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ABSTRACT: The controlled delivery of growth factors (GFs)
from tissue engineered constructs represents a promising strategy to
improve tissue repair and regeneration. However, despite their
established key role in tissue regeneration, the use of GFs is limited
by their short half-life in the in vivo environment, their dose-
dependent effectiveness, and their space- and time-dependent
activity. Promising results have been obtained both in vitro and in
vivo in animal models. Nevertheless, the clinical application of tissue
engineered constructs releasing GFs is still challenging due to the
several limitations and risks associated with their use. 3D printing
and bioprinting, by allowing the microprecise spatial deposition of
multiple materials and the fabrication of complex geometries with
high resolution, offer advanced strategies for an optimal release of
GFs from tissue engineered constructs. This review summarizes the
strategies that have been employed to include GFs and their delivery system into biomaterials used for 3D printing applications to
optimize their controlled release and to improve both the in vitro and in vivo regeneration processes. The approaches adopted to
overcome the above-mentioned limitations are presented, showing the potential of the technology of 3D printing to get one step
closer to clinical applications.
KEYWORDS: 3D bioprinting, functionalized biomaterial inks, growth factors delivery strategies

1. INTRODUCTION
The engineering of three-dimensional biological constructs in
the laboratory, with the aim of replacing damaged tissues in
patients and overcoming the shortage in organ donations, is one
of the primary goal of 3D bioprinting.1 Through the precise
deposition of biomaterials, living cells, and growth factors
(which together form the so-called “bioink” as opposed to the
“biomaterial ink” which does not include cells ),2 3D bioprinting
allows for the fabrication of structures able to closely reproduce
the complex architecture of natural tissues and organs.3 The
fabrication of a new tissue in vitro whose functionality and
properties are comparable to those of native tissue is attempted
by mimicking what happens during natural regeneration and
wound healing. Natural regeneration is a complex process
requiring the coordinated action of different cell types and
signaling molecules, such as growth factors (GFs).4 GFs play a
key role in tissue regeneration by controlling the proliferation,
migration and differentiation of stem cells.5 Therefore, the
integration of GFs and their delivery system within 3D
bioprinted constructs has become essential.1 However, the
optimal delivery of GFs from tissue engineered constructs
presents several difficulties. A first difficulty is due to the fact that
multiple GFs take part in the complex sequence ofmolecular and

cellular events involved in the regeneration process.6 The
inclusion of multiple exogenous growth factors within a tissue
engineered construct, however, would results in high cost and
increased risk of adverse effects, such as ectopic tissue formation
or cancer.7,8 Second, the concentration of the delivered
exogenous GFs has to be maintained in the physiological
range. In fact, under-physiological dosages lead to an insufficient
response, while supra-physiologic dosages cause the above-
mentioned undesirable effects.9 Finally, to exert their
therapeutic role, GFs have to be released with a specific
spatio-temporal pattern10 and have to maintain their biological
activity in the target location, despite their typical short-life in
the in vivo environment.11 Based on the above considerations, it
is clear that the clinical application of GFs is particularly complex
and that the therapeutic efficiency of GFs is totally dependent on
the efficiency of the delivery system employed. Consequently, it
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is essential to design delivery systems or to develop strategies
able to provide stability, optimal activity and tunable release of
GFs.9 As well reviewed elsewhere,9,10,12 many biomaterial-based
strategies have been developed to achieve a controlled delivery
of GFs. However, compared to traditional tissue engineering
methods, 3D bioprinting offers extraordinary advantages such as
the precise positioning of biomaterials, cells and GFs in target
areas13 and the creation of complex personalized geometries.14

The optimal release of single or multiple GFs can be achieved by
controlling different steps of the bioprinting process, starting
from the choice of the biomaterials used as inks or bioinks. In
fact, several parameters, such as the nature of the biomaterial, its
molecular weight, its concentration and the cross-linking
chemistry, can influence the bioactivity and the release of the
encapsulated factors.15 Unless incompatible with the printing
process due, for example, to a drastic reduction of the printability
or the clogging of the nozzle, biomaterial inks can usually be
easily functionalized with GFs and their delivery systems. GFs
can be simply mixed with the bioink upon formation or
conjugated to the polymers constituting the bioink through
chemical modifications. Alternatively, GFs can be encapsulated
in advance within a delivery system, such as nano- or
microparticles, which can be, in turn, incorporated into the
bioink.16 The entrapment, conjugation, and nano- or micro-
encapsulation are not only primary responsible of protecting
GFs from the environment but also play a major role in
controlling their temporal release. The spatial location of GFs, in

contrast, is usually achieved by tuning the printing parameters
and by creating specific and complex designs. For example, most
of the currently available 3D printers allow for the fabrication of
hybrid structures by usingmultiple biomaterial inks. Each part of
the construct could individually release a different GF in order to
spatially guide the regeneration of complex tissues.17 This review
aims to discuss and summarize the strategies employed to
functionalize biomaterial inks and bioinks with GFs and with
their delivery system in order to control their release from 3D
printed constructs and improve their efficiency. In order to
obtain the desired therapeutic effect, four levels of optimization,
schematized in Figure 1 and discussed in the following sections,
should be taken into account. We will briefly introduce the role
of GFs in tissue development and regeneration and the
importance of choosing the optimal dosage of GFs when
developing tissue engineered constructs in order to obtain the
desired function and avoid side effects. We will then introduce
two classes of biomaterials, natural and synthetic, and we will
review the strategies adopted to functionalize them with GFs
while preserving their bioactivity during the preparation of the
ink and the printing process. Here, we will also describe a
particular strategy that combines 3D printing and gene therapy
giving rise to a particular class of bioinks, named GAB or ”gene
activated bioinks”, which aim to overcome some limitations of
the direct inclusion of GFs within the ink. We will then
summarize the strategies employed to temporally control the
release of the encapsulated GFs, such as the physical

Figure 1. Schematic representation of the four levels of optimization necessary to achieve the therapeutic effect of GFs for tissue regeneration. (1) The
optimal dose of GFs has to be carefully selected in order to avoid an insufficient response or side effects. (2) Based on the type of bioink and on the
bioprinting process employed, a strategy should be adopted to preserve GFs bioactivity. In particular, GFs can be simply mixed within biomaterials
composing inks and bioinks, be chemically conjugated to the polymer network, be encapsulated or conjugated to the surface of nanoparticles (NPs),
loaded intomicrospheres (MSs), or their production can be induced in cells by the transfection with plasmids encoding GFs. The strategies adopted to
protect GFs from the environment and preserve their bioactivity can also advantageously control their temporal release, and usually, the same strategy
is chosen in order to both protect GFs bioactivity and temporally control their release. (3) The temporal control of the release of GFs and the
coordination amongmultiple GFs is also critical since several GFs take part to the regeneration processes (e.g., growth factor A: green and growth factor
B: red) and their action is often time-dependent (an example is bone regeneration where angiogenesis usually precedes osteogenesis and each process
is guided by different GFs). (4) The spatial distribution of GFs allows for the fabrication of complex constructs by inducing, for example, the
differentiation of multiple cell types to recreate the hierarchical architecture of natural tissues. Figure created using Biorender (https://biorender.com/
).
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entrapment, chemical conjugation, and nano- or micro-
encapsulation and how to exploit 3D printers to tune the
temporal release of GFs. Finally, we will review the advantages of
3D printing technologies to control the spatial deposition of GFs
presenting representative examples, with a particular emphasis
on bone regeneration.

