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A B S T R A C T

In recent decades, osteochondral (OC) tissue regeneration has been one of the major challenges in regenerative 
medicine. The absence of blood vessels, lymphatic vessels, and nerves in OC tissue prevents self-repair, while the 
structural complexity and differences between bone and cartilage layers make conventional surgical treatments 
largely ineffective. To address this issue, tissue engineering has emerged as a promising approach to replacing 
damaged OC tissue, with a particular focus on innovative strategies such as the design of continuous gradient 
scaffolds that mimic the complex architecture of native OC tissue. In this review vat photopolymerization (VPP) 
3D printing technologies are presented as one of the most effective methods for fabricating gradient scaffolds for 
OC tissue repair. By leveraging photochemical reactions and light-assisted techniques, such as digital light 
processing (DLP), stereolithography (SLA) and two-photon polymerization (2-PP), highly precise porous struc
tures made of biocompatible photo-crosslinkable resins have been successfully fabricated, with several relevant 
examples reported herein. DLP, SLA and 2-PP have proven fundamental in creating compositional, architectural, 
and mechanical gradients within scaffolds. Moreover, scaffold functionalization with bioactive molecules has 
demonstrated effectiveness in repairing damaged OC tissue in both in vitro and in vivo conditions. Moreover, the 
adoption of modeling tools such as the design of experiments (DoE) approach and AI-driven computational 
methods has proven to be valuable in optimizing the fabrication process and enhancing scaffold designs to more 
closely replicate the architecture and functionality of osteochondral tissues.
Statement of significance: Despite the transformative potential of vat photopolymerization (VPP) techniques, such 
as stereolithography (SLA) and digital light processing (DLP), for developing high-precision gradient 3D scaffolds 
for osteochondral (OC) tissue repair, achieving full biomimetic restoration remains a significant challenge. This 
review offers a comprehensive analysis of advancements in VPP, detailing how these techniques enable precise 
control over scaffold composition, architecture, and mechanical properties to closely replicate the complex 
structure of OC tissue. Furthermore, it underscores the critical need for standardized protocols and long-term 
evaluations in scaffold development. Addressing these gaps is essential to advancing the clinical translation of 
VPP-based scaffolds, paving the way for more effective treatments for OC tissue damage.

1. Introduction

Osteochondral (OC) tissue regeneration is one of the major chal
lenges in regenerative medicine. In recent decades, research on OC tis
sue repair has increased significantly. A Scopus search using the 
keywords “osteochondral tissue” and “repair” in the “Article Title, 

Abstract, and Keywords” section identified >2500 studies on the latest 
advancements in the field (Fig. 1a). Refining the search with the terms 
“osteochondral” and “scaffolds” revealed over 1900 studies specifically 
focused on tissue engineering approaches aimed at fabricating and 
optimizing 3D structures for OC tissue regeneration (Fig. 1b). These 
studies explore various additive manufacturing techniques and different 
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biomaterials to develop scaffolds that effectively replicate the physico
chemical properties of native OC tissue. Research has increasingly 
shifted from simple structures, designed to mimic only specific parts of 
the multiphasic OC tissue, to more complex architectures, with 3D 
printing emerging as one of the most promising approaches. However, 
the attention of the scientific community was predominantly focused on 
OC gradient scaffolds produced using techniques based on extrusion and 
sintering processes, such as fused deposition modeling (FDM) and se
lective laser sintering (SLS). While these methods yield scaffolds with 
good performance, they often lack well-defined structures with high 
resolution. On the other hand, limited attention has been dedicated to 
light-assisted techniques, which utilize light sources to build scaffolds 
made of photo-crosslinkable materials. In this context, advanced tech
niques such as stereolithography (SLA) and digital light processing 
(DLP) offer significant advantages, enabling precise control over the 
resolution, physicochemical characteristics, and mechanical properties 
of the scaffolds [1–5].

This review aims to emphasize the importance of light-assisted 
techniques in the fabrication of OC gradient scaffolds, highlighting 
their ability to create gradients in architecture, geometry (pore shape, 
pore size, and pore openings), composition (blends of natural and syn
thetic polymers combined with inorganic materials in different ratios), 
and mechanical properties (stiffness, compressive strength, etc.). Addi
tionally, this review underscores the advantages of these techniques, 
including their capacity to produce complex and highly detailed scaffold 
structures at high printing speeds, as well as the ability to manufacture 
large batches of scaffolds with varying geometries and surface finishes. 
Another key objective is to collect information that serves as an over
view for selecting suitable materials, such as matrices and photo
initiators, and optimizing process parameters for the fabrication of 
gradient scaffolds using SLA, DLP and 2-PP techniques. To conduct this 
review, Scopus and PubMed were used as the primary databases for 
sourcing peer-reviewed studies, while Google Scholar was used to 
expand and enrich the research. The main keywords employed in the 
search included: gradient, osteochondral, scaffolds, stereolithography, 
digital light processing, and vat photopolymerization processes.

2. Scaffolds for osteochondral tissue engineering

2.1. Osteochondral tissue anatomy

Osteochondral (OC) tissue is a specialized structure located at the 
interface between bone and articular cartilage, playing a crucial role in 
providing structural support, bearing weight, reducing friction, and 
cushioning movements. These functions are made possible by its 

complex, multilayered architecture, which can be broadly divided into 
three main regions: non-calcified cartilage (hyaline cartilage), calcified 
cartilage, and the subchondral zone [6]. The non-calcified cartilage can 
be further subdivided into three layers: the superficial zone, the middle 
zone, and the deep zone, each exhibiting gradual variations in cell 
shape, size, and orientation (chondrocytes), extracellular matrix (ECM) 
composition (collagen, water, and mineral content), and mechanical 
properties such as stiffness and compressive strength (Fig. 2a) [7–10].

Since OC tissue is directly involved in joint movement, it is partic
ularly vulnerable to damage. Injuries to OC tissue, known as osteo
chondral defects (OCDs), arise from traumatic events, repetitive 
microtrauma, or conditions like osteochondritis, ultimately compro
mising joint function [11,12]. Addressing these defects represents a 
major challenge in orthopedic medicine, due to the complex layered 
structure of OC tissue, combined with its limited vascularization and 
innervation, that hinders self-repair [13]. Current treatment strategies 
for OC damages are often palliative cares which impart only symptom
atic relief without preventing further degeneration [5,14,15]. More 
advanced approaches involve surgical reparative and restorative pro
cedures, such as autologous chondrocyte implantation (ACI), which can 
effectively reduce pain in the short term and promote regeneration of 
the OC tissue, [16,17]. However, these approaches are limited by risks of 
infection and immunogenic responses [14,18,19]. In recent years, tissue 
engineering has emerged as a promising alternative for OC tissue repair 
by integrating principles from biology, materials science, and engi
neering to develop innovative regenerative strategies [20–22]. Indeed, 
by designing biodegradable and biomimetic scaffolds and incorporating 
growth factors and stem cells into the structure, it is possible to provide 
biomimetic mechanical support, and promote cellular diffusion, growth, 
and differentiation, ultimately accelerating OC tissue regeneration [23,
24].

2.2. Manufacturing and architectures of scaffolds for osteochondral 
regeneration

2.2.1. Manufacturing techniques
Tissue engineering is currently recognized as the most effective 

alternative to conventional treatments for OC tissue regeneration [25]. 
Using a multidisciplinary approach, it aims to develop cell-laden scaf
folds (constructs) designed for in vivo implantation, where they tempo
rarily replace the damaged/lost tissue while promoting its regeneration 
[26].

As a key requirement, the scaffold should serve as an artificial ECM 
by properly interacting with the cell component, supporting cell adhe
sion, proliferation, and, in the case of stem cells, differentiation. At the 

Fig. 1. Graphs obtained by Scopus search (accessed in July 2024) showing the number of studies carried out over the last years. a) The first graph reports the number 
of works from 1973 to 2024 by using the keywords ”osteochondral tissue” and ”repair” showing how the topic is still of interest nowadays, with an exponential focus 
in the last 30 years. b) The second graph reports the number of papers written from 1995 to 2024 by using the terms ”osteochondral” and ”scaffolds” depicting the 
growing interest in tissue engineering approaches for OC tissue repair.
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same time, they must provide adequate structural and mechanical sup
port. Further, a scaffold degradation profile matching the rate of new 
tissue formation is highly desirable. To effectively guide tissue devel
opment, scaffolds must replicate the natural ECM in terms of chemical 
composition, mechanical properties, and structural features, including 
porosity, pore interconnectivity, and a multiscale three-dimensional 
architecture spanning the macro-, micro- and nano-levels. This ensures 
that cells receive the necessary biochemical and biophysical cues for 
proper tissue formation. Regardless of the specific technology employed 
for OC scaffold production, the past decades have seen significant ad
vancements in scaffold chemical composition and mechanical proper
ties, leading to greater biomimicry through the incorporation of natural 
ECM components. Also, significant progress has been made in devel
oping biomimetic 3D scaffold architectures that more closely resemble 
the ECM of bone and cartilage, particularly thanks to additive 
manufacturing (AM) technologies [26–28].

Various AM techniques have been developed to fabricate these 
scaffolds by depositing materials at specific spatial coordinates along the 
gradient axis. These include sequential layering of partially gelated 
hydrogel solutions, electrospinning, freeze-drying, microfluidic-based 
techniques, magnetic field-assisted methods, and 3D printing [5,29–41]. 
Among these, 3D printing is the most widely used and promising 
approach. It is supported by computer-aided design (CAD) which allows 
designing scaffolds with customized and complex architecture. The 
fabrication process typically involves layer-by-layer deposition tech
niques, providing precise control over the chemical composition, ge
ometry, and mechanical properties of each layer. In addition, 3D 
printing offers the possibility of incorporating biological substances, 
such as growth factors or inorganic components naturally present in OC 

tissue, which enhance cell attachment, spreading, and the chondrogenic 
and osteogenic differentiation of stem cells [5]. Depending on the ma
terial used and the working principle of the technique, the most common 
methods include fused deposition modeling (FDM) or fused filament 
fabrication (FFF), which utilize extrusion technology, selective laser 
sintering (SLS) based on powder fusion, and light-assisted techniques, 
such as vat photopolymerization (VPP) [42]. VPP relies on photo
chemical reactions and includes methods like SLA, DLP, and two-photon 
polymerization (2-PP) [4,43]. A comparison of these 3D manufacturing 
techniques is reported in Table 1 [2,44].

The FDM or FFF technique, illustrated in Fig. 3a, operates by 
extruding a molten filament of thermoplastic material through the 
heated nozzle of a printer head under pressure. The extruded filament is 
deposited layer by layer onto a build platform. After the first layer is laid 
down, the printer head moves along the Z-axis, while the nozzle con
tinues depositing material along the X and Y axes to form subsequent 
layers. As the material cools and solidifies, the process repeats until the 
entire scaffold is completed [45]. The SLS method, depicted in Fig. 3b, 
utilizes a high-energy source, such as a laser, to sinter powdered mate
rials. A mirror directs the laser beam onto the powder bed, heating and 
fusing the particles through a sintering process. After each layer is 
formed, a new layer of powder is added to the chamber, and the process 
repeats until the scaffold is fully constructed [46].

