound healing
applications

- The inclusion of MND is intended to enhance the mechanical
strength of the membranes, decrease fiber diameters, and provide a
platform for drug and growth factor conjugation for controlled
release

Electrospinning

PCL + silk + CNT + GelMa

24-105 pm

NA

Skin

- The core—shell scaffold, based on aligned conductive nanofiber
yarns within a hydrogel, is designed to mimic hierarchically aligned
biological structures

- This scaffold aims to enhance aligned neuronal outgrowth without
external stimulation

[283]

Electrospinning

Polyethersulfone + Collagen

0.4-1.5 pm

NA

Vessels

- The scaffold is for the hepatogenic differentiation of induced
pluripotent stem cells into hepatocyte-like cells

- The scaffold is made of aligned polyethersulfone/collagen
nanofibers

[285]

Electrospinning

PCL + Gel

NA

NA

Neural/ Wound
healing

- The scaffold facilitates the formation of biological elongated
networks by providing aligned electrospun fibers that guide the
directional growth of cells

[286]

Electrospinning

PLCL + drugs

0.56-0.34 pum

NA

Drug vehiculation
for cancer

- Simvastatin-loaded PLCL/gelatin electrospun nanofiber, which is
being studied for its biocompatibility and efficacy in cell
proliferation and ossification differentiation, forms up the scaffold
- This scaffold aims to emulate the microstructure and
compositional framework of natural bone, addressing the
shortcomings of current bone repair materials

- It shows potential in enhancing osteoblast proliferation and
osteogenic differentiation, making it a promising material for
treating bone defects

[235]

(Continued.)
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Table 6. (Continued.)

Fabrication Approach

Material

Resolution

Mechanical proper-
ties

Targeted
organ

Detailed application References

Electrospinning & Cells
Origami

PCL + nHA + cells

200 pm

NA

Bone

- The 3D nanofiber scaffold/cells complex created by combining [269]
electrospinning technology and origami techniques is intended for
use in bone tissue engineering

- Human fetal osteoblasts are grown on the scaffold and are
anticipated to secrete extracellular matrix to promote the bonding of
neighboring nanofiber films

- The origami technique allows for the construction of a 3D block
composed of electrospun nanofiber scaffold and cells, which can
mimic the structure of natural bone tissue

- The successful integration of nanohydroxyapatite particles into the
scaffold aims to improve mechanical properties

Electrospinning &
Bioprinting

PCL + drugs

2—4 pm

NA

Bone

- The scaffold is intended for bone tissue engineering [299]
- The scaffold is a bilayer electroconductive designed to provide an

electrically conductive environment for cells

- It incorporates conductive polyaniline bioactive particles, and

drugs within an electrospun polycaprolactone/gelatin composite to

enhance bioactivity and support cellular functions such as

attachment, proliferation, migration, and differentiation

- The conductive patterns are created using bioprinting method on

the surface of the electrospun scaffolds

3uysiiand dol

1002€0 (920T) 01 sa4nin ouvN

192 TRUDIEIN O



10P Publishing

Nano Futures 10 (2026) 032001 C Martinelli et al

with conductive polymers atop electrospun scaffolds via inkjet printing to activate cellular responses. In
such research, gelatin, enhanced with calcium phosphate NPs, and polycaprolactone, integrated with the
Osteogenon medication, were utilized to construct a composite bilayer scaffold. This scaffold was pre-
pared by collecting electrospun PCL/Osteo and gel fibers successively in the same collector. Subsequently,
thin polyaniline patterns were applied to the hybrid scaffold’s surface using inkjet printing. Their
objective was to develop a bioactive, hybrid scaffold system by combining conductive polyaniline with
bioactive particles and drugs within an electrospun composite scaffold. This system aimed to provide

an electrically conductive environment for cells, but no further advancements can be found in recent
years [299].