2. GROWTH FACTORS
2.1. The Problem of the Stability of Growth Factors.

With the exception of estrogens, androgens, and progestogens,
which are steroids, or lipid-soluble hormones, growth factors are
proteins which act by binding a receptor located on the surface
of cells18 and influence cell behavior through different
mechanisms of action summarized in Figure 2. Briefly, GFs
are released from a signaling cell (or group of cells) and act on a
target cell (a cell that express GFs receptors on its surface)
through a diffusible or nondiffusible mechanism.19,8 The target
cell can be the cell that produced the growth factor (autocrine
signaling) or a different one. Due to their importance in
modulating the cell behavior in a very short time in order to
quickly respond to external and internal stimuli, GFs naturally
show a low stability, short circulating half-life and rapid rate of
cellular internalization.4 For example, the half-life of BMP-2 in
blood is 1 to 4 h, while the half-life of VEGF is of only 30 min.
Different strategies have been employed to improve the stability
and increase the half-life of growth factors, including their
chemical or genetic modification, such as site-directed muta-
genesis. The latter technique has been used to either modify the
GFs in the sites involved in the binding with their receptors in
order to increase their half-life and availability, or to genetically
remove the protease cleavage sites naturally present in growth
factors and, thus, avoiding their degradation.11 As an example of
chemical modification, Lee et al.20 improved the stability of
FGF-1 through the formation of a stabilizing disulfide bond

between a cysteine residue and an adjacent alanine which led to
an increased mitogenic activity, increased half-life and increased
thermodynamic stability. The formation of a disulfite bond
allowed strengthening of the structure of the protein, improving
its stability. In fact, by being mostly proteins, the functions of
GFs are assured by their structure (secondary, tertiary, and
quaternary),21 which could be compromised by changes in
temperature or pH, aggregation, hydrolysis of peptide bonds,
oxidation of amino acid side chains, and ionic strength of the
surrounding environment.22 All these parameters have to be
taken into account when preparing inks and bioinks for 3D
bioprinting and when selecting the cross-linking method since
they should not interfere with the activity of GFs.

2.2. The Dose-Dependent Efficiency of Growth
Factors. Selecting the appropriate concentration of GFs that
has to be delivered from tissue engineered constructs is of
primary importance to ensure proper tissue regeneration. While
the selection of the appropriate concentration of GFs is relatively
easy for in vitro culturing systems by performing dose-finding
studies, it represents a real challenge when a construct is
implanted and GFs are exposed to the in vivo environment.
There, GFs have poor stability and can easily undergo enzymatic
degradation. As a consequence, supra-physiological dosages are
often delivered in order to overcome these limitations. However,
supra-physiological dosages can represent a risk factor leading to
serious side effects such as cancer and ectopic tissue
formation.7,8,11 On the contrary, under-physiological dosages
lead to an insufficient response. In order to overcome these
limitations, the dosage of GFs selected through in vitro studies
should be entirely delivered to the desired site. As we will see in
the next sections, this can be done by developing strategies
aiming to protect the GFs from the environment and release
them in a very precise temporal and spatial manner.

Figure 2.Mechanisms of action of growth factors. Growth factors are produced by a signaling cell and act on a target cell. Endocrine signaling is a long
distance communication between a cell or group of cells (or glands) producing a soluble GF which circulates through the bloodstream to reach the
target cell. Paracrine signaling occurs between neighbor cells where a soluble GF is released in the local environment. In autocrine signaling the GF is
released from the target cell itself. Juxtacrine signaling occurs between cells that are physically interacting while in matricrine signaling GFs are found
within the extracellular matrix. GFs in this case are not diffusing but are bound to themembrane of the signaling cell. The interaction between a GF and
its receptors, located on the surface of the target cell (mostly tyrosine kinase receptors), activates a cascade of events (which usually starts with the
phosphorylation of the tyrosin kinase receptor). Several factors are then activated to induce a cellular response involving the transcription and
translation of proteins whose role is to influence the survival, growth, proliferation and differentiation of themselves (ex: autocrine signaling) or of
other cells.
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3. INCLUSION OF GROWTH FACTORS INTO
BIOMATERIALS USED FOR 3D PRINTING AND
BIOPRINTING

Biomaterials used as inks or bioinks can be classified based on
their chemical structure (such asmetals, ceramics, polymers, and
composites) or based on their origin which is either synthetic or
natural.23 Natural biomaterials, such as proteins, decellularized
extracellular matrices, and polysaccharides, usually derive from
components that are already present within the living systems
(for example, some of them are components of the extracellular
matrix), and therefore, they are engaged in a variety of biological
processes. Consequently, they are usually not toxic, biodegrad-
able, and able to assist cellular activities.24 On the other hand,
synthetic materials, such as organic and inorganic polymers,
ceramics, and thermoplastics, have well-defined and controllable
physicochemical, mechanical, and degradation properties, but
they usually lack cell attachment sites. Furthermore, their
processing into inks or bioinks might involve processes that are
incompatible with the viability of cells and the bioactivity of
growth factors, such as the use of toxic solvents and melting
points higher than body temperature.25 However, due to their
remarkable properties of high printability, good control of their
mechanical and degradation properties, synthetic biomaterials
are highly employed for the controlled delivery of growth
factors.26 The following sections present some of the strategies
used to include GFs into natural, synthetic, or hybrid
biomaterials in order to protect them from the environment
during the preparation of the ink and/or during the 3D printing
process.

3.1. Natural Biomaterial-Based Inks and Bioinks. Inks
and bioinks based on natural biomaterials (e.g., alginate,
chitosan, collagen, fibrinogen, gelatin, hyaluronic acid, or
laminin) offer several advantages regarding the inclusion of
GFs. In fact, they are usually processed in the form of hydrogels,
supporting the viability of cells and the bioactivity of the
entrapped GFs. Furthermore, some of them are constituents of
the extracellular matrix (ECM) and, consequently, naturally
present GFs-binding domains. Accordingly, GFs can be directly
mixed within the bioink upon formation, and their release
depends on the diffusion and degradation profile of the
hydrogel. Alternatively, GFs can be physically or chemically
immobilized/conjugated to the polymer network through
different strategies, such as the inclusion of heparin, which is
able to bind several GFs and protect them from degradation.27

In particular, heparin has a high negative charge density, which
allows it to bind, by electrostatic forces, positive charged
proteins like many GFs.28 Furthermore, some biomaterials
naturally contain GFs such as the decellularized ECM (dECM)
and platelet-rich plasma (PRP). One strategy adopted to
preserve the naturally present endogenous GFs, is the use of
dECM as bioink.29 Several studies showed a positive effect on
tissue regeneration when using dECM with a high content of
endogenous GFs30−32 compared to other biomaterials contain-
ing exogenous GFs. This can be explained by the fact that natural
ECM contains a high variety of GFs, which rarely are included in
inks and bioinks from an exogenous source, due to the high cost
and possible side effects. Another interesting strategy employed
to include multiple GFs and avoid side effects is the inclusion of
platelet-rich plasma (PRP) to hydrogel-based bioinks as a source
of autologous GFs, whose positive effects have been shown by
several studies.33−38 The use of dECM as bioinks or the
inclusion of PRP represent fascinating strategies to overcome

the limitations of the delivery of multiple GFs in the adequate
dosages from bioprinted objects, allowing for a better mimic of
the in vivo repair and regeneration processes.6 However, as
argued above, hydrogels based on natural polymers usually
present poor mechanical properties, thus reducing the shape
fidelity of printed structures, and often need to be modified to
allow the fabrication of complex three-dimensional bioprinted
structures.