Another promising technology for OC scaffold fabrication is 3D 
bioprinting [47]. This method incorporates principles from previously 
mentioned techniques, including extrusion-based, inkjet-based, and 
laser-assisted approaches (Fig. 3c). However, unlike traditional AM 
methods, bioprinting deposits bioinks, even highly viscous, composed 
not only of biomaterials but also of living cells and biochemical factors, 

Fig. 2. Schematics of osteochondral tissue and tissue engineering approaches. a) Schematic representation of the gradient osteochondral tissue: articular noncalcified 
cartilage (divided into superficial zone, middle zone, and deep zone), calcified cartilage, and subchondral bone and their composition. The wide and gradual 
extracellular matrix (ECM) composition change is depicted. Reproduced and adapted with permission from Ref. [7]. Copyright 2019, MDPI; b) Schematic repre
sentation of tissue-engineered scaffold for osteochondral tissue repair: several approaches based on the number of layers and properties of the scaffold are shown, 
moving from monophasic to continuous gradient structures. Reproduced and adapted with permission from Ref. [5]. Copyright 2023, Elsevier.
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enabling the fabrication of large, mechanically stable structures with 
high resolution and precision. Nevertheless, bioprinting poses chal
lenges such as shear stress on cells, which can reduce cell viability, as 
well as high costs and technical complexity. Despite these limitations, 

bioprinting continues to evolve rapidly, with ongoing research focused 
on improving bioink formulations, developing hybrid printing tech
niques, and integrating artificial intelligence to optimize printing pa
rameters. Although still in its early stages, bioprinting holds great 

Table 1 
Comparison of 3D manufacturing techniques (information were derived from Refs. [2,44]).

Technique Advantages Limitations Applications Biomaterial 
Compatibility

Minimum 
feature size

Printing 
Speed

Fused Deposition 
Modeling (FDM)

Low cost, easy to use, 
customizable porosity

Limited resolution, 
anisotropic mechanical 
properties

Bone tissue engineering, 
cartilage scaffolds

Biocompatible 
thermoplastics (PLA, PCL, 
ABS, PGA)

60–600 μm Moderate

Fused Filament 
Fabrication (FFF)

Similar to FDM, cost- 
effective, accessible

Poor surface quality, 
lower resolution than SLA 
or SLS

Biodegradable polymer 
scaffolds, custom 
implants

Biocompatible 
thermoplastics (PLA, PCL, 
PGA)

50–500 μm Moderate

Selective Laser 
Sintering (SLS)

No need for support 
structures, strong and 
porous structures

High energy 
consumption, rough 
surface finish

Bone and cartilage 
scaffolds, tissue 
engineering

Polymers (PA, PCL), 
metals (Ti, Co-Cr)

100–1000 μm Moderate

Stereolithography 
(SLA)

High resolution, smooth 
surface, precise 
microstructures

Expensive resins, requires 
post-curing, brittle 
materials

Soft tissue scaffolds, 
microvascular networks

Photopolymer resins, 
PEGDA-based 
biomaterials

10–100 μm High

Digital Light 
Processing (DLP)

Faster than SLA, high 
accuracy, smooth surfaces

Limited material choices, 
requires post-processing

Bioprinting, vascularized 
scaffolds

Biocompatible resins, 
PEG-based hydrogels

10–100 μm High

2-Photon 
Polymerization (2- 
PP)

Extremely high resolution, 
complex 3D microstructures

Expensive, slow, small 
build volume

Nerve regeneration, cell- 
laden hydrogel scaffolds

Photosensitive 
biomaterials, hydrogels, 
PEGDA

0,1–0,7 μm Low

Fig. 3. Schematic representation of the most common additive manufacturing (AM) 3D printing techniques. a) Fused deposition modelling (FDM). FDM operates by 
extruding material through a heated nozzle under pressure to create 3D printed scaffolds. Polymeric materials are melted producing fibrous filaments deposited layer- 
by-layer on a stage, with the nozzle moving along the vertical gradient axis; b) Selective laser sintering (SLS). A laser heats and blends powders contained in a mold. 
After the first layer deposition, a new one is added by a piston and undergoes sintering to form the subsequent layer. This process repeats until the vertical gradient 
scaffold is achieved. c) 3D bioprinting techniques. Inkjet-based 3D printing: an ink or bioink is placed into a cartridge and can be dispensed using heat-generated 
bubbles or a piezoelectric actuator. Extrusion-based 3D printing: the bioink is extruded using pneumatic or mechanic (piston/screw) systems. d) Stereo
lithography (SLA). A transparent reservoir contains liquid photopolymer resin. Each layer is traced onto the surface of the resin by a computer-controlled laser that 
directs the beam in the X and Y direction where solidification is needed. When the laser hits the liquid resin, it starts to cure and then solidifies, forming the desired 
shape of the first layer. After one layer is solidified, a stage holding the hardened material moves downwards vertically by a small distance and the tank is re-filled 
with a fresh liquid resin. This process repeats until the entire object is achieved. e) Digital light processing (DLP). A large array of microscopic mirrors arranged in a 
grid rotates to be in an “on” or “off” position. When the micromirrors are in the “on” position and are hit by light, they reflect it to produce an image. Micromirrors in 
the “off” positions are oriented to avoid the incident light. Consequently, light reflected by the mirrors is directed toward the resin, which is then illuminated and 
polymerized, resulting in a solidified material with the same shape as the projected image. Reproduced and adapted with permission from Ref. [42]: Copyright 2021, 
MDPI. f) 2-Photon Polymerization (2-PP). The absorption of photons in the near-infrared (NIR) spectrum triggers the photopolymerization and, thus, the solidifi
cation of the liquid material only where the light intensity is the highest also known as the focal point. The focal point is moved by galvo scanners in the focal plane at 
speeds of hundreds of millimeters per second and the laser beam is focused into the photosensitive resin using a high numerical aperture objective lens. Reproduced 
and adapted with permission from Ref. [43]: Copyright 2020, “Scientific” Reports.
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potential for tissue regeneration, paving the way for future break
throughs in biomedical engineering.

VPP techniques (Fig. 3d-f) are 3D printing technologies that use ul
traviolet (UV), infrared (IR), or visible light. These systems leverage 
light as an energy source and apply photochemistry principles and 
advanced fabrication techniques to design OC scaffolds. The process 
involves photo-crosslinkable liquid materials (resins) contained in a 
tank, which are selectively crosslinked by a light source at a precise 
wavelength to form each layer of the scaffold. This approach, through 
precise control of the processing parameters (i.e., light source wave
length and intensity, exposure time), enables the fabrication of nano
scale features with enhanced resolution and allows for the accurate 
customization and fine-tuning of the scaffold geometry, zonal-specific 
composition, 3D architecture, and mechanical properties [43,44].

A detailed discussion of the working mechanisms, advantages, and 
limitations of these technologies is provided in Section 2, Vat Photo
polymerization (VPP) Techniques.

2.2.2. Types of scaffolds’ architectures
To effectively build scaffolds that replicate the natural intricate 

structure of OC tissue, it is essential to mimic the mechanical and 
physicochemical characteristics of non-calcified cartilage, calcified 
cartilage, subchondral bone, and their interfaces within a single 

construct with the highest precision. Consequently, in recent years, 
increasing attention has been devoted to the evolution of OC scaffold 
design, moving from simple monophasic structures to more sophisti
cated architectures, including bi-layered, multi-layered, and continuous 
gradient scaffolds (Fig. 2b) [1,3–5].

In the following, a concise overview of the main architectures and 
temporal progression of the different types of scaffolds will be provided, 
highlighting the advancements made in their development to enhance 
biomimicry and integration with native osteochondral tissue.

2.2.2.1. Mono-layered scaffolds. Mono-layered scaffolds were the first 
type of constructs developed for OC tissue restoration. These structures 
are designed to interact with a single phase of the tissue (e.g., either bone 
or cartilage) at a time, promoting cell attachment and proliferation 
within the defected area. They are typically composed of a single ma
terial or a homogeneous mixture of multiple materials, with uniform 
spatial distribution and isotropic mechanical and physicochemical 
properties [5,7,50].

Common materials used for scaffold fabrication include natural 
polymers such as carbohydrates (agarose, alginate, chitosan/chitin, and 
hyaluronate) and proteins (collagen, fibrin, and gelatin), as well as 
synthetic polymers like polyglycolic acid (PGA), polylactic acid (PLA), 
poly(lactic-co-glycolic acid) (PLGA), polyethylene glycol (PEG), and 

Fig. 4. Representation of mono-layered, bi-layered and three-layered scaffolds obtained by VPP techniques. a-i) picture of a DLP printer component with a mono- 
layered printed scaffold. a-ii) SEM image from the surface of GelMA hydrogels scaffold. a-iii) SEM image from the surface of GelMA composite hydrogels (GelMA-HA- 
PR-Sr10 %) scaffold. a-iiii) SEM image from the surface of GelMA composite hydrogels (GelMA-HA-HT-Sr10 %) scaffold. Reproduced and adapted with permission 
from Ref [53]. Copyright 2024, MDPI. b-i) Schematic representation of crosslinking reaction between gelMA and SFMA to obtain GelMA-SFMA hydrogel. b-ii) 
Schematic representation and related picture of bi-layered GelMA-SFMA hydrogel scaffold in which the upper layer, enriched with diclofenac sodium (DS), mimics 
the cartilage layer, while the bottom layer, loaded with bioactive glass (BG), mimics the subchondral bone part. Reproduced and adapted with permission from Ref 
[69]. Copyright 2023, Springer Link. c-i) Schematic representation of the three-layered chitosan-collagen-octacalcium phosphate scaffold. Different zones and 
material composition are identified. c-ii) Digital light microscopy images showing the different zones in the three-layered scaffold. The layers of the scaffold cor
responding to the bone, interface, and cartilage regions are indicated by colored boxes added to the images. c-iii) SEM images illustrating the microstructure and 
morphological features of the obtained scaffolds. Reproduced and adapted with permission from Ref [79]. Copyright 2021, Wiley.
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polycaprolactone (PCL) [51]. To enhance mechanical properties, natu
ral polymers are often blended with synthetic ones or combined with 
inorganic fillers such as hydroxyapatite (HA) and tricalcium phosphate 
(TCP) [47].

One of the earliest examples of mono-layered scaffolds was reported 
by Cao et al. in 2003. They investigated the use of a three-dimensional 
isotropic porous PCL scaffold fabricated via FDM, demonstrating its 
potential for osteochondral repair applications [52]. Even today, 
mono-layered structures continue to be developed. A recent example is 
the work of Codrea et al. in 2024, who fabricated various DLP-printed 
mono-layered scaffolds composed of GelMA (Fig. 4a-i and ii) and 
GelMA-strontium doped with hydroxyapatite (Fig. 4a-iii and iiii) [53]. 
By varying the matrix composition, they achieved different pore struc
tures, effectively mimicking bone tissue and promoting its regeneration. 
Additionally, mono-layered scaffolds primarily composed of bio
ceramics have shown promising results in bone regeneration. In 
particular, VPP techniques have demonstrated significant potential for 
fabricating bioceramic scaffolds with precise control over geometry and 
porosity, enabling the creation of intricate, biomimetic structures. These 
techniques facilitate the integration of bioactive ceramics such as HA, 
whitlockite, and bredigite-doped composites in the scaffolds, improving 
mechanical strength, degradation behavior, and biological responses 
[54–56].

Although monophasic scaffolds remain in development due to their 
relatively simple fabrication process, they are inherently limited in 
replicating the complex physical structure and functional properties of 
OC tissue required for its effective repair. Consequently, they fail to fully 
recreate the biological environment necessary for complete OC tissue 
regeneration. To overcome these limitations, researchers have explored 
scaffolds that incorporate two distinct joint phases, offering a more 
advanced and biomimetic approach.

2.2.2.2. Bi-layered scaffolds. Bi-layered scaffolds are the first example 
of stratified constructs able to mimic the biological environment of the 
different layers in native OC tissue by varying chemical composition, 
structural arrangement, and mechanical properties. They were specif
ically designed to independently replicate the native ECM of both bone 
and cartilage within a single scaffold. These scaffolds can be composed 
of two distinct materials forming separate layers, which are either in
tegrated through a mutual material common to both layers or joined 
using an artificial interface, such as fibrin glue. Alternatively, a single 
material can be used exhibiting two different structural arrangements 
[57].

