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Abstract. Porous polymeric scaffolds provide a physical substrate for cells to attach and proliferate, allowing the formation
of new tissue. These materials are broadly used in the tissue engineering field due to their ability to mimic native tissue.
Each application requires specific morphologies and resistance, among other several features. To accomplish these requirements, various techniques are available, each one with its advantages and disadvantages. Among the most relevant techniques
are salt leaching, solvent casting, gas foaming, thermally induced phase separation, freeze-drying, electrospinning, thermally
induced self-agglomeration, and three-dimensional (3D) printing. In this review, a brief and simple explanation of each
method is described, along with some recent results and each technique’s advantages and disadvantages. It is expected that
this review will bring important guidance in the production of polymer scaffolds for tissue engineering.
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1. Introduction

investigated worldwide. However, although many artificial prosthetic devices are available, only a few can
completely replace the biological functions of the
human body. The development of synthetic bone scaffolds as bone graft substitutes provides support for cell
growth and additionally acts as a mechanical and
structural substitute for the original tissue until the formation of the new tissue and the complete bio reabsorption of the scaffolds [4, 5]. The regeneration of
the skin after serious injuries like necrotic wounds,
scabs, burns may be challenging without using a
scaffold [6, 7]. General treatment procedures, which
include surgical and artificial implantation and drug
therapy, are not satisfying in most cases because of

Shortcomings related to tissue regeneration, including bone and soft tissue treatments, have directed efforts in the field of tissue engineering and regenerative medicine. 3D scaffolds are structural frameworks
that may support cell organization and vascularization, elementary requirements for a tissue engineering strategy [1]. 3D structures for biological applications must present interconnected pores for diffusion and removal of essential nutrients, such as oxygen and wastes, as well as pore size adequate for
each type of cell [2, 3].
Nowadays, the idea of reconstructing organs and
tissues in the laboratory is widely disseminated and
Corresponding author, e-mail: tlamontanheiro@gmail.com
© BME-PT
*

197

T. L. do Amaral Montanheiro et al. – Express Polymer Letters Vol.16, No.2 (2022) 197–219

matrix and subsequently promote its leaching. The
porous material is created when the composite (polymer matrix and salt) is leached for removing through
dissolution the salt particles (porogen). The leaching
process may be completed in a short time (approximately 48 hours in many situations) and produces
substrates with approximately 70–90% porosity, depending on the amount of salt added [5]. The pore diameter can be controlled by the size of the salt crystals, allowing pore interconnection and resulting in
a very reproducible technique. However, this method
has some disadvantages; for example, some degradation may occur when the material is exposed to
water, and it is difficult to guarantee the complete removal of salt from samples [5, 17]. Another shortcoming of this method is that it only allows the production of samples up to 3 mm thick [18]; besides
that, sizes, dimensions, and shapes are limited by the
mold in which the system polymer salt was poured.
However, complex shapes are not indicated, once the
evaporation of the solvent and complete removal of
soluble particles inside the scaffold will be harmed.
The most common leachable slat porogen is sodium
chloride (NaCl) [5, 17] due to its high solubility in
water. However, other salts have been studied, such
as copper sulfate (Cu2SO4) [4] and ammonium carbonate ((NH4)2CO3) [19] or organic particles such as
sucrose. The salt leaching method has been used exclusively or combined with other techniques (e.g. 3D
printing and solvent casting) to cartilage [20] and
bone tissue engineering [5, 17]. Figure 1a shows the
simplified scheme of a typical salt leaching process.
NaCl crystals were used as a porogen to prepare
poly(D, L-lactide) (PDLLA) scaffolds and PDLLA
with doped-bioactive glasses. NaCl was added to the
polymer in a weight ratio of 9:1. PDLLA composite
was lyophilized to remove the solvent (dimethyl carbonate), and subsequent porogen leaching was performed for 48 h to completely dissolve the salt crystals and leave a porous structure. All the scaffolds
prepared showed high porosity (~93%) and regularly
connected pores ranging from 100 to 400 μm. The
elastic modulus exhibited by the prepared composite
scaffolds showed a maximum value of 5.3 kPa,
which would be suitable for low-load-bearing applications. After the simulated body fluid (SBF) assays,
the X-ray diffractogram (XRD) showed peaks related to the formation of hydroxyapatite (HA) in addition to peaks related to the NaCl phase. However,
the NaCl phase showed progressive dissolution with

tissue rejection, low grafting, immunological problems, limited donors, among others [8].
Different materials have been used as matrices for
skin regeneration, and many multicomponent scaffolds with tunable features are emerging as promising candidates [9]. Synthetic and natural polymers
have been widely studied as potential materials for
the fabrication of porous scaffolds. Synthetic choices
may have the advantage of tunable physical properties and biocompatibility; however, the vast majority
shows a lack of antimicrobial properties, which may
lead to an infection at the implantation site [10]. The
choice of a natural polymer favors bioactivity with
the extracellular matrix of native tissues [11]. Biodegradable and biocompatible polymers have some
advantages for scaffolds application since they metabolize into biocompatible degradation products in
the human body. Biodegradable polymer scaffolds
serve as temporary templates and present time as the
fourth dimension for tissue regeneration [12]. In this
way, a second surgery for implant removal is unnecessary [13].
One of the major challenges in the production of a
scaffold is obtaining an appropriate equilibrium between porosity and compression strength [14]. It is
well known that reducing porosity leads to thicker
pore walls, consequently improving mechanical properties [6]. Macropores allow the diffusion of waste
and nutrients, while micropores are responsible for
capillary, vascularization, and cell-matrix interactions [15], thus changing the porosity is also possible
to tailor the cell growth within the scaffold [16].
Within this context, several methods have been developed to prepare porous scaffolds with interconnected open pores and suitable porosity to allow sufficient transport of nutrients and facilitate multicellular processes. Each method has its advantages and
limitations and may be appropriate for producing a
specific scaffold. In this review, the main cited methods for obtaining porous polymer scaffolds are reported, as well as their advantages and disadvantages,
along with a brief and clear explanation of the relevant steps in each technique.