3.2. Synthetic Biomaterials. Synthetic polymers are less
used as components of bioinks compared to natural ones since
they usually lack biological cues for cell attachment.39 However,
they are preferred for the controlled delivery of molecules (in
form of hydrogels, nano- and microspheres) and when a high
resolution in 3D printing is needed.40,41 Themost used synthetic
polymers are poly glycolic acid (PGA), poly lactic acid (PLA),
and their copolymers PLGA, PCL, PVA, and PEG.42 Some
synthetic materials are processed in the form of hydrogels such
as pluronics, poly(ethylene glycol) (PEG), or polyvinyl alcohol
(PVA). However, other synthetic materials such as bioceramics
(e.g., calcium phosphate cements (CPC), metals, and thermo-
plastics (e.g., polycarpolactone (PCL) or poly lactic-glycolic
acid (PLGA)) usually require melting and curing during the
fabrication steps. Since the use of high temperatures is usually
incompatible with the inclusion of living cells and biological
molecules,43 different strategies have to be adopted to include
GFs within high temperature bioprinted constructs in order to
preserve their bioactivity. For example, Tarafder et al.44

individually encapsulated the transforming growth factor β3
(TGF-β3), the connective tissue growth factor (CTGF), and the
bone morphogenetic protein-2 (BMP-2) into PLGA micro-
spheres (MSs) to demonstrate that the spatially controlled
delivery of multiple GFs, from the same scaffold, can induce the
formation of multitissue interfaces, like the temporomandibular
joint (TMJ) disc, a soft cartilage disk acting as a cushioning
between the bones. PLGA MSs loaded with GFs were
lyophilized and subsequently filled into a high temperature
cartridge containing PCL, and the constructs were printed at a
temperature of 120 °C. Since the melting temperature of PLGA
is around 200 °C, the encapsulated GFs were efficiently
protected from denaturation and their bioactivity preserved, as
confirmed by the induced in vitro differentiation of mesen-
chymal stem cells (MSCs) into fibrogenic, chondrogenic, and
osteogenic cells, when exposed to CTGF, TGF-β3, and BMP-2,
respectively.

3.3. Hybrid Biomaterials. In some cases, the simple mixing
of GFs within bioinks is not possible or not appropriate. For
example, for bone regeneration are often employed solid
materials such as calcium phosphate cements (CPC), which,
because of the setting reaction and subsequent leaching once the
material is hydrated, can lead to the loss of the encapsulated
GFs.45,46 As a consequence, GFs can be released from CPC-
basedmaterials using different strategies, such as the inclusion of
a delivery system or the combination with another material
compatible with the bioactivity of GFs. To overcome this
limitation, Akkineni et al.46 encapsulated the vascular
endothelial growth factor (VEGF) within dextran sulfate-
chitosan microspheres which were subsequently mixed to
CPC paste in a freeze-dried state. Furthemore, instead of
submerging the samples in water to start the setting reaction,
they placed the scaffolds in a water-saturated atmosphere
(humidity), avoiding the early loss of loaded proteins. In fact, by
using BSA as a model protein, they compared the amount of
BSA released in PBS after 2 days from scaffolds set under both
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conditions (water or humid atmosphere) and found that when
set in water, 74.05 ± 5.58% of BSA was released compared to
10.32± 0.96% when set in a humid atmosphere. VEGFwas then
released slowly for 7 days, and its bioactivity was confirmed. The
maintenance of the bioactivity of VEGF was confirmed through
an endothelial cell proliferation assay. In another study, Ahlfeld
et al.47,48 created a biphasic scaffold through the combination of
CPC paste and an alginate-gellan gum (AlgGG) bioink loaded
with VEGF. CPC paste sets and hardens in contact with water
forming nanocrystalline hydroxyapatite that closely resembles
the natural bone mineral and shows excellent osteoconductive
characteristics. As a consequence, while the CPC part provides
mechanical stability to the biphasic scaffold, the AlgGG strands
act as a reservoir for the release of growth factors, allowing for
the vascularization of the defect region. Similarly, Shim et al.49

used a dual-head printing system to create a biphasic scaffold
made of PCL/PLGA and either collagen or gelatin, both
releasing BMP-2 but, respectively, in a sustained (28 days) or
faster (one week) manner. More in detail, PCL/PLGA fibers
were deposited in the desired shape, forming the framework,
with an empty space at the center of the scaffold which was then
filled with either collagen or gelatin containing BMP-2. Their in
vivo study showed that the slower release of BMP-2 from the
collagen hydrogel strongly enhanced bone regeneration.

3.4. Gene Activated Bioinks (GABs). An interesting
strategy employed to overcome the limitations of the short
half-life of GFs or to sustain their release is to combine 3D
bioprinting with gene therapy to induce cells to produce GFs
autonomously. Viral or nonviral gene therapy allows for the
delivery of plasmid DNA (pDNA) and the consequent
transfection of cells in a time- and space-dependent manner
within the constructs. Gene therapy combined with 3D
bioprinting has been especially used for bone regeneration and
the inclusion of genes, with or without their vectors, to a bioink,
leads to the creation of the so called “gene activated bioinks
(GABs)”. Different strategies have been developed in order to
increase the transfection efficiency or to induce the sustained
production of GFs from cells. Some of them include the
modification of the bioink itself, the inclusion of delivery
systems, or the use of multiple materials. For example, Loozen et
al.50 included a naked plasmid DNA encoding for BMP-2 in a
bioink composed of alginate, mesenchymal stem cells (MSCs),
and calcium phosphate particles. Using a lower concentration of
alginate, they obtained a higher transfection efficiency and,
consequently, higher production of BMP-2 by MSCs within the
bioprinted construct and enhanced osteogenetic differentiation
in vivo. Furthermore, they showed that the fabrication of macro-
porous scaffolds through 3D bioprinting promotes the
production of BMP-2 compared to nonporous scaffolds, proving
the added value of using 3D bioprinting over other techniques.
Similarly, Gonzalez-Fernandez et al.51 found that the porosity of
the scaffold modulates the transfection of cells which is faster
when the porosity is higher and slower when the porosity is
lower. As a consequence, in order to increase the transfection
efficiency, they used a sacrificial bioink to create pores within the
bioprinted constructs. By using either pro-osteogenic or
prochondrogenic bioinks to create scaffolds with different
porosity, they were able to direct the differentiation of
encapsulated bone marrow-derived MSCs to recapitulate the
native osteochondral unit. Cunniffee et al.52 complexed plasmid
DNA encoding for BMP-2 and TGF-β3 to hydroxyapatite
nanoparticles, embedded in an RGD-β-irradiated alginate bioink
containing bone marrow-derived MSCs. The expression of the

transgenes BMP-2 and TGF-β3 was maintained for 14 days
postbioprinting leading to enhanced osteogenesis of the
encapsulated MSCs. In another study, Bozo et al.53 bioprinted
a construct based on octacalcium phosphate (OCP) and
plasmid DNA encoding for VEGF-A. This gene-activated
implant induced the differentiation of the patient’s own cells
in the implantation site leading to improved vascularization and
osteointegration.