Numerous studies have demonstrated that, compared to monophasic 
scaffolds, bi-layered constructs provide a more suitable environment for 
guiding interactions with the matrix, providing the necessary chemical, 
mechanical, and biological stimuli to promote both chondrogenic and 
osteogenic proliferation in OC and bone tissues [58]. Common materials 
used to mimic the bone phase are synthetic polymers (PCL, PLA, PLGA), 
ceramics (HA and TCP), bioactive glasses and demineralized bone par
ticles, while cartilage is generally simulated by soft natural polymers 
such as collagen, gelatin, chitosan, alginate, hyaluronic acid, silk-fibroin 
and chondroitin sulfate [59–67]. The combination of natural and syn
thetic polymers allows for fine-tuning the mechanical properties of the 
scaffolds. Furthermore, their biological performances can be enhanced 
through matrix functionalization or by incorporating biomolecules, such 
as growth factors.

One of the first examples of a bi-layered scaffold combining two 
different materials was reported by Guo et al. in 2009. They developed a 
composite scaffold of oligo(poly(ethylene glycol) fumarate) (OPF) 
hydrogel with gelatin microparticle, and TGF-β1 as a growth factor to 
emulate the structure and function of bone and cartilage tissues [68].

A more recent example of a bi-layered scaffold was developed by 
Zhao and colleagues [62]. They created a bilayer construct composed of 
copolymerized GelMA and methacrylated silk fibroin (SFMA), which 

was then 3D printed using the DLP technique via a crosslinking reaction 
(Fig. 4b-i). To enhance the scaffold’s reparative efficacy for cartilage 
defects, diclofenac sodium (DS) was incorporated into the 
cartilage-mimicking layer as a model anti-inflammatory agent, while 
bioactive glass (BG) was loaded into the bottom subchondral bone layer 
to promote new bone regeneration (Fig. 4b-ii) [69].

However, even though bi-layered scaffolds more effectively mimic 
the microenvironment of both tissues better than mono-layered ones, 
they don’t include calcified cartilage, and do not fully replicate every 
gradient present in OC tissue. To address this limitation, more complex 
biomimetic scaffolds with three or multiple layers have been developed.

2.2.2.3. Multi-layered scaffolds. Unlike the previously mentioned ar
chitectures, triphasic and multiphasic scaffolds incorporate the calcified 
cartilage layer of OC tissue. This crucial layer serves as a transition be
tween soft cartilage and stiff subchondral bone, playing a key role in 
converting shear stresses into compressive and tensile stresses during 
joint movement [3,5,70]. To mimic the calcified cartilage structure, 
various combinations of materials, including HA, bioglasses, alginate, 
and collagen, are finely blended to achieve properties that closely 
resemble those of native tissue [71–73]. One of the earliest examples of a 
three-layered OC scaffold was developed by Tampieri et al. in 2008. 
Their design consisted of distinct layers of collagen, hydroxyapatite, and 
chondroitin sulfate, specifically structured to replicate native osteo
chondral tissue, including the calcified cartilage layer. This scaffold 
showed promising results in supporting mesenchymal stem cell growth 
and differentiation in vitro [74].

While triphasic scaffolds successfully mimic articular cartilage, 
calcified cartilage, and subchondral bone, they do not fully replicate the 
gradual transition of properties between these layers. To address this 
limitation, multiphasic scaffolds have been developed, incorporating 
discrete layers joined into a single structure using time-consuming 
techniques such as suturing, gluing, and press-fitting [75–78].

More recently, Amann et al. explored the fabrication of complex 
multilayer scaffolds composed of chitosan, collagen, and octacalcium 
phosphate (OCP). In these constructs, the OCP content is higher in the 
bone-mimicking region, while collagen concentration increases pro
gressively toward the cartilage layer, with OCP content decreasing 
accordingly (Fig. 4c-i, 4c-ii and 4c-iii) [79]. However, despite elimi
nating clearly defined interfaces between individual layers, multilay
ered scaffolds still face challenges related to layer delamination and 
tissue separation [80].

To mitigate these structural weaknesses, a significant advancement 
in OC tissue engineering has been the shift towards monolithic struc
tures, which eliminates the need for additional junctions. In this context, 
the development of continuous gradient scaffolds has gained increasing 
attention [4]. Currently, gradient OC scaffolds represent the most 
promising approach in clinical applications for OC tissue restoration 
[81,82].

2.2.2.4. Gradient scaffolds. Gradient scaffolds are designed with grad
ually changing characteristics, such as chemical composition, geometry, 
density, porosity, and mechanical properties, within a single continuous 
structure, eliminating discrete layers and more closely mimicking the 
natural composition and features of OC tissue [4]. Compared to tradi
tional scaffolds, the continuous property transitions in gradient scaffolds 
enhance nutrient diffusion, promote cell adhesion, viability, and dif
ferentiation, and improve mechanical stability [4,83]. For example, 
Karimi et al. developed OC gradient scaffolds using FDM with three 
different compositions of hydroxyapatite (HA) and poly(ε-caprolactone) 
(PCL). Their study demonstrated improved morphological similarity to 
cortical bone and enhanced biological activity [84]. Di Luca et al. 
monitored the proliferation, differentiation, and ECM deposition of 
human mesenchymal stem cells (hMSCs) seeded within a scaffold 
fabricated by an FDM method featuring a porosity gradient. Their 
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findings revealed enhanced chondrogenic gene expression and increased 
glycosaminoglycan (GAG) deposition compared to non-gradient scaf
folds. Based on their results, they concluded that structural gradients 
represent a promising strategy for designing scaffolds that support and 
enhance the chondrogenic differentiation of adult stem cells [4].

In recent years, SLS technology has also made decisive steps in the 
fabrication of gradient OC scaffolds [29,85–89]. Du et al., for example, 
used SLS to create a gradient scaffold composed of PCL and HA micro
spheres, which was then implanted into a rabbit model to treat osteo
chondral defects. Their findings revealed that the scaffold effectively 
supported subchondral bone regeneration, integrated well with native 
tissues, and encouraged the formation of articular cartilage [29].

Lately, Gu et al. fabricated by SLS three types of PCL microsphere- 
based scaffolds with different channel patterns (Non-channel, 
Consecutive-channel, and Inconsecutive-channel) to optimize structural 
integrity and mechanical properties. Their research demonstrates that 
the inconsecutive-channel hierarchical structure, having gradient 
interconnected porosity, effectively supports osteochondral reconstruc
tion enhancing nutrient diffusion and cell infiltration, providing 
adaptable compressive strength, and facilitating bone ingrowth and 
vascularization [89].

Although SLS and FDM methods offer cost-effective solutions for fast 
manufacturing of OC gradient scaffolds, they produce constructs with 
relatively low resolution [90]. Moreover, they tend to generate sub
stantial material waste [91]. In fact, SLS works by selectively sintering 
powdered materials layer by layer, requiring an excess amount of 
powder to surround the printed object. While some of this powder can be 
reused, material degradation over multiple cycles limits its recyclability, 
leading to significant waste accumulation. Similarly, FDM operates by 
extruding thermoplastic filaments through a heated nozzle, often 
requiring support structures that must be removed post-printing, 
contributing to material waste.

In contrast, VPP techniques, which use liquid resins that can be 
selectively cured with high precision, allow for micron- and sub-micron- 
level precision, achieving the highest printing resolution and an 
exceptional control over scaffold characteristics, such as porosity, 
permeability, pore size, shape, and interconnectivity [2,86]. The capa
bility to accurately replicate the micro/nanotopographical cues of the 
extracellular matrix provides the potential to influence stem cell adhe
sion, morphology, and differentiation through mechanotransduction 
pathways and regulatory mechanisms critical for tissue regeneration 
[93]. Moreover, the uncured resin in the vat remains reusable for sub
sequent prints, minimizing material consumption and waste. However, 
they also have some drawbacks, such as longer print times and the need 
for continuous resin replenishment in the tank. Nevertheless, ongoing 
advancements in ink formulations and technological refinements are 
actively addressing these challenges, further enhancing their potential 
for OC tissue engineering.

In the following section, the vat photo-polymerization techniques for 
3D printing of gradient scaffolds are reviewed in detail.

3. Vat photo-polymerization (VPP) techniques for 3D printing of 
continuous gradient scaffolds

Vat photopolymerization techniques for fabricating 3D constructs for 
osteochondral tissue regeneration include several methods, like SLA, 
DLP, and 2-PP. The following sections provide a detailed review of 
literature on them, tracing the development of VPP-based continuous 
gradient scaffolds from their earliest prototypes to the latest advance
ments. A summary of all the reviewed studies is provided in Table 2. To 
offer a more intuitive overview, a spider chart (Fig. 5) has been also 
included, visually representing the relative strengths and limitations of 
each technique across key parameters relevant to osteochondral scaffold 
fabrication. In addition to mathematical modeling, which serves as the 
initial approach for designing OC gradient scaffolds, the discussion also 
explores the integration of predictive software in scaffold development.

3.1. Stereolithography (SLA)

SLA was the first VPP technique ever developed, introduced by 
Charles Hull in the mid-1980s [94]. The SLA process begins with the 
design of a 3D CAD model, which is then sliced into thin layers using 
specialized software. The SLA equipment is shown in Fig. 3dA trans
parent tank holds liquid photopolymer resin. A laser, controlled by 
Galvo scanners, traces each layer onto the surface of the liquid photo
polymer. These scanners direct the laser along the X and Y axes, pre
cisely targeting the locations within the resin tank where solidification is 
required. When the laser strikes the liquid resin, polymerization occurs, 
causing the liquid resin to cure and solidify, forming the first layer of the 
scaffold. Once a layer is solidified, the build platform lowers incre
mentally, allowing a fresh layer of liquid resin to coat the previous one. 
This process repeats layer by layer until the entire object is formed. Once 
the printing process is complete, the object is removed from the printer 
and cleaned to remove resin excess. Sometimes, a post-curing process is 
performed, usually involving UV light, to strengthen the material [92].

Porosity is a key feature to be optimized to better replicate the OC 
tissue’s structure. It facilitates nutrients and cellular diffusion, and waste 
removal. In this regard, SLA-made scaffold can be designed and fabri
cated with precise control over pore shape and size. For this purpose, 
Melchels et al. proposed one of the first mathematical model of an OC 
gradient scaffold made by SLA technique, in which porosity ranged from 
70 % at the mid-section to 30 % at the bottom end of the structure [95]. 
On the basis of the model, the researchers fabricated SLA 3D-printed 
scaffolds with gyroid-shaped pores. Unlike the tortuous pore architec
ture typically produced by conventional additive manufacturing 
methods, which can hinder cell medium accessibility, the well-defined 
gyroid shape and interconnected pores facilitated uniform nutrient 
and oxygen diffusion, leading to homogeneous cell distribution and 
viability after seeding [96]. Later, they developed two different biode
gradable scaffold types made of PDLLA-MA with the same gyroid pore 
architecture but differing in of pore size distribution (Fig. 6a and b). One 
design exhibited isotropic pore size, and the other had a gradient in pore 
size (ranging from 250 μm to 500 μm) and porosity (ranging from 35 % 
to 85 %), effectively mimicking the natural gradient porosity of OC 
tissue [97]. Human articular chondrocytes were cultured within both 
scaffolds. Isotropic scaffolds displayed a uniform distribution of cell 
densities after seeding, whereas scaffolds engineered with a gradient in 
pore size and porosity exhibited directional variations in adherent cell 
densities. Indeed, authors found the highest densities of cells in the 
scaffolds’ regions where the pores were larger. In both studies, varia
tions in porosity and pore size also resulted in corresponding gradients 
in stiffness and permeability. Specifically, as porosity increased, stiffness 
decreased due to reduced solid material providing structural support, 
while permeability increased, allowing for enhanced fluid transport 
velocities across the scaffold. This created functional gradients within 
the scaffold [95,97].