In conclusion, to date the use of inkjet printing as an additive manufacturing process for creating
personalized medicine, using pharma-inks containing drugs and excipients for precise material depo-
sition can be employed repeatedly. In the field of pharmaceutical inks, a notable categorization distin-
guishes between aqueous and nonaqueous formulations. Additionally, pharmaceutical inks can be cate-
gorized by their composition into polymer-, lipid-, and NP-based formulations. Each category of phar-
maceutical ink necessitates specific excipients to enhance ink characteristics and drug delivery features.
However, few studies reported their use in microscaffold printing and only with limited applicability in
hydrogel-based materials.

20. Tissue engineering from basic research to clinical translation

The integration of various research fields such as biology, biomedical engineering, and materials science
has led to the development of tissue engineering innovative strategies for combining cells, scaffolds, and
mechanical and biochemical signals, as reported in this topical review. Even though tissue engineering
was introduced three decades ago and has been extensively researched globally, its clinical applications
are still in the early stages, with experimental, ethical, and regulatory issues posing ongoing challenges
worldwide.

While there have been advancements in clinical protocols for the creation of bidimensional and
small 3D tissue portions (up to few hundred micrometers), the production of fully functional 3D organs
remains a complex task. In particular, the development of revascularized tissues with physiological capil-
lary networks, which are essential for oxygen and nutrient distribution within, presents numerous obsta-
cles. Several applications have been devised to address this issue before moving on to in vivo procedures,
thereby reducing the risk of tissue necrosis [300].

Most clinical advancements in tissue-engineered products have been observed in the repair of elastic
and articular cartilage, as well as in the treatment of cardiovascular and urological damages. Currently,
cell-based therapies are entering clinical trials, and there is a growing demand for the standardization
of potential tissue engineering approaches to facilitate their commercialization. Currently, 75 studies are
reported in the U.S. clinical trials database under the keyword ‘tissue* engineering), the vast majority
of which are based on cell applications to treat specific diseases with 8 of them having reached phase
III, and only one phase IV [301]. Similarly, 301 studies can be highlighted by searching the database for
‘scaffold™’.

Nanomedicine has undergone extensive development starting from the discovery of liposome struc-
ture, passing through the approval of the first nanodrug Doxil® by the FDA in 1995 [302], up to the
clinical validation and commercialization of many nanoformulations. The most recent evolution in this
field focused on making nanomaterials responsive to specific stimuli, to warrant precision medicine and
reduce not specific responses and toxicity [261]. Most nanomaterials have been devised for the diagnosis
and treatment of cancer [40, 303, 304], and more recently have demonstrated high potential for other
diseases (e.g. cardiovascular), and infections [305, 306]. Clinical trials involving the use of nanomate-
rials in tissue regeneration are extremely limited and up to now only two of them have been reported.
Interestingly, one clinical trial investigated the osteogenic effects promoted by Wnt3a delivery by com-
paring hydroxyapatite NPs with viral administration and was completed in 2013 [307]. Another study,
completed in 2019, evaluated the safety of a resorbable PLLA implant for regenerating the anterior cruci-
ate ligament [308].

In the last 14 years, scaffolds have been employed in various clinical trials for tissue engineering and
regenerative medicine. For instance, studies mainly highlighted the use of microscaffolds for regenera-
tive therapy in spinal cord injury [309]. These scaffolds, in some cases bioprinted, while in the majority
realized with additive manufacturing techniques, were used as drug and/or cell delivery systems to facil-
itate favorable cell-material interactions and neuroprotection. In other studies, the use of 3D structured
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scaffolds and hydrogels, alone or combined with bioactive molecules or genes and cells, for tissue engi-
neering applications was evaluated. These scaffolds were able to guide the development of functionally
engineered tissues and provide mechanical support during in vivo implantation [310]. By considering
the bone and cartilage frameworks, we can highlight 13 studies with different statuses of completion but
having a poor focus on bioprinted and microfabricated ones [311-323]. Breast cancer clinical trials high-
lighted the use of a medical grade polycaprolactone scaffold implanted and combined with the patient’s
own fat cells to support soft tissue regeneration [324]. Similarly, few studies have used 3D-printed PCL
scaffold for horizontal ridge augmentation in aesthetic zones [325, 326]. Despite the promising advance-
ments, the scarcity of studies focusing on 3D microscaffolds compared to layer-by-layer approaches indi-
cates a need for further research to optimize scaffold design, material selection, and biocompatibility to
achieve functional skin reconstruction. In this regard, in the last 14 years, only three cases can be found
in skin reconstruction [327-329].