4. TEMPORAL CONTROL OF THE RELEASE OF
GROWTH FACTORS

4.1. Physical Entrapment. The simple mixing of GFs with
hydrogel-based bioinks is the most common and easiest method
for their delivery from bioprinted constructs. The release
kinetics of the entrapped GFs is usually characterized by an
initial burst followed by a slower release which depends on the
diffusion and degradation profile of the hydrogel. The diffusion
process is, in turn, controlled by the properties of the matrix, i.e.,
the type of polymer, its molecular weight and concentration, and
the characteristics of gelation.54 Furthermore, the cross-linking
density affects the degradation rate and the water content, and
consequently the release of the encapsulated molecules, usually
without influencing their bioactivity.55 A fast degradation of the
polymer is often related to a fast release of GFs. The strategies
adopted to temporally control the release of GFs from hydrogel-
based scaffold, mainly based on the optimization of the above-
mentioned parameters, have been excellently reviewed.10,12,56

Since 3D bioprinting mainly uses hydrogels as bioinks, most of
the strategies employed for hydrogels are applicable to hydrogel-
based 3D printed objects. However, the technology of 3D
printing offers several advantages compared to traditional
hydrogel-based tissue engineering strategies. In fact, it allows
for a fast and reproducible deposition of single or multimaterials
containing one or more GFs for the creation of complexes
geometries with high resolution.57 Furthermore, as detailed in
section 4.4, it allows for a more precise selection of the
macroporosity (by tuning the filament size, the defined shape,
etc.) which enhances the control of the release of GFs. An
example of how the choice of the material affects the release and
how it can be modulated to reproduce the in vivo phenomena is
the strategy adopted by Park et al.58 to improve bone
regeneration. The authors of the study bioprinted a multi-
material scaffold allowing for the release of VEGF and BMP-2
with two different kinetics by loading VEGF into alginate/
gelatin based bioink, which degrades faster and BMP-2 in a
cross-linked collagen bioink, which degrades slower. Even
though information about the degradation rate of the scaffolds is
not reported, the study showed that the faster release of VEGF
from the implanted construct facilitated early vasculogenesis and
showed promising results in enhancing the formation of bone in
large size defects. However, if GFs are simply physically
entrapped, they can more easily diffuse out of the construct or
undergo enzymatic degradation.16 Consequently, especially
when long exposures are required, other methods can be
employed to include GFs in bioinks and control their delivery,
such as their immobilization or chemical conjugation to the
hydrogel.

4.2. Immobilization and Covalent Conjugation. An
attractive strategy employed to increase the half-life of GFs and
avoid their burst release is to mimic the natural interactions
between the GFs and the components of the ECM.With the aim
of mimic the natural environment and particularly the ECM
functions, that is where the activity of GFs is localized, different
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studies have reported the inclusion of heparin or heparin-sulfate
within hydrogel-based bioinks28 or the use of decellularized
ECM as bioink.29 GFs that exhibit ECM-binding domains can
bind the matrix and can be presented to cells in spatio-temporal
gradients that provide essential cues to elicit specific cellular
responses.27,59 In the ECM, this role is mainly due to the
glycosaminoglycans such as heparin and glycoproteins such as
fibronectin and laminin, and it is due to the presence of
negatively charged sulfate groups which can establish electro-
static interactions with growth factors.60 As a consequence,
biomaterials can be modified to resemble the ECM. For
example, the prolonged release of BMP-2 has been obtained by
chemically modifying alginate, in order to produce alginate-
sulfate (Figure 3A(i)). The latter, which structurally and
functionally mimics the heparin, highly enhances its binding
affinity to BMP-2. Furthermore, as evidenced by the release
curve shown in Figure 3A(ii), the higher the concentration of
alginate-sulfate, the slower the release of BMP-2. The authors
suggest that this is due to the strong electrostatic interactions
occurring between BMP-2 and alginate-sulfate which, in
addition, protect the GF from degradation and increase its
bioactivity.61 Covalent conjugation is a common strategy used
to strongly immobilize GFs to biomaterials.62 The release of GFs
mainly depends on the degradation rate of biomaterials and/or
on the cleavage (hydrolytic and enzymatic) of the bonds
between GFs and biomaterials. This strategy improves the
stability of GFs as it may reduce the exposure of GFs to a
proteolytic microenvironment at the delivery site.11 Byamba et
al.63 chemically conjugated different concentrations of VEGF to
GelMA (structure shown in Figure 3B(i)). The binding of
VEGF to the polymer (GelMA-VEGF) led to a slower release of
the GF, compared to the same GF simply mixed within the
bioink (GelMA+VEGF (Figure 3B(ii))). This result is

corroborated by the higher amount of VEGF still present in
the hydrogel GelMA-VEGF after 7 days compared to the
hydrogel GelMA+VEGF (Figure 3B(iii)). The slower release
and consequent longer exposition to VEGF, in turn, improved
the vascularization of a bone scaffold.

4.3. Encapsulation into Nano- or Microcarriers. Nano-
or microencapsulation refers to the entrapment of GFs within
nano- or microcarriers, usually based on biodegradable
polymers.16 The encapsulation of GFs within a nano- or
microcarrier has several advantages. First of all, it protects the
GFs from the environment, increasing their half-life, and allows
for the encapsulation of a more precise amount of GFs, avoiding
under-physiological or supra-physiological dosages which can
cause undesirable effects. Furthermore, by tuning the fabrication
method and the polymer properties (such as the molecular
weight, the concentration, etc.), the temporal release of the
entrapped factors can be significantly controlled. Nanocarriers,
due to their small size, can be easily incorporated into bioinks.
For microcarriers, contrariwise, the size should be carefully
considered in order to avoid the clogging of the nozzle during
printing.64 The inclusion of nano- or microcarriers could also
affect the viscoelastic properties of the bioinks and the resolution
of the resulting biofabricated constructs in terms of printability
and shape fidelity.65 For example, laponite, a nanosilicate
commonly applied for bioink reinforcement, can play the dual
role of bioink reinforcer and GFs delivery system.66 The
structure of 3D bioprinted objects (e.g., filament size, geometry,
macroporosity) allows for an additional control of the temporal
release of GFs. Furthermore, taking advantage of the ability of
3D bioprinting to precisely localize a specific amount of bioink,
the release of the GFs entrapped in nano- or microcarriers can
take place under a well-controlled spatial location.

Figure 3. Covalent conjugation of GFs is used to sustain their release. (A) (i) A scheme of 3D cell printing using alginate/alginate sulfate (alg/alg-s)
bioinks for the delivery of bone morphogenetic protein-2 (BMP-2). (ii) Release profiles of BMP-2 from various alginate/alginate-sulfate hydrogels
during a 10-day incubation period. Reproduced from ref 61. Copyright [2018, Elsevier]. (B) (i) Structure of VEGF-conjugated GelMA hydrogels. (ii)
Release of bioactive VEGF from VEGF conjugated GelMA hydrogel (GelMA-VEGF), physically mixed GelMA/VEGF hydrogel (GelMA + VEGF),
and GelMA hydrogel only (GelMA). (iii) Quantification of VEGF remaining in different hydrogels after 7 days of release experiments and after
degradation of the hydrogels. Reproduced from ref 63. Copyright [2017, John Wiley and Sons].
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4.3.1. Nanocarriers. Due to their small size, nanoparticles
(NPs) are an extremely advantageous carrier for GFs. They can
provide controlled release and great ability to target the desired
cells thanks to their high penetration abilities.67 NPs are
generally classified as hard and soft, with the first one having high

compressive modulus and the soft ones with mechanical
properties more similar to natural hydrogels.68 In both cases,
the methods usually employed to include GFs for their
controlled release are their encapsulation into core−shell NPs
or their conjugation/absorption to the surface of NPs.67 For

Figure 4. Nanoparticles-based temporal release of GFs from bioprinted constructs. (A) The high surface area and charged characteristics of
nanosilicates allow them to sequester protein therapeutics within a 3D printing structure. The degradation of printed network results in the release of
therapeutics. (B) The release of fluorescently labeled protein (FITC) from 3D printed structures was monitored over 28 days in PEGDTT/nSi
hydrogels. (C) Actin and nuclei staining of migrating HUVECs across transwell. Addition of growth factors (VEGF and FGF) to PEGDTT/nSi
influences the cell migration. SEM images of deposited extracellular matrix (outlined in white) are due to cell migration. Reproduced from ref 69.
Copyright [2019, John Wiley and Sons].