Aiming to improve OC scaffold performances, Bian et al. performed 
histological analysis of OC tissue, focusing on both its morphological 
characteristics and the binding forces at the interface between cartilage 
and bone phases (Fig. 6c-i) [98]. Based on the obtained findings, they 
designed a multiple-layered scaffold made of an acrylamide matrix 
loaded with β-tricalcium phosphate (β-TCP) and type I collagen to mimic 
the bone phase, cartilage phase, and their transitional structure, as 
shown in Fig. 6c-ii. In particular, the researchers combined two different 
AM techniques, a custom-made ceramic stereolithography (CSL) and gel 
casting, successfully recreating a scaffold that mimicked the porosity 
and mechanical properties of native OC tissue [98]. The resulting 
structure featured a highly porous and interconnected channel structure, 
with final pore sizes of 700 μm - 900 μm and diameters of the inter
connected pores between 200 μm and 500 μm, while the compressive 
strength was 12.4 MPa ± 0.5 MPa. They also measured a shearing 
resistance of 11.8 N ± 1.6 N between the layers, closely matching the 
binding forces of native OC tissues [98]. However, this study had some 
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Table 2 
Summary of the articles reported in literature about OC gradient scaffolds made by VPP techniques, sorted by year of publication. In the table, the main results of the 
discussed articles are reported, enriched with process parameters and materials used to obtain the gradient OC scaffold. Moreover, also the mimicked tissue and type of 
gradient are presented with a brief mention about cells or animal model used for the in vitro and in vivo tests.

Reference 
(Year)

Tissue Technique 
and process 
parameters

Materials Type of 
gradient

Test 
in vitro or in vivo

Main results

Melchels et al. 
(2010) 
[95]

Bone 
OC

SLA 
PI = Lucirin TPO-L 
λ = blue light 
P = 16 mW/cm2 

t = 30 s

PDLLA 
and 
P(DLLA-co-CL) 
Methacrylated 
Photoabsorber: Orasol 
Orange G dye 
Inhibitor: α-tocopherol

Porosity Not evaluated First mathematical model of OC gradient 
scaffold made by SLA technique. Scaffold 
with gyroid pore architecture with a 
gradient in pore size and porosity (ranged 
from 70 % at the mid-section to 30 % at 
the bottom end of the structure).

Melchels et al. 
(2010) 
[96]

Bone 
OC

SLA 
PI = Lucirin TPO-L 
λ = blue light 
P = 16 mW/cm2 

t = 30 s

PDLLA Methacrylated 
Photoabsorber: Orasol 
Orange G dye 
Inhibitor: α-tocopherol

Porosity Human articular 
chondrocytes

Scaffold with gyroid pore architecture 
with a gradient in pore size and porosity: 
gradient in pore size ranged from 250 μm 
to 500 μm while porosity ranged from 35 
% to 85 %. Articular chondrocytes 
exhibited directional variations in 
adherent cell densities.

Bian et al. 
(2012) 
[98]

Bone 
Cartilage 
Transitional 
structure 
OC

Ceramic 
stereolithography 
(CSL) = β-TCP +
acrylamide 
PI = photocure-1173 
λ = 355 nm 
P = 220 mW 
Scan speed = 2000 
mm/s 
Gel casting and freeze 
drying = type I 
collagen

Bone = β-TCP in 
acrylamide 
Cartilage = Type I 
collagen

Porosity Bone marrow 
stromal cells (MSCs)

Histological analysis of OC tissue on 
morphological characteristics and 
binding forces at the interface between 
cartilage and bone phases. Two different 
AM techniques (CSL and gel casting) 
were used to recreate the different layers. 
Diameters of pore ranged from 200 μm to 
500 μm. Compressive strength was found 
12.4 ± 0.5 MPa. Shearing resistance was 
of 11.8 ± 1.6 N between the layers 
showing a binding force very similar to 
the one found in OC tissue.

Castro et al. 
(2015) 
[99]

OC Table-top SLA 
PI = BAPO 
λ = 355 nm 
P = 40 − 110 mW/cm2 

Printing speed = 2000 
mm/min

Bone = nHA + PLGA 
nanospheres + TGF-β1 

Cartilage = PEGDA

Composition 
Bioactive 
growth factor 
release

hMSCs Gradient of nHA concentration from 10 % 
to 20 % to mimic the architecture and the 
mechanical properties of the subchondral 
bone layer. 
Improved and driven adhesion, 
proliferation, and differentiation of 
hMSCs due to the presence of TGF-β1 

growth factor.
Wu et al. 

(2018) 
[100]

OC SLA 
PI = DAROCUR 1173, 
DAROCUR-TPO 
λ = 400 nm 
P = 2.64 - 14.98 mW/ 
cm2 

t = 3.5 s

Bone = β-TCP in HDDA 
and PEG 
Cartilage =
PEGDA

Composition 
at the interface

Not evaluated Use of multi-material stereolithography 
(MMSL) technique with different light 
power densities to harden the materials 
with different curing characteristics. A 
strong interface between the materials 
was found strong enough to resist a 
separation force.

Zhou et al. 
(2019) 
[101]

OC SLA 
PI = I2959 
λ = 355 nm 
Printing speed = 10 
mm/s

Subchondral tissue =
gelMA + PEGDA + nHA 
Cartilage = gelMA +
PEGDA + PLGA 
nanoparticles + TGF-β1

Composition Human bone 
marrow derived 
mesenchymal stem 
cells (hMSCs)

Gradient scaffold made of different ratios 
of gelMA and PEGDA. hMSCs were 
cultured into the scaffold showing 
induced osteochondrogenic proliferation 
and differentiation.

Chen et al. 
(2019) 
[105]

Cartilage Desktop-SLA (DLP) 
PI = LAP 
λ = 405 nm 
P = 11 mW/cm2 

t = 30 s

MSC derived esosome +
decellularized cartilage 
ECM + gelMA

Radially 
oriented 
channels 
Elastic modulus

Rabbits (in vivo) Scaffold with radially oriented channel in 
which the pore size varied depending on 
the concentration of ECM used in the 
hydrogel mix from 91.6 ± 7.0 μm to 
106.8 ± 6.9 μm while the Young’s 
Modulus changed with increasing ECM 
concentration from 16.09 ± 0.56 kPa to 
37.72 ± 2.82 kPa throughout the 
structure. Scaffold promoted cartilage 
regeneration, by restoring cartilage 
mitochondrial dysfunction and 
enhancing chondrocyte migration.

Xue et al. 
(2019) 
[109]

Promising for 
muscle and 
cartilage

DLP 
PI = LAP 
λ = 405 nm 
t = 3.1, 3.5, 3.9 s

PEGDA hydrogel 
Photoabsorber: Yellow 
food grade dye

Elastic modulus Fibroblast Regionally varied stiffness scaffold by 
using DLP with different exposure times 
(3.1, 3.5, and 3.9 s) which affected the 
mechanical properties of the scaffold, for 
a 60 % variation in stiffness across the 
structure (elastic modulus = 17.8 kPa, 
22.4 kPa, 30.1 kPa, for each exposure 
time), maintaining the same architectural 
geometry.

Dobos et al. 
(2019) 
[117]

Not reported 2-PP 
PI = DAS 
λ = 722 nm 

Gel–NB hydrogel Crosslinking L929 mouse 
fibroblast cells

3D constructs fabricated via 2-PP using 
Gel–NB hydrogel with sub-micrometer 
resolution, featureing crosslinking 

(continued on next page)
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limitations. The reported structure represented a simplified and con
ceptual model of the natural osteochondral complex, and not fully 
captured its native characteristics. Also, even though biocompatibility 
tests were successfully carried out by using bone marrow stromal cells 
(MSCs) it served only as a pilot study.

Some years later, Castro et al. developed a novel table-top stereo
lithography 3D printer aimed at fabricating multi-material, multi- 

layered structures. Some advantages of this technique included rapid 
and cost-effective fabrication of complex multilayered constructs. Thus, 
they produced a porous and highly interconnected three-layered OC 
graded scaffold (comprising 2 bone layers and 1 cartilage layer) using a 
mixture of nano-sized HA (nHA), PLGA nanosphere and PEGDA 
hydrogel [99]. The scaffold contained a gradient in nHA concentration 
from 10 % to 20 % to mimic the architecture and the mechanical 

Table 2 (continued )

Reference 
(Year) 

Tissue Technique 
and process 
parameters 

Materials Type of 
gradient 

Test 
in vitro or in vivo 

Main results

P = 10 – 100 mW 
t = 70 fs pulses

density gradients and enabling tuned 
mechanical properties (0.2–0.7 kPa) and 
enzymatic degradability varying the 
applied power of the laser. The system 
supported printing speed up to 1000 mm/ 
s and exhibited uniform cell embedding 
and distribution, long-term viability, 
promoted cell adhesion and proliferation.

Gong et al. 
(2020) 
[110]

OC DLP: gelMA 
PI = LAP 
λ = UV light 
P = 30 mW/cm2 

t = 10 s 
FDM: PCL

Subchondral bone = PCL 
+ HA 
Cartilage = gelMA +
interleukin-4

Radially 
oriented 
structure

Mouse fibroblast 
cells, in vitro 
Rabbit model 
in vivo

Radially oriented scaffold showed cell 
adhesion and proliferation in a rabbit 
defect model, in vivo. Moreover, the 
presence of the anti-inflammatory 
interleukin-4 (IL-4) revealed an anti- 
inflammatory effect.

Wang et al. 
(2020) 
[103]

Bone SLA 
PI = Hydroxy 
cyclohexylphenyl 
ketone (184) 
λ = 355 nm 
Laser intensity = 25 μJ

HA + Di-TMPTA + HDDA Porosity 
Mechanical 
properties

BMSC Scaffolds with gradient porosity 
distributed on the horizontal cross- 
section with different pore sizes. Minimal 
pore size reached 500 µm with a precision 
of up to 60 µm. It showed improved cell 
proliferation of BMSC.

Zhou et al. 
(2020) 
[102]

Cartilage SLA 
PI = I2959 
λ = 355 nm 
Printing speed = 10 
mm/s

GelMA + PEGDA Composition 
Compressive 
modulus

Adipose-serived 
mesenchymal cells 
(ADSCs).

Gradient scaffold made of different ratios 
of gelMA and PEGDA (15 %:10 %, 15 
%:15 %, 15 %:20 %, respectively). Inks of 
different compositions have been fed to 
the SLA printer. Compressive modulus 
increased with increasing PEGDA 
concentrations throughout the scaffold 
from 1.4 MPa to 3.8 MPa. 
The gradient scaffold was coated with 
lysine-functionalized rosette nanotubes 
(RNTK) a bioactive nanocoating material 
which is able to improve the 
chondrogenic differentiation of adipose- 
derived mesenchymal stem cells (ADSCs).

Schoonraad 
et al. 
(2021) 
[111]

Bone 
Cartilage

DLP 
PI = TPO 
λ = 405 nm 
t = 6 s

Scaffold structure =
PEGDA 
Bone mimetic hydrogel =
PEGNB +
HA +
TGF-β3 + BMP-2 
Cartilage mimetic 
hydrogel =
PEGNB +
TGF-β3 + BMP-2 
Photoabsorber: 2-(2- 
hydroxyphenyl)- 
benzotriazole derivative 
(Tinuvin CarboProtect®)

Structure/ 
Architecture 
Porosity 
Elastic modulus

Bone-marrow 
derived hMSCs

Scaffold was based on an array of stiff 
vertical pillars bound by a horizontal 
lattice structure. Density of the vertical 
pillars was measured by volume percent, 
ranging from 6 to 25 % throughout the 
scaffold with a number of pillars between 
45 and 220, respectively. Porosity of the 
scaffold varied from 94 % to 75 % with 
the increase of pillars number. The 
effective modulus was found to increase 
from 0.5 MPa to 4 MPa. 
The scaffold induced chondrogenesis and 
osteogenesis.

Shirzad et al. 
(2021) 
[113]

Bone DLP 
PI = H–Nu-470 
λ = UV light

PMMA 
+ chitosan

Structure 
Elastic modulus

Human osteoblast- 
like cells (Saos-2)

Scaffolds with gradient architecture 
made of micro-truss structures. Strut 
cross-sectional areas decreaed toward the 
surface (values of cross-sections were 1.3 
mm, 0.8 mm, 0.6 mm, 0.55 mm, and 0.3 
mm to the inner to outer layers) showing 
multiple elastic behaviors. 
Moreover, it was designed by using a 
modeling tool, the design of experiment 
approach.