2. Polymer scaffolds production
2.1. Salt leaching

Salt leaching has been presented as an easy and viable technique to produce scaffolds for tissue engineering when compared to other traditional methods.
This technique consists in adding salt to a polymeric
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the immersion time, and no reduction in bioactivity
was attributed to the presence of this phase. The ability to maintain the porous structure and mechanical
properties during the generation of the cellular matrix and mineralization process is desirable. In this
way, degradation studies in phosphate buffer solution (PBS) showed that the scaffolds lost almost 10%
of their initial weights after 120 days of immersion
[17]. In vitro tests performed in a previous study [21]
showed cytocompatibility of the scaffolds against
bone marrow stromal cells (ST-2), and its good angiogenic and osteogenic properties. Thus, the study
showed a broad analysis regarding the physicalchemical and biological behavior of the material.
Nonetheless, the possible surface interaction of the
host with graft is a critical parameter that should be
regarded in vivo assays once is difficult to reproduce
in vitro the same microenvironment found in vivo,
such as pH gradients, the presence of other cells, biological molecules, proteins, and other ionic species.
The salt leaching powder method (salt leaching using
powder – SLUP) was employed to fabricate bioglasschitosan (CS) composite scaffolds with improved
pore interconnectivity [5]. NaCl crystals were used as
porogen and were mixed with 46S6 bioactive glass,
producing a composite powder granule that was subsequently dispersed in CS. The produced scaffold exhibited a porosity of 90% and a regular porous structure (average pore size around 30 μm) with an interconnected network that is ideal for the vascularization process. XRD analysis did not show peaks corresponding to the NaCl phase. Furthermore, the HA
formations after being soaked in SBF confirmed the
high bioactivity of SLUP scaffolds. The porous structure facilitated the bioglass dissolution, increasing
the ion exchanges and consequently improving the
bioactivity [5]. The study highlights the use of the
SLUP technique to produce porous scaffolds with interconnected porous. However, it shows a preliminary study according to physical-chemical properties
but does not show important characterizations such
as degradation and mechanical strength. Despite different researches show the promising use of this type
of 4S6S-chitosan composite scaffolds for biomedical
applications [22–24], in vivo and in vitro studies are
needed to validate the material produced for its intended use.
The salt leaching method could be associated with
other techniques to produce scaffolds. The 3D printing
process was combined with traditional salt-leaching
199

to produce porous scaffolds of polylactide-co-glycolide (PLGA) [4]. The inks were produced using
different volume ratios of Cu2SO4 salt (25 to 70 wt%)
to PLGA. Initially, Cu2SO4 powders were sieved
through 325 mesh to remove large particles and agglomerates, mitigating the possibility of nozzle clogging during 3D printing. The Cu2SO4 particles were
dispersed in a mixture (dichloromethane, 2-butoxyethanol, and dibutyl phthalate), with previously dissolved PLGA. After the 3D printing step, residual
salt and organic solvents were removed with water
and ethanol. Finally, the material was lyophilized,
resulting in a highly porous (66.6–94.4%) PLGA
framework (F-PLGA). The Cu2SO4 is highly soluble
in water and, in an aqueous medium, changes the
color from off-white to blue, facilitating the identification of the progress and degree of salt removal
from the 3D-printed material. The sample with 25%
of Cu2SO4 (25F-PLGA) retained a light blue color
after leaching, indicating that a certain amount of
Cu2+ is retained within the PLGA matrix, which was
confirmed in a Cu2+ assay, and was harmful to human
mesenchymal stem cells (hMSCs). An important parameter observed was the order of the washing
process (ethanol first or water first), which affected
the rate of Cu2SO4 dissolution. Washing the samples
in 70% ethanol first resulted in faster leaching of
Cu2SO4. Mechanical tests conducted in a hydrated
state resulted in elastic moduli ranging from 112.6
to 2.7 MPa for 25 F-PLGA and 70 F-PLGA, respectively. In vitro tests against hMSCs cells showed that
50 and 70 F-PLGA samples promoted stem cell adhesion and proliferation [4]. The study highlighted the
possibility of fabricating structures with substantial
porosity through the purely physical salt-printing and
leaching processes. The produced 3D-printed structures showed good mechanical properties being suitable for surgical manipulations and could act as carriers through its filling with active liquids and gels.
However, 3D printing has some drawbacks, including
the difficulty to mismatch tissue and organ interfaces
from in vitro fabrication to in vivo application besides long processing times, and postprocessing manipulation, such as chemical and photochemical
crosslinking and associated additives (such as
dibutyl phthalate) that may not be biocompatible in
vivo [25].
The literature shows that the salt leaching fabrication
process directly influences the morphologies and
properties of the resulting scaffolds and allows the
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solvent. Therefore, the non-porogen properties of CL
and MC were assigned to good miscibility between
PCL and CL and low boiling point of MC, respectively, once a solvent must have a high boiling point
to be considered porogen [26]. This is a preliminary
study focused on producing materials for tissue engineering. The study focuses only on the ability of
some solvents to form pores in films produced by
solvent casting. Besides chemical-physical characterization (FT-IR or gas chromatography, for example) to confirm the total solvent removal from the
films, in vitro analysis are necessary to ensure possible in vivo applications.
The solvent cast-salt leaching technique is the most
mentioned method to produce thick films (3D structures). Scaffolds of PCL and HA were produced by
solvent cast-salt leaching method, using dichloromethane as the solvent and the porogen particle was
NaCl [34]. A suspension containing PCL, HA, and
NaCl was poured into a petri dish to evaporate the
solvent. After 24 h, the composite was washed with
demineralized water to completely dissolve the salt
and form a porous membrane (PCL/HA). Macro and
micro interconnected pores could be observed by
scanning electron microscopy (SEM) images. Mechanical tensile tests showed a maximum value of
Young’s modulus equal to 3.00 MPa with 14.61% of
elongation at break. In vitro tests carried out using
smooth muscle cells (SMC) and L929 fibroblastic
cells did not show a cytotoxic effect [34]. Despite
having compatibility, no in vitro assay to evaluate osteogenesis and angiogenesis has been reported. However, the possibility of relating two relatively simple
techniques for the manufacture of porous scaffolds
with good mechanical properties and excellent biocompatibility is very attractive.
A polymer blend composed of poly(ester-ether urethane urea) (PEEUU) with PCL was synthesized for
cardiac tissue regeneration by solvent casting (SCPEEUU-PCL) and solvent casting/salt leaching (SLPEEUU-PCL) methods to evaluate which technique
would present the best results for the desired application [28]. The use of the salt leaching technique
combined with the solvent cast improved the porosity from 51 to 90%. The SL-PEEUU-PCL had larger
pore sizes, containing mainly interconnected and
opened pores with sizes ranging from 77–190 µm,
which are suitable for cardiac tissue engineering. Besides that, the addition of NaCl severely reduced the
stiffness of the scaffolds, which is appropriate once