Figure 5. Spatio-temporal release of VEGF and BMP-2. (A) Cumulative release of VEGF into the media from 3D bioprinted scaffolds made of alginate
and alginate +methylcellulose after the addition of laponite (i) or nanohydroxyapatite nHA (ii). (B) Schematic of the 3D printed experimental groups.
(C) μ-CT reconstructed images of the defect site. Reproduced from ref 71. Copyright [2020, Science advances].
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example, nanosilicates have a particular surface charge with
negatively charged faces and positively charged edges.
Consequently they can interact with a wide range of GFs
including BMP-2, VEGF, platelet derived growth factor
(PDGF) and fibroblast derived growth factor (FGF) allowing
for their sustained release. Peak et al.69 included nanosilicates to
a poly(ethylene glycol)-dithiothreitol (PEG-DTT) ink in order
to both improve its shear thinning properties and act as a
sustained delivery system for GFs (Figure 4A). In the first
moment, they used fluorescein-conjugated bovine serum
albumin (FITC-BSA) as a model protein to demonstrate that
nanosilicate-loaded 3D bioprinted scaffolds could release the
desired molecules for 28 days (Figure 4B). Subsequently, they
demonstrated that VEGF and FGF released from 3D printed
structures were able to induce the migration of human vascular
endothelial cells (HUVEC) compared to the negative control
groups that did not contain the GFs (Figure 4C).
Similarly, nanospheres made of polydopamine present many

active functional groups on the surface that can be used to graft
the GFs. Polydopamine nanospheres were used to sustain the
release of CTGF and TGF-β3 up to 30 days, which led to a a
significant regeneration of the intervertebral disc.70 The use of
different populations of NPs allows for the bioprinting of
constructs where each part has a distinct growth factor release
pattern. Freeman et al.71 investigated the release profile of VEGF
from a bioink made of RGD γ-irradiated alginate and
methylcellulose in presence of laponite NPs or hydroxyapatite
NPs (nHA). As shown in Figure 5A (i, ii), laponite NPs
markedly slowed the release of VEGF (that was less than 50% at
day 10) while nHA led to a faster and more gradual release
profile (100% at day 10). Aiming to obtain a near complete
release of VEGF over 10 days, in order to mimic the release
observed during normal fracture healing, they included nHA to
the ”vascular” bioink. Contrarily, aiming to release BMP-2 from
the bioprinted constructs slowly, they included laponite NPs to
the “osteoinductive” bioink. The two bioinks were used to create
a composite scaffold able to release BMP-2 and VEGF in a well
controlled temporal and spatial manner. In particular, as shown
in Figure 5B, they bioprinted four types of scaffolds, one
containing no GFs, one containing a gradient of VEGF released
quickly from the center of the scaffold, one releasing BMP-2
slowly from the periphery of the scaffold, and one containing
both VEGF and BMP-2 in the above-mentioned spatio-
temporal arrangement. Their in vivo results (Figure 5C) showed
enhanced bone regeneration when implanting the composite
scaffold. The encapsulation of GFs in the core of nanoparticles
allows a controlled temporal release which is dependent on their
size and on the properties of the polymers NPs are made of. Lee
et al.72 showed that the release of nerve growth factors (NGF)
encapsulated into PLGA nanoparticles and subsequently
embedded in PEG-based 3D bioprinted constructs, was
consistently lower, for at least 7 days, compared to the release
of NGF directly sprayed on the scaffolds. This sustained release
of NGF from the 3D bioprinted scaffold led to enhanced neurite
outgrowth compared to the NGF sprayed on the surface of the
scaffold.
4.3.2. Microcarriers. The encapsulation of GFs into micro-

carriers is mostly referred to their inclusion in spherical
structures of micrometrical size, usually labeled as microparticles
(MPs) or microspheres (MSs).12 Similar to NPs, MPs can be
made of natural materials such as chitosan, alginate, and gelatin
or of synthetic materials such as PLA, PLGA or PCL.73 Either
using natural or synthetic materials, the microencapsulation

presents the great advantage of preserving GFs from the
environment, increasing their half-life by maintaining their
bioactivity, and controlling their temporal release.74 The release
profile of the encapsulated GFs is influenced by the type of
material MPs are made of, its molecular weight and
concentration and by its degradation profile.75 Furthermore, it
is also influenced by the material used as bioink, its degradation
properties, and the geometry of the printed construct. As an
example, Poldervaart et al.76 showed that VEGF, encapsulated
into gelatin MPs embedded in a bioink composed of Matrigel
and alginate was released continuously for 3 weeks in vitro and
with a slower kinetic compared to VEGF simply mixed into the
bioink. The sustained release of VEGF led to a significant
vasculogenic capacity in vivo compared to the control group
(containing empty gelatin MSs) and the fast-release group
(containing emptyMSs and VEGFmixed in the bioink). Among
the synthetic materials, MSs made of PLGA, a copolymer or
PLA and PGA, are the most used and FDA-approved delivery
system thanks to their versatility.77 In fact, different properties
such as the size of the MSs and their internal and external
porosity can be easily modulated to obtain the desired release
profile over periods ranging from a few days up to several
months.78,79 Furthermore, the different ratio of PLA to PGA
(labeled as: 50/50, 75/25, 80/20, 95/5 etc.) composing the
copolymer, highly influence its degradation, which is responsible
of the release profile of the encapsulated molecules.80 In
particular, higher relative contents of PLA lead to a slower
degradation and consequently to a slower release.77 Based on
the above, Lee et al.81 used two different copolymers of PLGA to
prepare MSs able to release CTGF and TGF-β3 for at least 42
days but with two different release profiles. More in detail, they
encapsulated CTGF into PLGA MSs 50/50 and TGF-β3 into
PLGAMSs 75/25 with the first one releasing theGF slower than
the second one. They showed that the sequential release, in vitro,
of CTGF for 2 weeks, followed by the release of TGF-β3 for
another 2 weeks, induced the differentiation of mesenchymal
stem cells into fibrochondrocyte-like cells. Subsequently, they
replaced sheep meniscus with the bioprinted scaffold able to
spatiotemporally release in a sequential manner CTGF and
TFG-β3. Their in vivo study showed that the delivered GFs were
able to stimulate the recruitment of stem cells into the scaffold,
to induce their differentiation and in situ regeneration of the
sheep knee meniscus. The resulting multilayer tissue composed
by either fibrous and cartilaginous tissues, connected by an
intermediate zone, presented comparable characteristics to the
native one. Tarafder et al.,44 contrarily, used the same type of
PLGA MSs (50/50) to obtain a sustained release, in vitro, of
multiple GFs and in particular of CTGF, TGF-β3, and BMP-2,
up to 42 days. The temporally controlled delivery of CTGF and
TGF-β3, in vivo, allowed for the formation of fibrocartilagineous
tissue, similar to the native TMJ disc. Sun et al.82 encapsulated
TGF-β3 and BMP-4 into 50/50 PLGA MSs and printed a
cartilage scaffold showing that the gradual release of TGF-β3
first and BMP-4 later, both sustained for at least 60 days,
significantly improved in vivo cartilage repair.