Eckstein et al. 
(2024) 
[112]

Cartilage DLP 
PI = TPO 
λ = 405 nm 
P = 30 mW/cm2 

t = 6 s

Stiff scaffold structure =
PEGDA 
Soft structure =
PEGNB hydrogels 
Photoabsorber: Tinuvin 
CarboProtect®

Structure 
Geometry 
Elastic 
Modulus

Not evaluated Scaffolds made of micro-truss structures 
possessing spatially varied geometry. 
Diameters of struts were fabricated to 
vary from 180 µm to 160 µm, providing a 
gradient in stiffness from 1 MPa to 0.76 
MPa.
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properties of the subchondral bone layer, and TGF-β1 nanospheres (a 
growth factor) in the cartilage layer to enhance the osteochondral 
regeneration. Mechanical tests showed that compressive modulus and 
elastic modulus were higher in graded scaffolds loaded with nHA 
(Fig. 6d-i and d-ii). Furthermore, biological tests revealed improved and 
driven adhesion, proliferation and differentiation of osteochondral 
hMSCs, particularly due to the presence of gradient growth factor cues 
[99].

A similar but more sophisticated system, called Multi-Material 
StereoLithography (MMSL), and based on a bottom-up mask projec
tion approach, was developed by Wu et al. in 2018. By adjusting light 
power densities, it was possible to fabricate materials with significantly 
different curing characteristics. In the study, the authors developed 
three types of multi-resin constructs with various structural features, in 
which the material changes within layers, between layers, or both. In 
particular, they fabricated a gradient OC scaffold, made of PEGDA 
hydrogel and beta-tricalcium phosphate (β-TCP) ceramic suspension to 
replicate the cartilage and bone tissues, respectively (Fig. 6e) [100]. 
With this technique, they were also able to obtain a strong interface 
between the two layers, similar to the one found into the natural OC 
tissue transition zone. The findings demonstrated that the bond between 
the hydrogel and the β-TCP ceramic layers was strong enough to resist an 
applied separation force [100]. However, even though no biological 
tests were carried out to evaluate biocompatibility of the scaffolds and 
its efficiency in adhesion, proliferation and differentiation of OC cells, 
MMSL technique can been considered as one of the best approaches to 
replicate structural gradient of OC tissue.

Another example of SLA-based scaffold can be found in the studies of 
Zhou et al. Here, they developed a biomimetic compositional scaffold 
with two distinct phases: a GelMA-PEGDA-nHA phase mimicking sub
chondral bone and a GelMA-PEGDA phase loaded with TGF-β1 and 
PLGA nanoparticles to replicate cartilage tissue (Fig. 6 g) [101]. In the 
study, hMSCs were cultured in the scaffold, showing successfully 
induced osteochondrogenic proliferation and differentiation. Expanding 
on this work, the authors later fabricated a gradient scaffold with 
different ratios of GelMA and PEGDA (GelMA:PEGDA 15 %:10 %, 15 
%:15 %, 15 %:20 %) by feeding the SLA printer with inks of different 
composition [102]. The result was a scaffold that closely mimicked the 
compositional, structural and mechanical strengths gradient present in 
cartilage tissue. Mechanical testing showed that the compressive 

modulus increased with increasing PEGDA concentrations, with values 
gradually rising from 1.4 MPa at the top layer to 3.8 MPa at the bottom 
layer, confirming a gradient in both structure and mechanical properties 
[102]. As a further step to enhance biological interactions, the authors 
also performed a surface functionalization of the scaffold, by coating it 
with lysine-functionalized rosette nanotubes (RNTK), a bioactive 
nanocoating material which is able to improve the chondrogenic dif
ferentiation of adipose-derived mesenchymal stem cells (ADSCs) [102].

The most recent study involving SLA printing was conducted by 
Wang et al. They designed HA cylindric scaffolds with a gradient 
porosity distributed on their horizontal cross-sections, featuring varying 
pore sizes, as shown in Fig. 6f. This study highlighted the high resolution 
achievable with SLA technique: the minimum pore size reached 500 µm 
with a precision of up to 60 µm, while the maximum pore size was about 
3 mm; on the other hand, the porosity gradient was measured, with a 
variation of total porosity from 9.2 % to 94.6 % along the radius of the 
scaffold [103]. The evident pore size and porosity variations throughout 
the scaffold also affected its mechanical properties. Compression tests 
showed that the scaffolds had a compressive strength varying from 5.6 
MPa to 18.4 MPa and an elastic modulus ranging from 2.4 GPa to 5.9 
GPa, effectively replicating the gradient mechanical properties and 
functional performances of natural bone. Moreover, bone marrow 
mesenchymal stem cells (BMSCs) were cultured within the scaffold, 
showing enhanced cell proliferation. Notably, the regions with higher 
porosity supported improved cell proliferation, underscoring the bio
logical advantages of the scaffold’s design. However, in-vitro experi
ments were at the preliminary stage and more detailed data were 
required to have a better evaluation about osteogenic properties [103].

3.2. Digital light processing (DLP)

Similar to SLA, the DLP process also involves the design of a 3D 
object with CAD software and a tank to hold the photopolymerizable 
liquid resin. DLP technology was invented in 1987 by Dr. Larry Horn
beck of Texas Instruments, and it was initially used in digital projectors 
before being adapted for 3D printing. DLP’s 3D printing application, 
however, became prominent in the 1990s and early 2000s, when it 
began being applied for resin printing, and has continued to evolve to 
the present day [104]. The choice between SLA and DLP depends on the 
specific use case. The most important difference between DLP and SLA 
technologies lies in their light sources, as illustrated in Fig. 3e. Unlike 
SLA, which employs a laser to cure the resin point by point, DLP utilizes 
digital micromirror devices (DMD), which consist of a large array of 
microscopic mirrors arranged in a grid. These mirrors can be individu
ally tilted to be in an “on” or “off” position, allowing them to reflect light 
and project an image. Each mirror corresponds to one or more pixels in 
the projected image. When the micromirrors are in the “on” position and 
are struck by light, they reflect it to produce an image. Conversely, 
micromirrors in the “off” positions are oriented to block the light, 
creating dark areas. When the light reflected by DMD mirrors is directed 
toward the resin, it is selectively illuminated and polymerized an entire 
layer at once, resulting in a solidified material with the same shape as 
the projected image. This layer-by-layer curing approach enables DLP to 
achieve faster print speeds compared to SLA while maintaining high 
resolution [92].

One of the first studies on DLP-based OC gradient scaffold was con
ducted by Chen et al. in 2019, who used a DPL variant, the desktop-SLA, 
to fabricate high resolved 3D scaffolds for OC repair [105]. The re
searchers made scaffolds by mixing decellularized cartilage ECM, 
GelMA hydrogels and MSC-derived exosomes, developing an architec
ture with radially oriented channels in which a more efficient exchange 
of nutrients and waste was possible, promoting improved cells and tis
sues ingrowth, ECM deposition, and cell interaction (Fig. 7a) [106–108]. 
The study demonstrated that the pore size of the scaffold varied 
depending on the concentration of ECM used in the hydrogel mix, 
ranging from 91.6 μm ± 7.0 μm to 106.8 μm ± 6.9 μm. Additionally, the 

Fig. 5. Qualitative comparison of the strengths and weaknesses of various VPP 
methods across multiple parameters relevant to osteochondral gradient scaffold 
fabrication. The scoring (0–5 scale, where 0 = no capability and 5 = very high 
capability) reflects an aggregated evaluation derived from peer-reviewed sci
entific studies cited in this review. Parameters assessed include resolution, 
printing speed, material versatility, cell viability during printing, gradient 
fabrication capability, mechanical tunability, construct dimensions, and suit
ability for osteochondral gradient scaffolds.
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Young’s modulus increased with higher ECM concentrations, from 16.09 
kPa ± 0.56 kPa to 37.72 kPa ± 2.82 kPa, indicating that the scaffold 
became stiffer with higher ECM content. Furthermore, the researchers 
proved that these scaffolds can promote cartilage regeneration by 
restoring cartilage mitochondrial dysfunction and enhancing chon
drocyte migration [105].

Another approach to building OC gradient scaffold is reported by Xue 
et al. They fabricated a PEGDA-based hydrogel scaffold with regionally 
varied stiffness by using DLP, adjusting exposure times (3.1, 3.5, and 3.9 
s) to influence the mechanical properties of the scaffold. Mechanical 
tests demonstrated the feasibility and effectiveness of the used approach 
showing that with longer exposure times, which lead to higher cross- 
linking degree of the printed hydrogel, stress increased while strain 
decreased. In particular, the elastic modulus had a 60 % variation across 
the structure, with values of 17.8 kPa, 22.4 kPa, and 30.1 kPa for each 
respective exposure time, while maintaining the same architectural ge
ometry (Fig. 7b) [109]. This study contributed to the field by 

highlighting the role of mechanical property gradients in tissue regen
eration, particularly in bone and cartilage.

Over the past five years, the combination of VPP with other AM 
techniques has become a prevalent strategy to create composite scaf
folds and decoupling the mechanical and biochemical needs to improve 
performances. Gong et al. exploited this approach by integrating two 
different types of AM techniques to fabricate osteochondral scaffolds 
with layers of different architectures [110]. They used FDM technique to 
print the porous PCL-HA lower layer to mimic the subchondral bone 
zone, and DLP one to print the radially oriented GelMA upper layer to 
simulate the cartilage layer (Fig. 7c-i and iii). In this study, the PCL-HA 
layer showed the highest porosity (~70 %), essential for bone regen
eration, while the GelMA part had lower porosity, still maintaining a 
gradient porosity throughout the structure. In an in vivo rabbit defect 
model, both layers demonstrated good cell adhesion and proliferation 
(Fig. 7c-ii). In addition, the lower layer promoted osteogenic differen
tiation, while the upper layer revealed an anti-inflammatory effect due 

Fig. 6. OC gradient scaffolds obtained by SLA technique. a) Micro-computed tomography (μCT) of the PDLLA-made OC scaffold: the structure shows a gyroid ar
chitecture with a gradient in porosity and pore size. Reproduced and adapted with permission from Ref. [95]. Copyright 2010, Elsevier. b)-i top-view and 
cross-section of computer-aided designs (CAD) image of the modeled PDLLA scaffold with gyroid pores; b)-ii top-view and cross-section of μCT visualization of the 
same scaffold fabricated with SLA, showing that the scaffold design is very accurately reproduced. Reproduced and adapted with permission from Ref. [96]. 
Copyright 2011, Elsevier. c)-i Image obtained by histological analysis of OC tissue that shows transitional structures between the bone and cartilage layers; c)-ii 
schematics of cross-section of the scaffold (made of acrylamide matrix loaded with β-tricalcium phosphate (β-TCP)) mimicking cartilage and bone layers and the 
transitional interface. Reproduced and adapted with permission from Ref. [98]. Copyright 2012, Emerald Group Publishing. d) Mechanical tests carried out on 
gradient OC scaffold (made of PLGA/PEGDA and loaded with nHA) and control without nHA: d)-i a few increase in compressive modulus is observed in the graded 
OC scaffold compared to non-nHA control; d)-ii An increase of 29 % in elastic modulus is observed in the graded OC scaffold compared to non-nHA control (Data are 
mean ± StdEM, n = 5, *p < 0.05). Reproduced and adapted with permission from Ref. [99]. Copyright 2015, Royal Society of Chemistry. e) Picture of scaffold made 
of 1 PEGDA hydrogel and 2 β-TCP obtained by multi-material mask projection stereolithography (MMSL). Reproduced and adapted with permission from Ref. [100]. 
Copyright 2018, Emerald Group Publishing. f) Schematics of a 3D scaffold model made by the software Solidworks. The OC scaffold made of HA shows gradient 
porosity distributed on horizontal cross-section with different pore sizes. Reproduced and adapted with permission from Ref. [103]. Copyright 2020, Elsevier. g) 
Schematics of a compositional gradient scaffold made of two mainly phases of gelMA-PEGDA-nHA and gelMA-PEGDA loaded with TGF-β1 and PLGA nanoparticles 
mimicking the structure of subchondral bone and cartilage tissues; the mesenchymal stem cells are seeded and cultured in the scaffold showing successfully induced 
osteochondrogenic proliferation and differentiation. Reproduced and adapted with permission from Ref. [101]. Copyright 2019, Elsevier.
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to the presence of the anti-inflammatory interleukin-4 (IL-4) loaded into 
the GelMA [110].