production of structures with good reproducibility
and controlled porosity.

2.2. Solvent casting
In the solvent casting method, the polymer is dissolved with a suitable solvent, and the mixture is
then poured into a mold with the desired shape. Different methods of drying can be applied to remove
the solvent, including air drying, vacuum drying, and
freeze-drying [26]. During the polymer dissolution
step, it is possible to add water-soluble inorganic particles (e.g. NaCl) or organic particles (e.g. sucrose)
to obtain a porous structure after releasing the porogen. In this case, the process is reported as a solvent
cast-salt leaching technique. The solvent casting
method has been used to create scaffolds for soft tissue replacements [27, 28], packaging materials [29–
31], and bone tissue engineering when combined with
the salt leaching technique [32]. Figure 1b shows the
simplified scheme of a solvent casting process.
The production of scaffolds must consider the type
of tissue that will be reconstituted, its mechanical
and morphological requirements. From this information, the most suitable materials for the given application are defined, as well as the process by which
the raw material will be submitted for the formation
of such a structure. Furthermore, the disadvantages
of each technique must also be considered for choosing the best production technique. For example, the
solvent casting technique presents as a major drawback, the permanence of residual organic solvents in
the material. So, the production is limited to produce
structures with a small thickness (up to 3 mm) to facilitate the removal of the solvent [33]. The same occurs for the salt leaching technique since more complex geometries and thicker structures make the
leaching process inside the scaffolds difficult.
The surface properties of the films prepared by solvent casting depend on the nature of the solvent that
is used. The effect of different solvents on the pore
size distribution of the polycaprolactone (PCL) thin
films was studied [26]. The PCL films were made by
dissolving PCL in chloroform (CL), methylene chloride (MC), and three different compositions of dimethylformamide (DMF)/MC. The films prepared
with three different combinations of MC and DMF
resulted in porous structures, while the films prepared from CL and MC were not porous. The porogen properties of the solvents are related to solubility
parameters and polarity between the polymer and
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2.3. Gas foaming
Among the different methods of scaffolds preparation, gas foaming is one of the most traditionally used.
This solvent-free technique consists of saturating a
solid phase (polymer or polymer-based composite)
with a gas phase (blowing agent), such as carbon
dioxide (CO2) and nitrogen (N2), in high pressures
[36–38]. Solid polymeric disks are exposed to a highpressure gas at controlled temperature and get saturated with the gas. The solubility is then swiftly decreased when the pressure is reduced to atmospheric
levels, which creates a thermodynamic disequilibrium for the dissolved gas and consequently produces
the nucleation and growth of gas bubbles inside the
polymeric matrix [39]. Figure 1c shows a schematic
representation of the gas foaming process.
CO2 is usually approved in the gas foaming process
due to its non-toxicity, non-flammability, chemical
stability, and less demanding supercritical conditions (critical temperature = 31 °C and pressure =
7.38 MPa) [40]. CO2 interacts with different polymers, even at low pressures, and contributes to plasticization. The gas foaming methodology, however,
has a limitation concerning the polymer precursor,
once crystalline polymers do not form foams. Besides that, it is necessary to have glass transition (Tg)
and melting (Tm) temperatures compatible with the
parameters of the gas used in the process.
Scaffolds of poly(propylene carbonate) (PPC) blended with starch and bioglass particles were fabricated
by the gas foaming method [3]. The silicon-based bioglass was used to improve osseointegration, which