4.4. Enhanced Temporal Control of the Release of
Growth Factors through 3D Printing. The release kinetic of
the entrapped molecules can be modified by tuning the printing
parameters, such as the geometry of the bioprinted construct,
the size of the filaments, and the distance between filaments,
responsible of the macro-porosity.28,83 Hosseinzadeh et al.83

used this strategy to study the release of a molecule
(Temozolomide - TMZ) employed for the treatment of
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glioblastoma. They first loaded the TMZ into PLGA micro-
spheres and optimized the concentration of the PLGA polymer
that would lead to a higher encapsulation efficiency.
Subsequently they added microspheres to an alginate ink and
evaluated the evolution of the diameter of alginate fibers based
on the print-head pressure, the printing speed, and the
concentration of microspheres (representative picture of the
scaffold in Figure 6A(i, ii)). Besides showing that the filament
size increases with increased print head pressure and decreased
with increased speed, the authors showed that the inclusion of a
higher concentration of microspheres resulted in the reduction
of the viscosity of the alginate ink, leading to filaments with
increased diameter (Figure 6A(iii)). Furthermore, they
indicated that the printable range of microsphere concentration
was from 0 to 14 mg/mL since a higher content of microspheres
resulted in the clogging of the nozzle. When looking at the
release profile (Figure 6A(iv)) the authors showed that lower
concentrations of PLGA (1.25%) leaded to a burst release which
slowed when increasing the concentration of PLGA (6 and
10%). They also showed that the release of TMZ is more
sustained when microspheres are included into the hydrogel
compared to MSs alone and that increasing the diameter of the
alginate filaments reduces the release of the encapsulated
molecule. All of these considerations have to be taken into
account when including microspheres into inks and bioinks. It
also must be noticed that different molecules interact with
materials differently. As a consequence, the release profile can be
different (and, thus adjusted) when using a different molecule
and will be dependent on the type of polymer used for the
fabrication of both themicrospheres and/or the hydrogel and on
the physicochemical properties of the encapsulated molecule or
GF. Furthermore, as mentioned above, the release of the

entrapped molecules can be adjusted by modeling a very precise
geometry and by selecting the printing parameters and
accessories such as the type of nozzle and its size. In another
study, Wang et al.28 investigated the role of the geometry of 3D
printed constructs on the release of GFs by printing core + shell
hydrogels made of thiolated heparin (Hep-SH) and glycidyl
methacrylate hyaluronic acid (HA-GM), as shown in Figure
6B(i). More in detail, they first investigated the difference in the
release of BSA between core HA-GM hydrogels and HA-GM +
Hep-SH, showing that the presence of Hep-SH allowed for a
significant decrease in the release compared to hydrogels only
made of HA-GM. Furthermore, by printing a core (HA-GM +
Hep-SH containing BSA) + shell (HA-GM + Hep-SH with no
BSA) they were able to further reduce the release of BSA.
Subsequently they investigated the effect of the thickness of the
outer shell and in particular by creating a 1mm, 500 μm, and 250
μm shell. As expected, the release of BSA was slower when the
thickness of the shell increased (Figure 6B (ii)). In order to
mimic the in vivo sequential release of GFs they loaded VEGF in
the core and PDGF in the shell and then reversed them, showing
that GFs loaded in the shell are released faster compared to GFs
loaded into the core. Understanding the relationship between
the scaffold geometry and GF release kinetics allows for
predictive design of GF release platforms. Therefore, the author
of the study developed a mathematical model capable of
predicting the release of GFs (discussed below). Altogether
these studies demonstrates how 3D printing can be used to
fabricate user-defined structures with unique geometry in order
to control the rate of GF release in hydrogels and how a precise
delivery of GFs can be achieved by simply tuning the printing
parameters. As another example, Lee et al.72 printed square
scaffolds with small, medium, and large square pores,

Figure 6. Tuning the printing parameters to temporally control the release of GFs. (A) Photographic (i) and SEM (ii) images of TMZ-releasing
alginate mesh. (iii) Evolution of the fiber diameter with increasing concentrations of microspheres in a quantitative and qualitative way, from left to
right, respectively. (iv) Release of TMZ from PLGA microspheres and 3D bioprinted scaffolds investigating the effect of PLGA concentration, the
difference betweenmicrospheres only and microspheres loaded in alginate meshes, and the influence of the fiber diameter on the release of TMZ, from
left to right, respectively. Reproduced from ref 83. Copyright [2019, John Wiley and Sons]. (B) (i) Design for 3D printing and structural validation
with FITC (green) and TRITC-dextran (red) containing hydrogels showing cylindrical core-only structures, cylindrical core−shell structures, and
core−shell structures with varied outer shell thicknesses. (ii) Release kinetics of various structures with different compositions (left) and shell
thicknesses (right). Reproduced from ref 28. Copyright [2019, John Wiley and Sons].
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corresponding to 44%, 56%, and 68% porosity, showing that
scaffolds with a larger porosity significantly improve PC-12
neural cell adhesion compared to the ones with smaller porosity.

4.5. Computational Models Predicting the Release of
Growth Factors. The need to precisely control the release of
entrapped molecules led to the development of mathematical
models able to predict the release profile of GFs from hydrogels
based on (1) the composition, geometry, swelling, and
degradation of the hydrogel and of the delivery system and
(2) the properties of the GF itself (i.e., its molecular weight,
charge, and hydrodynamic diameter). For example, Rehmann et
al.84 investigated, by using equilibrium swelling theory and
rubber elasticity theory, how the concentration of the polymer
(PEG) and its molecular weight influence the mesh size of the
hydrogel, which is one of the main parameters affecting the
release of entrapped molecules. Then, they loaded multiple
proteins with a large range of size into the same hydrogel whose
mesh size was previously predicted and showed that molecules
with a hydrodynamic diameter bigger than the mesh size would
be retained by the hydrogel, while molecules with a hydro-
dynamic diameter smaller than the mesh size would be released.

This model allowed them to predict and then confirm
experimentally that two molecules with a similar hydrodynamic
diameter (in their case, BSA and PDGF) would be released with
a very similar kinetic. In order to evaluate how the geometry of
the hydrogels affect the release of GFs, Wang et al.28 developed a
mathematical model capable of predicting the release of BSA
from core−shell structures with a unvaried core and different
shell thicknesses (1 mm, 0.5 mm and 0.25 mm) which is where
BSA was loaded. While they found excellent agreement for the
model with a shell thickness of 1 and 0.5 mm, poor agreement
was found for the model with a shell thickness of 0.25. Their
hypothesis was that for a smaller shell thickness, the
concentration gradient between the shell and external environ-
ment was smaller and the driving force was not enough to allow
for the release of BSA, affecting the partition coefficient used in
the predictive model. Despite the great advancements in
computational modeling in predicting the release of molecules,
it has to be considered that there will always exist a difference
between the theoretical prediction and reality. In fact, the release
of molecules and the behavior of hydrogels in vivo is strongly
affected by the surrounding environment and the difficulty in

Figure 7. Spatio-temporal release of GFs from 3D-printed scaffolds. (A) (i) Anatomic reconstruction of humanmeniscus and 3D-printed model made
of PCL. (ii) Fluorescent dextrans simulating the spatial distribution of CTGF (green, 40 kDa) and TGF-β3β3 (red, 10 kDa) within the scaffold. (iii)
Expression of zone-specific collagen type I and II matrices in scaffolds incubated with human synovium MSC monolayers for 6 weeks. Reproduced
from ref 81. Copyright [2014, American Association for the Advancement of Science]. (B) Functionalization of nerve pathways with path-specific
biochemical gradients. In particular, the spatial distribution was obtained by printing NGF to create the sensory path and GDNF to create the motor
paths in a 3D schematization (i) and after implantation (ii). (iii) Effect of the diffusive NGF gradient on the guidance of the sensory neurite network
growth and (iv) histology of regenerated nerve showing cross-sections of regenerated nerves stained for tubulin (green), confirming that the presence
of GFs induced the formation of different pathways. Reproduced from ref 57. Copyright [2015, John Wiley and Sons]. (C) (i) Schematization of the
four-layer structure of native articular cartilage. (ii) CAD model of the gradient cartilage scaffold for the hydrogel part (top) and for the PCL pillar
(lower). (iii) CAD of the four-layer with 150 μm spacing (green); 350 μm spacing (red), 550 μm spacing (blue), and 750 μm spacing(yellow),
deposited between PCL paths. Reproduced from ref 82. Copyright [2020, Science advance].
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integrating this aspect is themain limitation for the development
of more sophisticated and precise theoretical models. However,
modeling the release of growth factors from 3D bioprinted
constructs and investigating computationally how the inclusion
of GFs would affect the printability represent a very promising
field of research that would accelerate the clinical application of
3D bioprinted constructs releasing GFs.