Schoonraad et al. also combined two different methods to develop a 
mechanically supportive and cell-instructive system composed of 
PEGDA and PEGNB hydrogels, respectively [111]. The authors decou
pled the required mechanical and biochemical components by designing 
an OC scaffold printed by DLP. The scaffold featured an array of stiff 
vertical pillars bound by a horizontal lattice structure, whose density 
was varied throughout the structure to provide different stiffness levels 
without requiring multiple resin formulations (Fig. 7d). To enhance 
biological functionality, the scaffold was subsequently infused with 
MSCs and biomimetic soft hydrogels composed of functionalized and 
HA-loaded PEG formulations, able to mimic the cartilage and bone 
layers, respectively (Fig. 7d) [111]. In particular, the density of the 
vertical pillars, measured as a volume percentage in the 3D printed 
structure, ranged from 6 to 25 % across the scaffold, with the number of 
pillars varying between 45 and 220. As the pillar density increased, 
scaffold porosity decreased from 94 % to 75 %, while the effective 
modulus rose from 0.5 MPa to 4 MPa. Finally, the study demonstrated 

that the scaffold successfully induced both chondrogenesis and osteo
genesis [111].

More recently, Eckstein et al. designed and developed scaffolds with 
gradients in geometry and stiffness using PEGDA to mimic the me
chanical properties of cartilage tissue, by employing a novel and 
customized DLP technique [112]. Specifically, a custom projection 
microstereolithography (μSLA) system was utilized, capable of produc
ing structures with unprecedented resolution of 1 μm – 10 μm. In this 
work, the authors designed and fabricated unique micro-truss structures 
with spatially varied geometry and controlled stiffness gradients. Di
ameters of struts were fabricated to vary from 180 µm to 160 µm, 
providing a gradient in stiffness from 1 MPa to 0.76 MPa. Then, they 
infused the scaffold with soft PEGNB hydrogel which also incorporates 
biochemical cues to support osteogenic and chondrogenic differentia
tion (Fig. 7e) [112].

Shirzad et al. fabricated scaffolds with architectural and mechanical 
property gradients using chitosan-coated PMMA, by employing the DLP 
technique [113]. The gradient in the scaffold was achieved by varying 
the strut cross-sectional areas, which gradually decreased toward the 

Fig. 7. OC gradient scaffolds obtained by DLP printing technique. a)-i CAD image of an OC gradient scaffold with radially oriented channels; a)-ii real picture of the 
previous scaffold made of decellularized ECM, gelMA hydrogel and loaded with MSC-derived exosomes (stained with methylene blue dye). Reproduced and adapted 
with permission from Ref. [105]. Copyright 2019, Ivyspring International Publisher. b)-i example of a 3D model scaffold obtained with different exposure times 
during the printing process (reported on the left); b)-ii pictures of the scaffold before and after compression test; b)-iii simulated strain model obtained by the 
compression of the scaffold. Reproduced and adapted with permission from Ref. [109]. Copyright 2019, American Chemical Society. c)-i combination of FMD and 
DLP techniques to print the porous PCL-HA lower layer to mimic the subchondral zone and the radially oriented gelMA upper layer to simulate the cartilage layer, 
respectively; c)-ii integration of the scaffold into an OC defect of a rabbit model and regeneration of the tissue; c)-iii real picture of the scaffold. Reproduced and 
adapted with permission from Ref. [110]. Copyright 2020, Elsevier. d) schematics of a scaffold made of an array of stiff vertical pillars printed by DLP, whose density 
is varied throughout the structure to provide different stiffness values and infilling of the structure with soft hydrogel precursor solution followed by photo
polymerization. Reproduced and adapted with permission from Ref. [111]. Copyright 2021, IOPScience Publishing. e) schematics of a micro-truss structured scaffold 
printed by DLP and infilling of the structure with hydrogel precursor and photopolymerization. Reproduced and adapted with permission from Ref. [112]. Copyright 
2024, Springer Link. f) CAD images and mechanical tests (compressive stress-strain curves) of the f)-i simple monolithic scaffold and f)-ii gradient scaffold that show 
different mechanical behaviours: the simple scaffold demonstrates a classic behaviour in which the plastic region (2) follows the linear elastic trend (1), meanwhile 
the gradient scaffold shows multiple elastic behaviors under compressive load. Reproduced and adapted with permission from Ref. [113]. Copyright 2021, Elsevier.
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surface. Specifically, cross-sectional values ranged from 1.3 mm in the 
inner layers to 0.3 mm in the outer layers (intermediate values: 0.8 mm, 
0.6 mm, and 0.55 mm). This reduction in cross-sectional area resulted in 
a more complex mechanical response with respect to simple scaffolds. 
Indeed, the authors compared physical, mechanical, and biological 
properties of the gradient scaffold with a monolithic one that had the 
same porosity but a uniform structure. Mechanical testing revealed that 
gradient scaffolds exhibited multiple elastic behaviors under high 
compressive load, identified as elastic areas number 1, 2 and 3 in 
Fig. 7f-ii. In contrast, monolithic scaffolds showed a single elastic 
behavior (Fig. 7f-i). This behavior closely mimics the mechanical 
properties of natural bone tissue. However, biological tests using human 
osteoblast-like cells (Saos-2) showed no significant differences in cell 
adhesion between the two scaffold types, as adhesion was primarily 
influenced by the chitosan coating. In addition, to optimize the fabri
cation process and achieve the desired properties of the scaffolds, the 
researchers employed a statistical model, specifically the Response 
Surface Methodology (RSM) [113]. RSM is a DoE approach useful for 
modeling complex systems in which desirable characteristics are inter
dependent and influence one another [114]. Notably, in their study, the 
researchers aimed to identify the optimal truss-like scaffold structure 
with the highest porosity and modulus values, utilizing a polynomial 
model within the RSM technique, which effectively considers the 
interactive influences of multiple variables. Their results demonstrated 
that the RSM technique enables to improve the mechanical and physical 
properties of scaffolds while keeping costs low.

3.3. 2-Photon polymerization (2-PP)

In contrast to SLA and DLP, which typically relies on the absorption 
of a single photon by individual molecules to initiate crosslinking re
actions, 2-PP technique is a type of multi-photon polymerization (M-PP) 
where simultaneous absorption of two low-energy photons by one atom 
or molecule occurs, allowing it to be excited to a higher energy state 
(Fig. 3f). The absorption of photons in the near-infrared (NIR) spectrum 
triggers photopolymerization and, thus, the solidification of the liquid 
material only where the light intensity is the highest also known as the 
focal point. The focal point is moved by galvo scanners in the focal plane 
at speeds of hundreds of millimeters per second and the laser beam is 
focused into the photosensitive resin using a high numerical aperture 
objective lens. By precisely controlling the position of the focal point in 
three dimensions, complex 3D structures with features on the nanometer 
scale can be created [2]. Similar to other AM techniques, 2-PP builds 
objects layer by layer, polymerizing the entire volume of each layer at 
once. However, the time required to fabricate scaffolds of a physiolog
ically relevant size using 2-PP makes it often an impractical option.

To date, only a limited number of studies in literature report prom
ising materials and structures printable by 2PP and potentially suitable 
for biomimetic gradient tissue engineering, but none of them concern 
the fabrication of OC gradient scaffolds. However, some of these studies 
are included in this review as they either present photopolymers with 
tunable mechanical properties that, although currently used in mono
layer constructs, hold clear potential for future application in OC 
gradient scaffold fabrication, or demonstrate gradient scaffold strategies 
applied to other tissues, offering transferable design principles.

In 2020 Weisgrab et al. overcame limitations related to slow fabri
cation speeds of 2-PP, which typically restrict the achievable scaffold 
size, by optimizing a highly reactive poly(trimethylene-carbonate 
(PTMC)-based photopolymer and refining printing parameters. The 
scaffolds were designed using a buckyball-based repeating unit, 
obtaining large and highly porous biodegradable structure exhibiting a 
porosity of 96 %, with fine struts around 20 μm – 30 µm in thickness. 
Mechanical properties were also influenced by the scaffold’s micro
architecture, ensuring structural integrity that remains retained even 
throughout 28 days of cell culture, while maintaining also flexibility. 
The study evaluated cell adhesion, proliferation, and differentiation into 

osteogenic and chondrogenic lineages using various methods and 
different types of cells, confirming that cells adhered to the scaffolds, 
proliferated over time, and remained viable. They successfully differ
entiated into cartilage and bone-like tissue, demonstrating the scaffold’s 
suitability for tissue engineering applications [115].

In 2022 Hauptmann et al. developed a photosensitive copolymer 
system, D,L-lactide-ε-caprolactone as tunable material scaffold for 2-PP, 
to replicate the complex 3D architecture of the osteochondral ECM for 
bone and cartilage reconstruction. Employment of 2-PP technology 
allowed to fabricate highly precise and complex structures, such as cu
boids with dimensions in the range of 83 μm - 175 μm By changing the 
ratio of alanine:ε-caprolactone (20:80, 40:60, 60:40 and 80:20) to fine- 
tune the mechanical and degradation properties, they found that 
increasing the alanine content the stiffness of the final scaffold reduced, 
while the copolymer wettability and degradation rate simultaneously 
enhanced. Precisely, the study reports that for alanine:ε-caprolactone 
20:80 the stiffness is around 400 kPa, while for alanine:ε-caprolactone 
40:60, the stiffness is approximately 230 kPa, matching in principle the 
stiffness of OC tissue showing good suitability for osteochondral 
reconstruction [116].

Instead, Dobos et al. explored the application of gelatin–norbornene 
(Gel–NB) hydrogels as bioinks for high-definition two-photon poly
merization (2PP) bioprinting. They fabricated 3D constructs, having 
sub-micrometer resolution and a crosslinking density gradient, with 
direct embedding cells into them via 2-PP. Then, characterized the 
structures and characterized 3D constructs having sub-micrometer res
olution and a crosslinking density gradient. The authors demonstrated 
that the highly reactive thiol-ene system supports fast printing speeds 
(up to 1000 mm/s) and allows tuning of hydrogel mechanical properties 
(0.2 kPa – 0.7 kPa) and enzymatic degradability varying the applied 
power of the laser. Moreover, three-week cell culture studies proved that 
the printed constructs exhibit excellent biocompatibility, support long- 
term cell viability, adhesion, and proliferation, and allow for uniform 
cell distribution independent of scaffold pore size. Therefore, these re
sults position Gel–NB-based 2-PP bioprinting as a powerful platform for 
fabricating complex, cell-laden 3D microenvironments and offer a 
compelling perspective on integrating precise structural control, 
embedding living cells, and maintaining high cell viability in gradient 
scaffolds that effectively mimic the heterogeneity of native tissues 
[117].

Even though some limitations in producing scaffolds for OC tissue 
with 2-PP have been addressed, such as the possibility to obtain large 
structure with high resolution, producing scaffolds with adequate 
topographical control on a nano and micro scale and continuous mate
rial gradients remains time-consuming, limiting its practicality for large- 
scale tissue engineering [118,119]. Additionally, the limited availability 
of biocompatible and biodegradable photopolymers restricts the range 
of materials that can be used to create mechanically robust and bio
logically functional gradient structures [120]. Another challenge lies in 
integrating different material properties within a single scaffold to 
mimic the gradual transition from cartilage to bone since 2-PP typically 
relies on a single resin formulation, even if recent studies are increas
ingly exploring combinations of various resins [121]. Future advance
ments in multi-material printing, faster processing speeds, and improved 
bioresins will be necessary to overcome these limitations and make 2-PP 
a viable option for large-scale gradient osteochondral scaffold produc
tion [2].