a very stiff matrix inhibits the growth and function
of cardiac cells. However, the elasticity of the blend
films enhanced with the increase in the PCL content
from 0.62 to 63.3 MPa for pure PEEUU and PEEUU/
PCL weight ratio of 50:50, respectively. In vitro assays showed high rates of cell viability and metabolic activity against H9c2 cardiomyoblasts for polymer
blends. Biodegradation rate and in vivo tissue response to the PEEUU, blends, and PCL films were
carried out in male Wistar rats by subcutaneous implantation of the scaffolds. The results showed an appropriate interaction with the surrounding tissue and
revealed that PEEUU−PCL blends degraded faster
than pure PEEUU and PCL films [28]. This is a detailed study focused on myocardial tissue engineering. The authors investigated the behavior of the films
produced according to the main characteristics necessary for the desired application, such as biocompatibility, ability to foster cells, degradation rate, and
mechanical properties.
Our research group produced PCL films with 0.1,
0.5, and 1.0 wt% of silver vanadate β-AgVO3 (SV)
by solvent casting to be used as antimicrobial biomaterial [35]. SV particles were well dispersed and
with good interfacial interaction with the PCL matrix. Antimicrobial activity was evaluated against
Staphylococcus aureus and Escherichia coli by the
agar diffusion method and by direct contact test.
Nanocomposite produced with 1 wt% of SV into PCL
showed antibacterial activity against S. aureus in the
direct contact test. This was a preliminary study, once
there was no report concerning the addition of SV
into PCL. However, to be used as a scaffold, the morphology must be adjusted to porous, and cell viability and cytotoxicity need to be studied.
The solvent cast technique is a simple method to produce thin films. Also, it can be easily combined with
other techniques aiming to produce materials for different applications, including scaffolds for hard tissue engineering. Furthermore, the choice of an appropriate solvent to the polymer or blend is very
important to obtain the expected result. Various research groups have applied this technique to fabricate scaffolds with a wide range of properties. However, during solvent evaporation, the pore sizes vary
and, in most cases, are not fully interconnected. In
this way, the use of the salt leaching technique combined with solvent casting is a promising and viable
alternative.

Figure 1. Simplified scheme of (a) salt leaching, (b) solvent
casting, and (c) gas foaming methodologies.
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information about gene expression and helping to understand the biological response of the studied cells.
An advantageous aspect of the gas foaming technique is its capacity to design the pores features by
adjusting the process. The gas (scCO2) foaming parameters were adjusted to optimize the porous structure, and mechanical strength of PCL/poly(lactic
acid) (PLA) blends scaffolds [41]. The authors observed the influence of foaming temperature on pore
morphologies. Increasing the temperature, the viscosity and melt strength of the polymer decreased progressively, which intensified the mobility of chains,
facilitating the pore growth. Consequently, the diameter of pores increases and the probability of merge
or collapse raises, resulting in a gradual enhance of
pore diameter distribution. However, the solubility
of CO2 in polymer decreases, and the number of nucleation points reduces, entailing in lower cell density. When the pressure was raised, the dissolution of
CO2 in the polymer increased, and the volume free
energy is reduced. Hence, the nucleation efficiency
and cell density increased, but the average diameter
of cells was reduced. The authors observed that dissolution time, besides pressure and temperature, also
influenced the morphology and porosity of polymer
scaffolds [41]. Although authors presented a complete and extended mechanical and physical characterization, in vitro and in vivo assays are necessary for
future studies.
Controlling the temperature and using two-step depressurization of scCO2, a bimodal open pores poly
(butylene succinate)/cellulose nanocrystal (CNC)
composite scaffold was fabricated [42]. The CNCs
were used to reinforce the strength, improve the hydrophilicity and degradation rate of the composite
scaffold. In the first pressure drop, few nucleation
points were formed and began to grow. When the second pressure drop occurred, new points of nucleation
appeared, while the previous bubbles formed already
presented a significant volume. Therefore, scaffolds
with two distinct average pore sizes could be obtained. The second pore nucleation and growth took
place close to the large pore in the second depressurization due to the increase of free energy in the liquid-gas phase, leading to a highly interconnected and
open porous architecture. Scaffolds also showed improvement in hydrophilicity and degradation rates,
because of the increment of CNC, besides an enhanced compressive strength and an excellent in
vitro biocompatibility [42]. The authors fabricated a

is important for bone regeneration applications. They
compared scaffolds made under sub- and supercritical conditions, optimizing porosity, pore size, pore
interconnectivity, and mechanical properties. At subcritical conditions (50 bar), they figured out that the
effect of CO2 on polymer plasticization was inferior
to that observed in scaffolds formed under supercritical conditions. This occurrence was attributed to the
lower solubility in the polymer phase. This phenomenon is thermodynamically explained by the fact that
the supercritical fluid serves as a plasticizer and decreases the polymer glass transition and/or melting
temperature to generate porosity inside the constructs. The supercritical CO2 (scCO2) technique
shows many advantages, among them: non-toxicity,
porous structure (compatible with cellular matrix),
and suitable mechanical properties. These features
are favorable to cell compatibility, cell migration,
nutrient transportation, and consequently, cell survival. Porosity and pore size increased with the increase of pressure, which leads to an expected reduction in the compressive modulus [3]. This investigation was properly carried out, covering physical and
biological characterization, both in vitro and in vivo.
Recent studies proved that the gas foaming technique permits controlling porous characteristics, resulting in scaffolds with promising in vivo and in
vitro behavior [2, 3].
Porous structures of poly(L-lactic acid) (PLLA)/
poly(ethylene glycol) (PEG) with good strength
(11.9 MPa/(g·cm3)) and interconnected pores (90.3%)
were prepared using scCO2 as gas foaming [2]. The
low melt strength and slow crystallization rate limit
the formation of a uniform and porous structure of
pure PLLA scaffolds. Then, to overcome these drawbacks, PEG was used (5%) to improve foaming ability and achieve good pore morphology. The structured
PLLA/PEG foam enhanced rabbit bone repair presented good compressive properties and interconnected porous structure [2]. This paper presented a
very detailed methodology to obtain scaffolds using
gas foaming, including in vitro and in vivo assays.
In vitro biocompatibility analysis used fibroblast cells.
Nevertheless, it would be interesting to perform the
same analysis using different types of cells, such as
mesenchymal, to investigate if the material has any
influence on differentiation or even in osteoblasts
since the aim of the work is for bone regeneration.
Polymerase chain reaction (PCR) analysis would be
very interesting to complement this study by giving
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of the gas is applied, the gas foaming technique can
be widely used to fabricate scaffolds. In the future,
new investigations of how to control the pores tailoring the parameters involved in the scaffold development still need to be carried out. In this concern, new
techniques have been studied to better control the
pore size and morphology, such as the use of microfluidic foaming instead of solid disks [43]. Nevertheless, the simplicity, non-toxicity, solvent-free, lowcost, and high capacity to tailor pores morphology
and distribution makes gas foaming a good approach
to fabricate interconnected porous scaffolds for tissue engineering application.