5. SPATIAL CONTROL OF THE RELEASE OF GROWTH
FACTORS FROM 3D BIOPRINTED CONSTRUCTS

Natural tissues and organs are complex structures composed of
multiple types of cells, whose activity is influenced by the macro-
and microenvironments and by specific biochemical signals,
such as GFs. Through the coordinated deposition of several
materials, 3D bioprinting allows for the creation of structures
where the distribution of cells and GFs is highly comparable to
that of natural tissues.85 A controlled spatial presentation of GFs
is essential, especially for the development of heterogeneous

tissues, made of multiple cell types. For example, Sun et al.70

used three materials to create a complex intervertebral disc
(IVD) scaffold. PCL was used to print the framework necessary
to provide mechanical support to the IVD scaffold. The other
two materials consisted of a hydrogel made of gelatin, alginate,
hyaluronic acid, and glycerol containing bone marrow stromal
cells (BMSCs) and polydopamine nanospheres carrying either
TGF-β3 or CTGF. A specific design was then created in order to
spatially control the release of TGF-β3 and CTGF, with the first
one printed in the inner part of the scaffold and the second one
in the periphery. The spatial distribution of these two GFs
induced the corresponding BMSCs to differentiate into nucleus
pulposus like cells in the inner part and annulus fibrous like cells
in the periphery, suggesting the potential of the spatial
organization of GFs to induce the formation of an heteroge-
neous tissue similar to the native one. Lee et al.81 fabricated an
acellular meniscus scaffold releasing CTGF from the inner
region and TGF-β3 from the outer region. After implantation,

Figure 8. Control of the spatial localization of GFs within 3D bioprinted constructs for bone regeneration. (A)(i) Schematic representation of the
strategy employed by Park et al.58 to release VEGF from the inner part of the construct and BMP-2 from the periphery. (A)(ii) Masson’s trichrome
staining confirming bone regeneration. Blue-positive staining indicates that the encapsulated cells secreted collagenous proteins were seldom observed
in group 1 (no GFs) and 2 (only BMP-2 in the periphery), while group 3 (VEGF in the center and BMP-2 in the periphery) showed strong blue
staining, demonstrating the importance of prevascularization for large-volume bone regeneration. Reproduced from ref 58. Copyright [2015, The
Royal Society of Chemistry]. (B) Illustrations of bone tissue structure, with a particular attention to the structure of a osteon followed by a
representation of the design developed by Byambaa et al.63 The cylindrical design aims to mimic the cylindrical structure of the osteon containing
gradients of VEGF, arranged from themore concentrated on the center of the structure to the less concentrated on the periphery. Reproduced from 63.
Copyright [2017, John Wiley and Sons]. (C) Model of the biphasic scaffolds with CPC (white) and the growth factor loaded hydrogel (red). The
number of VEGF-loaded strands at each layer is indicated on the left side. In the center of the scaffold, four strands consist of hydrogel, which is half of
the scaffold’s profile. Reproduced from ref 47. Copyright [2016, Springer Nature].
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they found that the outer zone of the regenerated meniscus was
populated by fibroblast-like cells, the inner one by chondrocyte-
like cells while mixed fibroblast- and chondrocyte-like cells were
found in the intermediate zone, as previously also confirmed in
vitro by comparing the scaffold exposed to human synovium
MSC monolayers for 6 week to the native rat meniscus (Figure
7A(i - iii)). This study demonstrates not only the power of GFs
in influencing the behavior of cells but also their ability to attract
endogenous stem cells and induce their differentiation in situ. 3D
bioprinting is also showing progresses in the field of neural tissue
regeneration by improving the traditional nerve guidance
conduits through the microprecise deposition of single or
multiple GFs gradients.86 For example, Johnson et al.57

fabricated a bifurcate pathway (Figure 7B(i−iv)) with one
path loaded with a gradient of NGF to induce the growth of
sensory nerves and the other path loaded with a gradient of
GDNF to induce the growth of motor nerves. Both GFs were
physically entrapped into a gelatin methacrylate hydrogel and
released via a diffusive mechanism for 3 weeks. This bifurcated
platform aims not only to achieve the regeneration of damaged
nerve plexuses but also to enhance the fundamental under-
standing of neuronal regeneration. Sun et al.82 developed a dual-
factor releasing system with a well defined spatial organization
for cartilage regeneration. As shown in Figure 7C(i), the native
joint cartilage is characterized by multiple layers with a precise
zonal-dependent chondrogenic differentiation and ECM depo-
sition (which is higher in the superficial zone and lower in the
deep zone). In order to obtain this gradient, they encapsulated
TGF-β3 and BMP-4 into PLGAMSs, to sustain their release for
60 days (in vitro) and created a four-layers construct (Figure
7C(ii)). Three of the layers contained MSCs and TGF-β3-
loaded PLGA MSs while the fourth layer contained MSCs and
BMP-4-loaded MSs. Furthermore, in order to improve the
integration of the cartilaginous constructs, the four layers were
fabricated with increasing spacing between the printed filaments
for each layer (Figure 7C(iii)), ranging gradually from 150 μm
(in the superficial zone) to 750 μm (in the deepest zone) to
maximize the diffusion of nutrients. The spatiotemporal
controlled delivery of TGF-β3 and BMP-4, combined to a
strategical design with a controlled microporosity, allowed for
the fabrication of a highly complex anisotropic cartilage
construct which showed, in vivo, high similarity to the native
tissue.
Due to the incidence of bone disorders worldwide, many

studies are focusing on the regeneration of large bone defects
through the controlled delivery of GFs using 3D bioprinting
strategies.87 Bone is a complex, highly vascularized tissue.
Vascularization is of great importance since, during bone
regeneration, osteogenesis is preceded by angiogenesis.88,89 For
the regeneration of large size defects of bone, it is then essential
that both processes occur.90,91 For this reason, several studies
focused on the delivery of VEGF, which is the most potent
inducer of angiogenesis and BMP-2, known to strongly promote
osteogenesis.92,93 The positive effect of their delivery, either in
combination or alone, has been largely demonstrated through
traditional tissue engineering approaches.94−96 However,
significant improvements in bone regeneration were obtained
using 3D bioprinting technologies since they allow for the use of
multiple materials and the fabrication of high resolution
geometries. For example, Park et al.58 obtained a spatio-
temporal control on the delivery of VEGF and BMP-2 by using
two different biomaterials as bioink, one releasing VEGF faster
and another one releasing BMP-2 slower and by 3D printing the