21. Regulatory pathways and open challenges for clinical translation

As outlined in section 20, the number of nanomaterial- and scaffold-based products that have reached
clinical use remains small relative to the volume of preclinical research. Therefore, a primary reason

is regulatory since the engineered systems described in this topical review do not map neatly onto the
established product categories of drug, medical device, and biologic, and the category assigned to a given
construct determines its entire approval pathway, evidence burden, and timeline.

The regulatory route depends on the construct’s principal mode of action rather than on its com-
position. An acellular scaffold whose action is essentially structural is normally treated as a medical
device. A scaffold that elutes a drug or growth factor, or a therapeutic nanocarrier such as a liposome,
polymeric micelle, dendrimer, or iron-oxide NP (sections 3—13; figures 7-9-10), exerts a pharmaco-
logical action and is regulated as a medicinal product/biologic, or, when an integral device component
is present, as a combination product. A cell-loaded scaffold, as a cellularized construct, including the
spheroid- and cell-sheet-based constructs discussed in section 16, is regulated as a cell-based/tissue-
engineered product. The most demanding cases are the borderline and combination products that domi-
nate this field, where even the responsible authority is not obvious at the outset.

21.1. United States (FDA pathways)

Devices, drugs, and biologics are reviewed by distinct centers (CDRH, Center for Devices and
Radiological Health, CDER, Center for Drug Evaluation and Research and CBER, Center for

Biologics Evaluation and Research, respectively). Additionally, for combination products, the Office of
Combination Products assigns a lead center according to the primary mode of action. For example, acel-
lular devices/scaffolds follow the validation paths ‘510(k), ‘De Novo) or ‘premarket-approval routes, with
a humanitarian device exemption available for rare conditions, as the pathway used for the first 3D-
printed implant cleared in 2021. Cell-loaded constructs/scaffolds are regulated as human cells, tissues,
and cellular and tissue-based products under 21 CFR’ part 1271. Since those that are minimally manip-
ulated and intended for a homologous use fall under section 361 and require no premarket approval,
more than minimally manipulated products such as biologics require an ‘Investigational New Drug’
application and a ‘Biologics License Application’ Such regenerative products, cell therapies, therapeu-

tic tissue-engineered products, and combinations thereof, may qualify for the ‘Regenerative Medicine
Advanced Therapy’ designation introduced by the 21st Century Cures Act’ in 2016, which offers acceler-
ated approval on surrogate or intermediate endpoints together with early and frequent engagement with
the agency. For the nanomaterials considered in this topical review, the FDA’s 2022 guidance drug prod-
ucts, including biological products, that contain nanomaterials, is the key reference document, setting
expectations for physicochemical characterization, critical quality attributes, and the nonclinical and clin-
ical data needed across development. Fabrication is addressed by the guidance on additive-manufactured
devices and the 2021 discussion paper on 3D printing at the point of care. Notably, bioprinted con-
structs remain outside the scope of current device guidance and occupy a regulatory gray zone.