bimodal open-porous poly(butylene succinate)/CNC
composite scaffolds for tissue engineering application and performed an elaborated characterization.
However, more studies concerning in vivo studies
are still necessary to determine the scaffold response
in biological systems.
Another study developed a bimodal structure of poly
(vinyl alcohol) (PVA)/PEG scaffold for tissue engineering [40]. As aforementioned, the hierarchical
pore structure is critical in seeding and cell adhesion,
as well as the interconnected network, which permits an easy diffusion of nutrients and wastes in the
cellular cycle. The authors effectively adjusted the
cellular structure of a PVA/PEG scaffold modifying
the concentration of PEG or the molecular weight
of this polymer. Thus, when the scCO2 was injected
in composites with high PEG concentration or highmolecular-weight PEG, ‘sea-island’ structures were
formed because of the immiscibility between the
polymers. Moreover, as the PEG contains ether groups
that have an affinity with CO2, the solubility and diffusivity of CO2 are superior in PEG (island phase)
than in PVA (sea phase). In the depressurization step,
more but smaller cells (with a tubular structure) were
formed in the PVA phase. This tubular morphology is
beneficial to orient cell growth and extracellular matrix deposition [40]. Yet, as the aforementioned papers, in vivo tests need to be performed to continue
the study for human application in the future.
The main disadvantages associated with the gas foaming technique are related to the precursor polymer
and the gas used. For a successful procedure, the use
of polymer with appropriate crystallinity and good
thermoplastic foaming is necessary. Additionally, the
gas utilized must be non-toxic, no-inflammable, and
exhibit good solubilization and diffusion in the polymer matrix. Most recent works use scCO2 because of
these superior characteristics. Moreover, this technique demands that all operations need to be performed within a very short time because of the limited kinetic stability. Another drawback is related to
sample size that limits their use for some practical purposes [43]. In certain applications, such as the production of cell culture substrates, the volume required
is limited, of the order of 1 ml. The high pressures
necessary to solubilize the gas in the solid restrain the
scaffolds’ total final volume, being the dimensions
usually in the order of millimeters [2, 40, 42, 43].
In conclusion, when an adequate polymer that shows
Tg and Tm compatible with appropriate parameters

2.4. Thermally induced phase separation
(TIPS) and freeze drying
The techniques of TIPS and freeze-drying showed
in Figure 2, are very similar to each other, as they
are based on the freezing of the sample and subsequent extraction of the solvent used. As they do not
use heat in the ‘drying’ process of the material produced, the original architecture is preserved, such as
the porous structures, which are widely desired in
the production of polymeric scaffolds.
The process known as TIPS, Figure 2a is based on
three distinct steps. The first step is the solubilization
of the polymer in a latent solvent, which consists of
a solvent with a high boiling point that solubilizes
the polymer at high temperatures, but at low temperatures works as a non-solvent [44]. In the second
stage, after the complete dissolution of the polymer,
the homogeneous mixture must be frozen to induce
phase separation. The phase separation can occur in
liquid-liquid or solid-liquid systems, and the pore
morphology is formed at this stage based on thermodynamic principles, such as solution concentration,
solution temperature, and cooling rate [45].
The third and last step consists of removing the latent
solvent from the frozen sample. The polymer encased
by the solvent must be sufficiently rigid to prevent the
collapse of the pores to preserve the material structure since the solvent is removed from the sample by
sublimation. Only dry samples with porous architectures remain after all solvent is removed. The porous
architectures are formed by the spaces left by solvent, along with the channels formed during the sublimation step. Some parameters directly influence the
pore morphology, such as the cooling mode, the molecular mass, the polymer concentration, and the solvent composition [46].
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limitation in other widespread methods such as the
evaporation of solvents and the injection of gases
that demand higher temperatures. The production of
porous 3D scaffolds with high porosity (greater than
90%) and pore sizes ranging from 20 to 400 µm is
also an advantage of the lyophilization process. Another benefit of this method is the extensive range of
solvents that can be used [53, 54]. The disadvantages
of the freeze-drying method are that it can only be
performed with a limited group of polymers, and usually requires the use of cytotoxic organic solvents.
Is a time-consuming production, which makes it economically uncompetitive. Besides that, samples produced are subjected to suffer shrinkage [46, 51, 53–
55]. These characteristics make the method widely
used in the production of polymeric scaffolds for application in several areas, such as high porosity fabrics [56], on bone mesenchymal stem cell compatibility [57], and in locally-oriented tissues as a guide
for chondrocyte fixation and dissemination [50].
The two techniques consist of similar basic principles and lead to porous structure formation. However, in TIPS, a solution with the polymer and the latent solvent is prepared under heating, and when
cooled, there is phase separation, leading to the formation of pores. In freeze-drying, basically, the same
process occurs, but with an emulsion that, when
frozen, already has a porous structure that is preserved after the drying step.
Through the techniques of TIPS and freeze-drying,
it is possible to produce scaffolds with 3D structure
and various shapes; however, the limitation in the
format and size is that the scaffold will have the
shape of the container in which it was produced.
Therefore, the range of sizes and shapes is restricted
to the mold where the solution was frozen and to the
size of the equipment where the sample will be
frozen and have the solvent removed [55].
The TIPS method was used for the preparation of
PLLA/PLGA/poly(L-lactide-co-ε-caprolactone)
(PLLA/PLGA/PLCL) scaffolds, with various weight
ratios and dissolved in tetrahydrofuran (THF) [52].
Subsequently, the vascular structure was superficially modified using heparin and stromal cell-derived
factor-1 alpha (SDF-1α). Porous scaffolds were obtained, and the results showed that the incorporation
of PLGA improved the hydrophilicity of the compound scaffolds. The heparin modification significantly increased anticoagulation, while the modification with SDF-1α accelerated the migration and