4. Precursor materials for fabrication of OC scaffolds by VPP

4.1. Formulation of photopolymer resins for OC scaffolds

Resins used for OC scaffold fabrication typically consist of three main 
components: the matrix, the photo-initiator, and the filler. The matrix 
provides the structural framework of the final scaffold and is composed 
of monomers or oligomers from natural or synthetic sources that can 
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photo-polymerize and cure in the presence of a photo-initiator. The 
choice between natural and synthetic materials depends on their 
intrinsic properties, which ultimately influence the scaffold’s charac
teristics. Unlike natural polymers, synthetic polymers offer tunable 
mechanical properties, degradation rates, and viscosities, which can be 
adjusted by modifying their chemical structure and molecular weight. 
However, synthetic polymers generally exhibit lower biocompatibility, 
particularly in terms of cell adhesion and viability [2].

Natural polymers are extensively used in biomedical applications 
due to their biocompatibility, ease of processing, and controlled 
degradation kinetics. They help minimize implant cytotoxicity closely 
resembling the ECM. A common strategy to make them photo- 
crosslinkable involves their functionalization with reactive groups, 
such as acrylates or thiol-ene components, allowing for photoinduced 
polymerization in the presence of specific photo-initiators. Among nat
ural polymers, photocross linkable hydrogels are the most commonly 
used in VPP technologies due to their biocompatibility, hydrophilic 
nature, mechanical and biological properties, and the ease of curing 
under light exposure [48].

The most frequently used hydrogel in OC gradient scaffold fabrica
tion is GelMA, a biocompatible material derived from gelatin function
alized with methacrylic moieties. Due to its methacrylic functional 
groups, GelMA undergoes photo-crosslinking and solidification under 
light irradiation via SLA or DLP techniques. Gelatin itself can also be 
employed to produce OC scaffolds. Gelatin is obtained from collagen, 
the most abundant protein naturally present in the ECM of OC cells and 
is widely used in several biomedical applications. Due to their inherently 
soft nature, gelatin and GelMA are often combined with inorganic fillers 
such as β-TCP, which is usually cured with SLA technique [98]. How
ever, the mechanical strength of natural polymers is generally insuffi
cient for load-bearing applications, which is a critical requirement in OC 
scaffolds. Additionally, natural polymers can exhibit batch-to-batch 
variability, potentially affecting the consistency of scaffold properties 
[122]. Thus, natural polymers are often combined with other synthetic 
polymers that exhibit enhanced mechanical properties and also can be 
synthesized in controllable processes and on a large scale.

Synthetic polymers offer tunable mechanical properties and degra
dation rates. Polyethylene glycol diacrylate (PEGDA), for instance, is a 
PEG derivative functionalized with diacrylates moieties and is highly 
photoreactive, enabling the fabrication of scaffolds with precise and 
complex architectures through VPP techniques. However, synthetic 
polymers often lack bioactive sites necessary for effective cell adhesion 
and may produce acidic degradation byproducts that could lead to 
inflammation. Their hydrophobic nature can further hinder cell 
attachment and proliferation [123].

PEG can be further functionalized with norbornenes functional 
groups giving PEGNB, which is capable of photo-crosslinking via SLA 
and DLP techniques, giving OC scaffolds with high mechanical proper
ties [111]. However, the bioinert nature of PEG-based polymers often 
results in low cell adhesion, limiting their biomedical applications. For 
these reasons, PEGDA and PEGNB are often blended with natural 
polymers [111].

Polyesters such as poly-d-lactic acid (PDLA), poly-l-lactic acid 
(PLLA), polycaprolactone (PCL), and poly(lactic-co-glycolic acid) 
(PLGA) are also commonly used in OC scaffold fabrication due to their 
biodegradability, biocompatibility, and mechanical properties that 
support tissue regeneration. They can be properly functionalized with 
methacrylic groups enabling them to undergo photo-polymerization and 
photo-crosslinking via SLA and DLP technologies [87,88,92,101,108,
109].

However, to harness the benefits of both material types, composite 
scaffolds combining natural and synthetic polymers have been devel
oped. For example, integrating GelMA with PEGDA has resulted in 
scaffolds that show enhanced mechanical properties while maintaining 
favorable biocompatibility. Studies have demonstrated that GelMA/ 
PEGDA hydrogels possess increased mechanical strength compared to 

pure GelMA hydrogels, along with suitable degradation rates and sup
port for osteoblast adhesion and proliferation [124–126].

Another crucial component of the OC resin is the photoinitiator (PI), 
which is necessary to initiate the reaction upon light irradiation. The 
choice of the wavelength to depends on the absorption peak of the 
selected PI [48]. The working mechanism through which the reaction 
occurs is also driven by PI. Three main crosslinking processes are usually 
described in the literature: free radical polymerization, step-growth re
action, and photomediated redox polymerization [127].

One of the most used PIs is 2‑hydroxy-1-[4-(2-hydroxyethoxy) phe
nyl]− 2-methyl-1-propanone, better known as Irgacure 2959 or I2959 
[101,102,111]. It is often used in water-based resins or hydrogels in 
combination with GelMA, PEGDA or PEGNB [101,102,111]. However, 
low water solubility, low polymerization efficiency and cytotoxicity at 
high concentrations are the main drawbacks of I2959 [128]. Some of 
these limitations can be mitigated by replacing I2959 with bis (2,4, 
6-trimethylbenzoyl)-phenylphosphine oxide (BAPO), which offers 
higher solubility and polymerization efficiency [48,99,128,129]. 
Nevertheless, BAPO can also inhibit cell growth and induce apoptosis 
[130]. Another effective water-soluble PI is lithium phenyl-2,4, 
6-trimethyl benzoyl phosphinate (LAP), which exhibits low cytotox
icity, maintaining cell viability above 80 % at low concentrations. In 
contrast, 2,4,6-trimethyl benzoyl diphenylphosphine oxide (TPO) has 
low water solubility but is considered the most efficient PI for 
nonaqueous systems due to its high polymerization rate and good 
cytocompatibility. However, given the importance of developing 
water-soluble PIs, many researchers are currently exploring chemical 
modifications of both TPO and BAPO to incorporate functional groups 
that enhance their solubility in aqueous environments [131,132].

To enhance the bioactivity of synthetic polymers and improve the 
stiffness and compressive strength of natural polymers, composites of 
polymers with inorganic materials are obtained by introducing bio
ceramics, such as HA and β-TCP. Also materials like whitlockite, bre
digite, and bioactive glass are often combined with polymer matrices in 
scaffolds, improving degradation behavior and biological responses 
[47–49]. Since native OC tissue is naturally composed of different 
components, achieving an accurate biomimetic structure requires the 
combination of both stiff and soft materials [98–101,103,110].

Furthermore, diluents are often added to reduce the viscosity of the 
resin filled in the tank of the SLA or DLP instrument, ensuring proper 
printing [133]. For example, water is used when hydrogels like GelMA 
and PEGDA serve as matrices, but also non-reactive organic solvents, 
such as NMP or ethyl-lactate, are often employed with more apolar 
polymers [95,102,133]. Even inhibitors, dyes, and dispersants are 
frequently included in the formulation to prevent premature cross
linking, enhance light absorption, and improve the filler distribution, 
respectively, giving homogeneous liquid resins [48,95,97,133]. For 
example, radical scavengers are inhibitors molecules able to remove or 
de-activate impurities and avoid undesired reaction products. They help 
control the surface polymerization process, reducing premature 
cross-linking and enabling better surface definition. One of the most 
used in the fabrication of OC scaffolds is α-tocopherol, commonly known 
as vitamin E, due to its good antioxidant activity, regeneration mecha
nisms, chemical reactivity and biocompatibility [95,96,134,135]. On 
the other hand, photoabsorbers also play an important role when high 
quality printability and high resolution are requested. They are usually 
dyes and help manage the light absorption and distribution and ensure 
precise curing, which is particularly important for printing intricate and 
high-resolution geometries. Indeed, the presence of photoabsorbers 
limits the deep penetration of light into the resin, avoiding curing of 
unintended areas which leads to over-polymerization. Some of them are 
successfully used in the fabrication of gradient OC scaffolds when visible 
light is used as source. In order to control the cure depth, Orasol Orange 
G dye, belonging to the azo-dye family, was employed in the works of 
Melchels et al. [95,96,136]. It has a moderate biocompatibility and 
absorbs light in the range of 400–500 nm. Yellow food grade dye has 
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been utilized by Xue et al. to mitigate light dispersion and optimize 
printing resolution [109,136]. It is often a natural dye, absorbing light in 
the range of 350–450 nm with a good biocompatibility. On the other 
hand, when UV light is used, UV blockers or UV absorber can be utilized 
for the same reason, but with limited biocompatibily [2]. An example is 
Tinuvin Carboprotect, utilized in the works of Shoonraad et al. and 
Eckstein et al., a benzotriazole derivative [111,112,136]. Inhibitors and 
photoabsorbers used in the fabrication of OC scaffolds are also reported 
in Table 2.

In most cases, post-treatments are required to ensure that 3D printed 
scaffolds achieve the desired mechanical properties, surface quality, and 
biological functionality. After the printing process, steps like post-curing 
with UV light or thermal treatments may be necessary to fully poly
merize the material by increasing the final cross-linking density and the 
degree of polymerization [137]. These processes enhance mechanical 
properties, increasing the long-term structural stability of the printed 
structure [137]. Washing with alcoholic solvents (e.g. ethanol, iso
propanol) is usually employed to remove residual non-polymerized resin 
and improve the surface finish [138]. At the same time, biological 
functionality is usually improved by surface treatments and function
alization of the scaffolds with bioactive factors.

Anyway, the formulation of the photocurable bioinks for scaffold 
production remains a primary concern, as it is inherently guided by the 
need to achieve an optimal compromise between a resin that fulfils the 
requirements for scaffold fabrication via VPP and one that results in a 
matrix with adequate mechanical properties, stability under physio
logical conditions, and the capacity to promote osteogenesis and chon
drogenesis. In this regard, it is important to note that, while the scaffolds 
for osteochondral (OC) regeneration produced via VPP have been 
extensively characterized in terms of mechanical behaviour and stem 
cell response, they have not been thoroughly evaluated for their stability 
to sterilization, which is mandatory for their intended purpose. Addi
tionally, their degradation rate under in vitro physiological and in vivo 
conditions has not been comprehensively assessed. Biological studies 
conducted in combination with the cell component, that can provide 
indirect insights into scaffold stability in the physiological environment, 
are generally limited to a few weeks. As a result, these studies do not 
provide any data on the long-term stability of these materials, nor on 
their stability to sterilization, both of which are crucial considerations 
for their practical application.

4.2. Bioactive factors for surface functionalization of OC scaffolds

Matrix, photoinitiator, and fillers serve as key constituents in the 
fabrication of gradient OC scaffolds via vat polymerization techniques. 
They play an essential role in accurately replicating the gradient struc
ture and the mechanical properties of the native OC tissue. Post-curing 
treatments are crucial for optimizing the scaffold performance, espe
cially for applications in tissue engineering and biomedical implants, 
where precise control over the material properties is critical for suc
cessful outcomes. Additionally, both surface functionalization and the 
incorporation of bioactive molecules within the scaffold bulk are vital 
for promoting OC tissue regeneration [139].