21.2. European Union (EMA pathways)

Acellular devices, including microfabricated scaffolds, fall under the MDR 2017/745, whose classification
scheme and conformity-assessment requirements are described in section 17. Nonetheless two require-
ments are particularly relevant to be discussed in the present topical review: under article 117, a basic
drug—device combination is regulated as a medicinal product and still requires a notified body opinion
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on the device component. Additionally, under article 5.5 (‘health-institution exemption’), devices man-
ufactured and used in house by a health institution are partially exempted, and particularly relevant for
the academic and hospital fabrication of microscaffolds. Cell-based and tissue-engineered constructs are
instead governed by the advanced therapy medicinal products (ATMP) regulation (EC) No 1394/2007,
which defines tissue-engineered products and combined ATMPs and requires a centralized marketing
authorization assessed by EMA’s committee for advanced therapies. Therefore, it is noteworthy that a
construct which combines viable cells with a scaffold is regulated as an ATMP unless the cellular com-
ponent is non-viable and merely auxiliary to the device. To resolve borderline cases, the optional classi-
fication procedure (article 17) provides a scientific recommendation within 60 d, and a dedicated certifi-
cation scheme supports small and medium-sized developers (article 18). The E.U. has no nanomedicine-
specific regulation and therefore nanomaterials are handled case-by-case under the medicinal-product
framework, supplemented by EMA reflection papers on individual product classes.

22. Conclusions and future perspectives

Nanomaterials and microstructures represent the new frontiers of tissue engineering. The possibility of
exploiting the intrinsic properties of biomaterials combined with the design of innovative biocompatible
microstructures has revolutionized the field of regenerative medicine. In the last decade, several strategies
to improve the interaction with living cells at the nano/microscale have evolved and the first applica-
tions in clinical settings are starting to become reality. Ranging from inorganic to organic NPs, much
research has focused on facilitating the delivery and release of bioactive molecules, immunomodulation,
and support for cell proliferation and differentiation. Although many promising results obtained, how-
ever, improvements are still required concerning, for instance, the expensive and time-consuming fabri-
cation protocols. The creation of nanomaterials and polymers with the ability to incorporate drugs into
3D-printed microscaffolds has the potential to improve tissue regeneration. These drug-delivering poly-
mers can stimulate cell proliferation, differentiation, and tissue remodeling by carefully regulating the
release of bioactive compounds at the site of tissue regeneration. Personalized medicine techniques may
also be used to create customized medication release profiles, which maximize therapeutic effectiveness
and reduce systemic adverse effects. There are still issues, though, such as the short half-lives of med-
ications and possible deterioration during manufacturing. However, developments in both top—down
and bottom—up fabrication techniques present chances to get over these obstacles and give exact control
over drug deposition in scaffold materials. Successful tissue healing and immune response modulation
will be greatly aided by nanomaterials and microstructures. Engineered microstructures that may reduce
immune cell involvement can be successfully incorporated into the body to replace damaged tissues

and organs through the development of biocompatible nanomaterials. Whether 2.5 or 3D, microscaf-
folds offer a regulated microenvironment to influence macrophage activity and regulate inflammation.
Specifically, inkjet bioprinting provides accurate control over drug deposition, making it possible to cre-
ate intelligent scaffolds for tailored treatments.

Bridging the gap from laboratories to clinical applications will require early and structured regulatory
engagement, pre-submission meetings and scientific advice, ad hoc classification in the E.U. framework
and combination-product determinations in the U.S., together with a quality by design development,
standardized nanomaterial characterization, and a design for compliance. In these, ISO 10993 and ISO
13 485 normative should be embedded from the beginning rather than retrofitted, as we emphasized in
section 17. The development of a guidance for nanomaterial- and scaffold for tissue engineering, and
a continued international harmonization through the International Council for Harmonisation and the
relevant ISO additive-manufacturing standards, will be decisive in converting the experimental advances
reviewed here into approved and long-lasting impacting therapies. Even though there are still difficul-
ties with clinical translation on scaffold implantation and their general usage in human patients, further
research promises to enhance scaffold design, material choice, and biocompatibility, which will eventually
result in functional tissue restoration and better patient outcomes.
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