The polymeric scaffolds prepared by TIPS have the
advantages of producing structures with different
morphologies by changing the temperature and the
cooling gradient [47], without the need for complex
technological resources [48, 49]. The production of
large numbers of samples and the demand for few
processing steps are also advantages when compared
with salt leaching, for example [50]. The production
of polymeric scaffolds by the TIPS technique is performed using a large range of adjustable parameters,
which makes it possible to obtain materials with different pore sizes and structural requirements. These
characteristics are useful in the tissue engineering
field [47]. However, like any other methodology,
TIPS has some disadvantages, as the use of organic
solvents and high-energy consumption to obtain the
samples [48–51].
Figure 2b illustrates the freeze-drying or lyophilization process. This process can be used to remove the
solvent from a system which structure must be preserved [51, 52]. The method initially consists of a
drying step of the material and a later sublimation
step of the solvent. The sample must be previously
emulsified and frozen to keep the pores formation
during the lyophilization step. Subsequently, the samples are exposed to a system that acts with a combination of vacuum and low temperatures to promote
sublimation of the most diverse solvents without disintegration or structural collapse [46].
The temperature for solvent elimination must be low
enough so that the polymer-rich region does not dissolve, allowing the original structure to be fully preserved as the removal takes place. The lyophilization
process also allows drying biological samples, without the occurrence of denaturation [51], which is a

Figure 2. Simplified scheme of (a) TIPS and (b) freeze-drying methodologies.
204

T. L. do Amaral Montanheiro et al. – Express Polymer Letters Vol.16, No.2 (2022) 197–219

In our research group, we employed TIPS to produce
poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) scaffolds reinforced with CNC [6, 9]. In the
first report [6], we used 1, 2, and 3 wt% of pristine
CNC into the scaffolds, and obtained porosity between 41 and 77% with interconnected pores with
sizes ranging from 0.5 to 672 µm for all samples,
being that about 50% of the sizes were from 168 and
336 µm. The addition of CNC reduced the porosity
and increased the mechanical compressive modulus,
as well as the NIH-3T3 mouse fibroblast proliferation. For the second report, we evaluated the water
uptake of PHBV scaffolds with the addition of acetylated and pegylated CNC (CNC-Ac and CNC-PEG).
The addition of functionalized CNC also reduced the
porosity and increased the mechanical compressive
modulus of the scaffolds. However, even with lower
porosity, the water uptake was increased with the addition of CNC-Ac (16%) and CNC-PEG (67%),
compared to the neat PHBV scaffold. In this way,
we showed that adding CNC to the scaffolds is an
effective way to improve mechanical properties,
without harming the diffusion of water inside the
scaffold and improving cell proliferation. PHBV/
CNC scaffolds ate attractive alternatives for tissue
engineering.
The lyophilization technique was used [59] for the
preparation of conductive polymeric scaffolds of
poly(3,4-ethylenedioxythiophene) (PEDOT) and xanthan gum. In this work, the authors combined the electrical conductivity of PEDOT, and the mechanical
support and biocompatibility of xanthan gum, with
the ability to host and monitor cells. The results
showed that the solids content and formulation of the
PEDOT/xanthan gum dispersion can be used to adjust the porosity and formation of layers. The samples presented interconnected pores with adjustable
sizes between 10 and 150 μm, and adequacy of the
mechanical properties, with Young modules between
10 and 45 kPa. The pore size and stiffness can be adjusted according to the target cell culture. These electrical conductive scaffolds can promote cell growth
by electrical stimulation, which is advantageous for
some cells, such as the cardiac, muscular, and neural,
with the possibility of measuring their impedance to
monitor cell growth as an additional tool [59]. The
scaffolds developed in this work present an interesting cellular monitoring aspect through scaffold impedance measurements at different time intervals.