Surface functionalization usually involves physical or chemical 
modifications of the outer layer of the scaffold to enhance specific 
cellular responses. For instance, plasma treatment can be used to acti
vate the scaffold surface, improving hydrophilicity and facilitating the 
attachment of bioactive molecules that promote cell adhesion. Bio
mimetic surface coatings, such as collagen and hyaluronic acid, can 
further mimic the natural extracellular matrix and enhance cell-scaffold 
interactions [7,25,140,141]. In a recent work, Shirzard et al. modified 
the surface of a PMMA scaffold for bone repair, fabricated using the DLP 
technique, with a chitosan coating to promote and evaluate the adhesion 
of human osteoblast-like cells (Saos-2) [113].

The scaffold surface can also be functionalized with various chemical 
groups or bioactive cues, such as peptide sequences, to enhance growth 

and chondrogenic differentiation [102]. For example, Zhou et al. 
chemically modified the surface of a gradient GelMA-PEGDA scaffold 
using rosette nanotubes, a class of self-assembly nanobiomaterials 
composed of DNA-based analogues functionalized with lysine (RNTK). 
Compared to control scaffolds, this construct significantly enhanced cell 
proliferation and the synthesis of GAG, collagen II, and total collagen, 
highlighting its potential to promote chondrogenic differentiation and 
establishing it as a promising candidate for cartilage repair and regen
eration [102].

Another important class of peptides is represented by growth factors. 
They can regulate tissue development, regeneration, and homeostasis 
[99,101,111]. Members of the transforming growth factor-β (TGF-β) and 
bone morphogenetic proteins (BMPs) families have gained attention for 
their role in bone and cartilage repair. TGF-β1, TGF-β3 and BMP-2 are 
commonly incorporated into complex liquid resin and printed together 
with the matrix via SLA and DLP techniques to create biomimetic OC 
scaffolds [99,101,111].

5. AI-driven optimization in design and fabrication of OC 
scaffolds by VPP

The convergence of artificial intelligence (AI) and advanced 
biomaterial design is driving a new era of innovations in the field of 
osteochondral tissue regeneration, particularly in the optimization of 
gradient scaffolds. Recent literature underscores the transformative 
potential of AI-driven approaches in analysis and understanding of the 
complex relationships among the key biological, chemical, and me
chanical factors crucial for successful osteochondral tissues repair 
[142–150]. Machine learning algorithms, such as neural networks and 
support vector machines, and genetic algorithms are increasingly 
employed to analyze big datasets encompassing material composition, 
fabrication parameters, and cellular responses. This enables the creation 
of predictive and descriptive models and the prediction of optimal 
scaffold architectures that mimic the native osteochondral tissue’s 
intricate gradient structure, where cartilage transitions seamlessly into 
subchondral bone [151–153].

However, while AI-methods are predominantly applied to extrusion- 
based 3D printing technologies, their use in VPP technologies remains 
rare. For instance, Huang et al. used a Shape Deviation Generator (SDG) 
framework, leveraging a convolution-based approach, to enhance 3D 
printing accuracy of a SLA process. In particular, their primary aim was 
to establish a data-analytical method for predicting and compensating 
for 3D shape deviations by accurately modeling the layer-by-layer 
fabrication process. The conclusion highlighted that the SDG allowed 
to obtain a consistent description of 3D shape formation, effectively 
separating error sources, and yielding valuable process insights. This 
research paves the way for improved geometric accuracy in SLA through 
advanced machine learning techniques, though further work is needed 
to extend its application to complex geometries [154].

Instead, Xu et al. used a machine learning algorithm to address the 
critical challenge of UV irradiation-induced cell damage in SLA-based 
bioprinting. By analyzing the impact of key process parameters (UV 
intensity, UV exposure time, GelMA concentration, and layer thickness) 
the authors successfully built a model demonstrating high predictive 
accuracy, achieving an R² of 0.953, of the cell viability under varying 
SLA bioprinting conditions. The conclusion emphasized the model’s 
ability to quantify the significance of each parameter, revealing UV 
exposure time as the most influential, and highlighted the potential of 
machine learning to overcome limitations of physics-based models in 
predicting cell viability. However, other bioprinting parameters which 
may affect cell viability such as GelMA degree of functionalization, 
photoinitiator type and concentration, and post-printing incubation 
time should be taken into account for a more comprehensive analysis 
[155].

Overall, computational methods for scaffold design emerge as 
powerful designing tools able to surpass traditional fabrication 
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limitations, leading to production of constructs with unprecedented 
precision and efficiency, and offer a versatile toolkit for accelerating the 
discovery of optimal gradient structures.

6. Conclusions, current challenges and future perspectives

6.1. Conclusions

OC tissue damage, caused by structural defects, infections, and 
degenerative diseases, remains a major challenge in regenerative med
icine. Over the years, numerous surgical strategies have been developed 
for OC tissue repair. However, these approaches are often invasive, with 
risks of infection, immune responses, and prolonged recovery times. 
Consequently, tissue engineering has emerged as a promising alterna
tive, aiming to design biomimetic scaffolds that replicate the structure 
and function of native OC tissue, promoting cell attachment, prolifera
tion, and new tissue formation.

A critical aspect of recreating the complex structure of OC tissue is 
replicating the mechanical and physicochemical characteristics of its 
various layers and interfaces. Currently, continuous gradient OC scaf
folds, which gradually change characteristics such as chemical compo
sition, geometry, density, porosity, and mechanical properties within 
the same structure, without forming discrete layers, are considered the 
most effective ones in mimicking the complex structure of OC tissue. 
This approach also enables the customization of scaffold geometry to 
meet patient-specific requirements and applications.

Among AM technologies for tissue engineering constructs, vat pho
topolymerization techniques, including SLA and DLP, have demon
strated superior precision and control, making them ideal for fabricating 
gradient OC scaffolds. Compared to traditional AM methods such as 
FDM and SLS, VPP enables higher resolution, smoother surface finishes, 
and tunable mechanical properties while minimizing material waste.

This review highlighted the advancements in SLA and DLP for 
gradient scaffold fabrication, summarizing key studies and identifying 
novel design strategies, material formulations, and optimization tech
niques that enhance scaffold performance.

Recent developments in gradient scaffolds have focused on achieving 
highly controlled architectures, progressing from conventional squared 
and gyroid pore designs to more complex micro-truss structures, which 
better mimic the mechanical properties of OC tissue. Furthermore, the 
accuracy of SLA/DLP printing, reaching resolutions as fine as 10 μm, 
enables the fabrication of intricate structural gradients with unprece
dented precision. Further advancements include multi-material printing 
systems, such as multi-material stereolithography (MMSL), which allow 
simultaneous deposition of different materials by adjusting light power 
densities. This approach enhances interface strength within scaffolds 
while preventing delamination. Moreover, combining VPP techniques 
with FDM or incorporating hydrogel infill has proven effective in 
decoupling mechanical and biochemical requirements, thereby 
improving scaffold-cell interactions.

Material selection plays a crucial role in scaffold performance, with 
blends of natural and synthetic polymers (e.g., GelMA, PEGDA) and 
inorganic fillers (e.g., HA, β-TCP) offering an optimal balance between 
resin viscosity, mechanical strength, degradation rate, and biocompat
ibility. Additionally, functionalizing synthetic polymers allows fine- 
tuning of scaffold properties by modifying their chemical structure 
and molecular weight. Recent studies have pushed the boundaries of 
biomimicry by integrating bioactive factors and extracellular matrix 
components, further enhancing cell adhesion, proliferation, and tissue 
regeneration.

6.2. Current challenges and future perspectives

Despite these advancements, several challenges remain, which limit 
the commercial and clinical adoption of OC gradient scaffolds.

Based on the reviewed literature, the authors believe that several 

aspects, particularly those related to in vitro and in vivo (in animal 
models) characterization, should be improved to enable a more accurate 
evaluation of newly developed products, which could, in turn, drive a 
reassessment of scaffold design for enhanced performance. For instance, 
little attention has been given so far to: 1) verifying scaffold stability to 
an adequate sterilization process, which is mandatory for clinical 
application; in this regard, the absence of cytotoxic leachables after 
sterilization should also be assessed; 2) evaluating the long-term sta
bility (to chemical or, if the case, to enzymatically catalysed hydrolysis) 
of the device; and 3) assessing the scaffold’s mechanical performance 
when equilibrated in physiological conditions, as hydration can signif
icantly affect the material’s mechanical behaviour. These evaluations 
should be standardized and, in addition to improving scaffold design 
and performance, would be valuable in developing a more compre
hensive framework for subsequent device evaluation, particularly in 
preparation for commercial approval. Improved in-vitro characterization 
could help to reduce the high cost of in vivo experiments (on animal 
models) and an overall improved preclinical evaluation could help speed 
up the device optimization for the subsequent studies [156,157].

Secondly, achieving manufacturing scalability and reproducibility is 
a further problem, as batch-to-batch variability (e.g., raw material purity 
and composition, processing conditions) can affect material properties 
and scaffold architecture, leading to inconsistent mechanical strength, 
porosity, biocompatibility, degradation kinetics, immune responses, and 
potential in supporting tissue regeneration.

Afterward, regulatory and approval barriers even more complicate 
the translation of these scaffolds into clinical settings. Like other Tissue 
Engineered Medical Products (TEMPs), OC scaffolds are classified as 
Class III (high-risk) medical devices by the EMA (European Medicines 
Agency) and the FDA (Food and Drug Administration) regulatory 
agencies, due to prolonged contact with biological tissues and potential 
biological effects. This classification requires a rigorous preclinical 
validation process, including predictive animal models, to ensure safety 
and efficacy prior to clinical testing. Generating robust preclinical data 
is key for securing funding to support applications for clinical trials. The 
latter, that typically consist of multiple phases, must demonstrate both 
the effectiveness and long-term safety of the device for final approval. 
Currently, medical devices manufactured using 3D printing technologies 
are subject to the same regulatory requirements as those produced 
through conventional manufacturing method. However, in case of 3D- 
printed medical devices, additional clinical information may be 
needed [156,158–160]. When considering application for OC regener
ation, the overall process may be even more demanding than for other 
TEMPs due to the complexity of the device, which incorporate multiple 
materials and the cruciality of the biomechanical performance of the 
interface. Consequently, preclinical studies require more extensive 
testing of mechanical properties and biocompatibility, while clinical 
trials generally require extended follow-up [157,161,162].

A comprehensive understanding of the regulatory hurdles must also 
consider country variations in approval requirements and that the 
incorporation of biological components into the scaffold may change the 
classification into biologic/combined products further complicating 
regulatory approval [157,158]. It is therefore clear, based on the above, 
that the overall Premarket Approval process for 3D-printed OC scaffolds 
is highly costly and time-consuming, limiting investment potential and 
constraining innovation in this field [163].

After approval, the clinical adoption of 3D-printed OC devices faces 
additional challenges. The high costs associated with advanced tech
nologies needed and the stringent regulatory testing obviously result in 
expensive products, with limited accessibility [159]. Moreover, persis
tent concerns regarding the long-term clinical efficacy of OC devices, 
along with limited familiarity of physicians with these emerging tech
nologies and therapeutic approaches further contribute to slowing down 
the integration of the devices into clinical practice [157]. These are, 
therefore, additional challenges that must be addressed to ensure that 
these innovations can achieve their potential to improve patient health 
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outcomes.
Thus, future research should aim to address these limitations by 

optimizing scaffold designs for clinical applications, refining long-term 
functional assessments, standardizing fabrication and evaluation meth
odologies, and integrating quality control protocols, traceability of all 
process parameters and in-line or real-time analytics to monitor over 
production variability. These measures will be able support the devel
opment of reliable, high-quality products suitable for regulatory 
approval and widespread use. Moreover, combining DoE approaches 
and AI-driven computational methods with VPP techniques could 
significantly enhance the efficiency of scaffold development, reducing 
the number of required experiments while refining compositional, 
structural, and mechanical gradients, thus allowing to more closely 
mimic the architecture and functionality of OC tissues. Advancing these 
strategies will be essential for the widespread adoption of gradient OC 
scaffolds, ultimately bringing them closer to clinical translation in 
regenerative medicine.
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