two materials in a precise spatial organization. In particular, they
printed human dental pulp stem cells (DPSCs), that have both
osteogenic and vasculogenic potential, with VEGF in the center
of the 3D constructs to induce a prevascularization of the tissue
and BMP-2 in the peripheral zone (Figure 8A(i)). Their in vivo
study, consisting of three groups (group 1 containing no GFs,
group 2 releasing only BMP-2 from the periphery and group 3
releasing VEGF form the center and BMP-2 from the periphery)
showed that the prevascularized implanted scaffolds, due to the
presence of VEGF and DPSCs, led to an improved bone
regeneration compared to the same scaffold non prevascularized
(Figure 8A(ii)). Contrariwise, Freeman et al.71 functionalized a
same bioink with two different GFs-loaded nanoparticles as
delivery system (hydroxyapatite for VEGF and laponite for
BMP-2). Similarly, they placed the bioink containing VEGF in
the inner part of the structure and BMP-2 in the periphery. They
showed that the spatial patterning of VEGF and BMP-2
enhanced angiogenesis in vivo leading to improved large bone
defect healing. Byambaa et al.63 printed cylinders with different
concentrations of VEGF (covalently conjugated to GelMA)
gradients, arranging them from a higher concentration on the
center of the structure to a lower concentration on the periphery.
More in detail, and as shown in Figure 8 B, the central rod of the
construct was printed using VEGF conjugated GelMA with low
methacryloyl substitution (GelMA-LOW) containing HUVECs
and hMSCs. Then, three layers of cylinders were printed around
this soft core using GelMA with a high degree of substitution
(GelMA-HIGH) loaded with silicate nanoplatelets to induce
osteogenic differentiation of hMSCs into osteoblasts and
containing three different concentrations of covalently con-
jugated VEGF (68.5, 34.2, 17.1 ng/mL). The softness of the
inner core led to a fast degradation of the hydrogel, leaving an
open lumen and a perfusable channel of 500 μm after 12 days of
in vitro incubation functioning as the central blood vessel of the
cell-laden construct. Ahlfeld et al.47,48 created a biphasic scaffold
based on a combination of CPC paste and VEGF-loaded
alginate-based hydrogel and established a gradient of VEGF by
increasing the number of VEGF-loaded hydrogel strands per
layer in the center of the construct and by lowering it in the
periphery of a cylindrical scaffold (Figure 8C). The spatial
organization of VEGF showed a significant enhancement of the
vascularization of the implanted scaffold compared to the groups
that did not contain VEGF.

5.1. 3D Bioprinting Tools as Innovative GFs Delivery
Strategies.Most common 3D bioprinting techniques comprise
extrusion-based bioprinting, inkjet bioprinting, stereolithogra-
phy-based bioprinting, and laser-assisted bioprinting. The
differences among these technologies depend on the target
design, on the type of biomaterials that can be used as inks or
bioinks and on the need of a specific cell density.3 To date, due
to its high versatility and large choice of biomaterials that can be
used as bioink, extrusion-based 3D bioprinting is the most used
technique. Table 1 summarizes the application, the type of GFs
and delivery system used in the most representative studies
discussed in this review, as well as the type of ink/bioink, the
type of bioprinter, and the geometry of the scaffolds. Besides
tuning the bioprinting parameters as discussed above, singular
approaches for the spatial delivery of GFs have been explored
based on the use of tools for 3D bioprinting such as the coaxial
nozzle.97 This tool was developed in the first place for
electrospinning in order to keep fresh solvent around the nozzle
to prevent clogging. For extrusion based bioprinting, coaxial
nozzles have been widely used to extrude the bioink from the
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core and its cross-linker solution from the shell so that the
immediate cross-linking assures to the 3D printed construct the
required mechanical strength. For example, Zhang et al.98 used a
coaxial nozzle in order to create vasculature conduits. More in
detail, they loaded human umbilical vein smooth muscle cells
(HUVSMCs) into an alginate hydrogel and dispensed it through
the shell of the coaxial nozzle while a solution of CaCl2 was
dispensed through the core section. By doing that, when alginate
and CaCl2 were in contact, cross-linking started immediately
forming conduits. Kilian et al.85 used a coaxial nozzle to create
concentric compartments within one single strand, allowing for
a very precise local delivery of cells and GFs, for the formation of
the osteochondral region. More in particular, and as shown in
Figure 9, they created bizonal constructs composed of a cartilage
zone containing human articular chondrocytes (hChon) in the
shell and TGF-β 3 in the core compartment and a bone zone
loaded with human preosteoblasts (hOB) in the shell and BMP-
2 in the core. Both parts, the shell and the core, were made of an
alginate-methylcellulose bioink containing laponite in the core
part to allow for the sustained release of GFs. Though a series of
highly specific in vitro studies, they showed that the local supply
of GFs was sufficient to induce the differentiation of cells
without disturbing the differentiation of cells located in the other
zone of the scaffold. This strategy eliminates the need of
applying GFs within the culture medium. Furthermore, it allows
for the loading of a much more controlled amount of GFs,
avoiding under or supra physiological dosages and allowing for a
very precise spatial delivery of GFs. Furthermore, this strategy
also allows to combine biomaterials with different mechanical
properties in which the stiffer one supports the softer one.99

6. CONCLUSIONS AND FUTURE OUTLOOK
The therapeutic efficiency of growth factors in tissue repair and
regeneration has been largely demonstrated. However, there are
still several limitations for the clinical applications of
biomaterials releasing GFs due to their complex mechanism of
action and high risk of side effects. The number of growth factors
intervening, in vivo, in tissue repair and regeneration is very high,
and their action is strictly regulated by the activity of cells and
extracellular matrix components, which determine their precise

spatio-temporal release. Currently, a growing number of studies
are focused on the improvement of bioink properties and on the
development of new delivery systems to be able to reproduce, in
vitro, the complex natural mechanism of action of GFs. Many
strategies for amore controlled delivery of GFs can be developed
using the existing 3D bioprinting methods and tools or through
the development of new concepts. The deposition of multiple
and specialized biomaterials, able to release single or multiple
GFs in a temporal and spatial controlled manner could allow for
the use of appropriate dosages of GFs, increasing the efficacy and
safety of bioprinted constructs. This, along with the possibility to
recreate precise anatomical and individualized shapes through
medical imaging techniques, makes 3D printing or bioprinting a
very promising tool for clinical tissue engineering applications.
To date, the clinical application of tissue engineered products
containing growth factors is limited andmore or less complex. In
fact, since tissue engineered products can be made of a
combination of biomaterials, cells and growth factor, each of
this component is subject to its own regulation and must prove
its safety. Based on to their origin (autologous, allogenic,
xenogenic, etc.) and degree of manipulation to generate tissue
engineered products, cells represent the factor whose regulation
is the most stringent and that raise more ethical concerns.100 It
appears then logic that the more complex a tissue engineered
system is, the more time and regulatory steps are required to
translate research into clinical application. In order to maximize
the safety of the released growth factors, more work will be
needed from the biomaterials side to better control their release,
including the use of multiscale delivery systems (e.g., nano-
particles in microparticles or stratified structures) and improved
methodologies for stabilizing the structure of GFs compliant
with the bioprinting process. Furthermore, the use of modeling
tools to predict the release of the factors from complex structures
will most probably gain relevance in the future; by reversing
engineering, this could be useful in the design of customizable
bioprinted devices with the required release of the cargo in time
and space. However, at the time, many studies do not detail
some useful information, such as the duration of the printing
process, which together with the fact that usually small animal
models are used for these studies makes it difficult to evaluate

Figure 9. Schematic of the core−shell system with two coaxially extruded zones (i): upper zone containing human articular chondrocytes (hChon) in
the shell and TGF-β 3 in the core compartment and a bone zone loaded with human preosteoblasts (hOB) in the shell and BMP-2 in the core. (B)
Pictures of the multizonal core−shell printing made visible with a blue-dyed core for the bone zone and a red-dyed core for the cartilage zone.
Reproduced from ref 85. Copyright [2022, IOP Publishing].
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the feasibility of fabricating large-organ scale models. Another
limitation of some studies is the lack of information concerning
the degradation of scaffolds in a dynamic environment. Such a
dynamic environment could be simulated by using bioreactors
ormicrofluidic devices that, bymimicking body fluids, could also
allow to study the release of GFs in a more in vivo-like
environment.
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