proliferation of mature endothelial cells and increased the recruitment of endothelial progenitor
cells (EPCs), thus accelerating the endothelization
of the modified vascular system. In addition, the
modification with heparin and SDF-1α inhibited the
proliferation of human vascular SMC. This alteration
can be an effective modifier of the vascular graft to
increase anticoagulation and rapid endothelialization, presenting promising in vitro performance as a
functional vascular graft small-diameter [52]. Besides showing proper in vitro results, as the authors
used THF to solubilize the polymers, it would be important to evaluate the presence of residual solvent,
and in vivo behavior should also be analyzed.
The TIPS method also was used to obtain a porous
3D PCL framework with potential for application in
the repair of large bone defects [58]. For that, various
PCL masses were solubilized in 90% 1,4-dioxane/
water at 40 °C. The solutions were conditioned for
4 hours in an ice bath, aiming at phase separation.
Subsequently, the samples were frozen and lyophilized. The porous structure was obtained without using
any specific porogen agent or instruments. The variation in the concentration of the polymer was used
to control the formation of macro and micropores,
adjusting the porosity. The process formed structures
like nanofibers, which was attributed to liquid-liquid
separation and posterior nucleation and crystallization growth in the polymer-rich phase. The structural
hierarchy improved the bioactivity, allowing the deposit and delivery of osteoinductive drugs. The sustained release, in addition to the high mechanical
properties improved the protein BMP2-induced osteogenic differentiation. The adjustment of mechanical properties was also affected by the concentration
of polymer, resulting in frameworks with potential
for application in bone tissue engineering. It is noteworthy that the affinity-based drug release strategy
is an advantageous method when compared to other
methods that require, for example, the use of toxic
chemicals and aggressive processes. Thus, the scaffolds developed would have the ability to sustain the
release of several types of drugs, with bioactivity
after the scaffolding release, acting synergistically
to improve osteogenic differentiation. As mentioned
before, it is important to evaluate the presence of
residual solvent in the scaffolds and would be interesting to evaluate the results with bigger populational sizes (n) to confirm the results.
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tension. The jet travels rapidly to the collector, allowing the solvent to evaporate, and a continuous
polymer fiber is collected [61, 67]. The final characteristic of the polymer fiber will depend on the solution properties (polymer concentration, polymer
molecular weight, conductivity, surface tension, and
volatility), the processing variables (flow rate, applied voltage, needle tip design, collector composition and geometry, and distance between the needle
and the collector), and the ambient parameters (temperature, humidity, and air velocity) [67, 68]. The
disadvantages of electrospinning are the use of organic solvents and the small volumes of scaffolds
obtained at low rates [61, 62, 64, 69].
The concentration of polymer in the solution is one
of the most important variables in the electrospinning process since it will define the fiber size and
morphology. Usually, increasing the polymer concentration results in fibers with higher diameters
[70]. The incorporation of conductive nanoparticles
in the polymeric solution can also interfere with the
fiber diameter. Usually, the fibrous networks produced by the electrospinning technique can present
both two-dimensional (2D) and three-dimensional
(3D) macrostructures, with randomly oriented mats
or aligned fibrous arrays and different shapes, as
porous, core-shell, hollow, and honeycomb. The
scaffolds’ thickness increases with the spinning time,
which can lead to a 3D structure with the thickness
varying from 10 to 100 µm [71]. The dimensions of
2D macrostructures are limited by the shape and size
of the collector [72].
Several natural and synthetic polymers have been employed in the fabrication of scaffolds through electrospinning technique, such as collagen, gelatin, silk, CS,
fibrinogen, polyvinylpyrrolidone (PVP), polymethyl
methacrylate (PMMA), polyethylene oxide (PEO),
nylon-6, cellulose acetate (CA), PVA, PLGA, PEG,
PCL and PLA [13, 65, 73]. For each polymer, a proper
solvent must be used, being the most common
methanol, ethanol, DMF, THF, toluene, acetone,
formic acid, CL, and water [73]. Polymers molten at
a high temperature can also be used in the electrospinning process. In this case, instead of a solution, the
polymer melt is introduced into the syringe pump [74].
Electrospinning presents many advantages when
compared to other polymeric scaffold production
techniques. As mentioned, this process is developed
using a simple instrument that is very cost-effective.
The production of polymeric fibers, in this case, is

The use of other polysaccharides or even mixtures
of polysaccharides could be included in these scaffolds in future works.
The TIPS and freeze-drying are techniques are evolving in the field of development of polymeric scaffolds and show the evident application potential. They
present perspectives of use in tissue engineering
[46], such as complex tissue regeneration [50], development of compatible biological coatings [51],
functional small-diameter vascular graft [52], large
bone defect repair [58], and controlled delivery systems for drugs or other active materials [53]. In the
future, some shortcomings still have to be overcome,
such as the use of toxic solvents and the tissue shrinkage, usually observed after the drying step.

2.5. Electrospinning
Electrospinning is an effective technique used to produce micro and nanoscale fibers from polymers and
composite materials [60]. A variety of polymer solutions and melts can be used to obtain polymeric
fibers with diameters varying from 3 nm to 6 μm, and
several meters in length [61]. The scaffolds fabricated with electrospinning fibers present large surface
area, high porosity density, and controllable alignment, allowing the cell attachment and growth in preferred orientation [62]. Also, electrospinning scaffolds have a fibrous architecture similar to the native
extracellular matrix (ECM) [13]. The combination of
these remarkable properties expands the use of scaffolds obtained by electrospinning for tissue engineering as substrate material for cells to regenerate new
ECM [63]. Some works have already shown their
use as temporary support for tendon, bone, cartilage,
trachea, meniscus, muscle, skeletal, and neural tissue
[60, 63, 64]. Also, recent works in the literature have
shown the use of electrospinning for the production
of fibrous scaffolds for drug delivery systems and
cancer therapy [65].
One of the main advantages of electrospinning is
the setup simplicity, which consists of three parts,
Figure 3a: a syringe pump with a metallic needle, a
high-power voltage source, and a metallic collector
[66, 67]. In a conventional electrospinning process, a
polymer solution is held at a needle tip by surface tension. The application of an electrical field using a
high-power voltage source induces charges within
the polymer, leading to charge repulsion within the
solution. The initiation of a polymer jet happens when
the electrical potential overcomes the surface
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increased the electrical conductivity by around 100fold. In addition, the tensile strength increased about
100% and the cell attachment was superior for the
scaffolds with a reduction in fiber diameter when
compared to the control, without any cell toxicity
[77]. Although authors achieved the desired enhancement in the mechanical and electrical properties for the CS scaffolds, in vivo assays and cytotoxicity evaluation are necessary to continue the study
for human applications.
Another study [78] fabricated a nanofiber scaffold
consisting of cellulose with the incorporation of TiO2
(1.0, 1.5, and 2.0 wt%) and silver nanoparticles
(AgNPs) (3.0, 5.0, and 7.0 wt%) through the electrospinning process. The objective was to produce a
multifunctional scaffold for bone tissue regeneration,
associating antibacterial and bioactivity properties.
The antibacterial properties were investigated against
Escherichia coli and Staphylococcus aureus by disc
diffusion method, showing that scaffolds with the
addition of 5.0 and 7.0 wt% of AgNPs presented higher inhibition potential. Pristine cellulose scaffold
showed no inhibition zone, indicating no antibacterial activity. Regarding the cell viability, MTT assay
was carried out after culturing of fibroblast. The results showed that by increasing the TiO2 concentration from 1.0 to 2.0 wt%, the cell viability and proliferation also increased. According to the authors,
the introduction of TiO2 and AgNPs in electrospun
cellulose scaffolds improved the viability of fibroblasts and incorporated antibacterial attributes to the
material [78]. However, a more detailed study is necessary to evaluate the proper amount of AgNPs to be
inserted in the cellulose scaffolds since the addition
of AgNPs in higher concentrations showed a toxic
effect on the viability of the fibroblasts. Besides, in
vitro assays regarding osteoblast differentiation would
be interesting since the study is focused on bone tissue regeneration. Nevertheless, in vivo assays are
also necessary for future studies.
Recently, many works have shown the use of the
electrospinning process to produce hollow and coreshell nanofibers. The objective is to incorporate biologically active molecules into the polymeric fibers,
prevent the decomposition of a biological agent or
unstable compound, enhance the mechanical properties, deliver a biomolecular drug in a controlled
way, and functionalize the surface of fiber without
compromising the core material [69, 79]. Ultrathin
electrospun core-shell fibers based on PCL, PEG,

continuous and scalable, with the ability to fabricate
fibers with different diameters. The process is very
versatile and reproducible since the electrospinning
instrument has several variables that are easily controllable [61, 69]. Also, the electrospinning technique
allows the incorporation of several organic and inorganic nanoparticles into the polymers to improve antimicrobial activity, cellular proliferation, and to enhance the mechanical properties of the scaffolds [75].
Our research group has successfully produced PHBV
electrospun mats reinforced with titanium dioxide
(TiO2) to be used as scaffolds for tissue regeneration
[76]. TiO2 nanoparticles were synthesized by hydrothermal method, and the mats were prepared by
adding 1.0, 2.5, and 5.0 wt% of TiO2 to the electrospinning solution. Interconnected, uniform, and homogeneous fibers, with cylindrical shapes were obtained for all compositions. Cell viability was evaluated using murine embryonic fibroblasts (MEF)
through the colorimetric method of reduction of
3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide (MTT). The addition of TiO2 nanoparticles increased cell viability after 24 h for all concentrations compared to PHBV; however, after 72 h,
there was a decrease in the viability for the sample
with 5 wt% TiO2, and after 96 h, all nanocomposites
presented viabilities lower than the obtained for pure
PHBV mat. This behavior was explained because,
after this incubation time, cells reached confluence
in the well, and so occurred cell death and/or growth
inhibition. The results exhibit great potential for using
PHBV/TiO2 mats for tissue regeneration; still, additional evaluations are necessary to explain the behavior of cell viability reduction after longer incubation times.
CS scaffolds were produced through electrospinning
containing 0.3, 0.6, and 1.0 wt% of PEDOT/polystyrene sulfonate (PEDOT:PSS), a conductive polymer [77]. The objective was to improve the tensile
strength, electrical properties, biocompatibility, and
cell viability to use this scaffold for cardiac tissue
regeneration. SEM images showed that the increase
in PEDOT:PSS content resulted in a decrease in fiber
diameter. This result was associated with the conductive properties of PEDOT:PSS filler, which increased the electrical conductivity of the polymeric
solution during the electrospinning process and facilitated the pulling of the polymeric jet. The addition of 1 wt% of PEDOT:PSS in CS scaffolds reduced the fiber diameter by 30–40% and also
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this goal. The possibility of producing scaffolds with
several shapes, as porous, core-shell, hollow, and
honeycomb, in 2D and 3D configurations will expand their perspective of use in tissue engineering
and also as therapeutic agent release [71].

gelatin, and osteogenic growth peptide (OGP) were
prepared to evaluate the biological response and bacterial growth inhibition [80]. In this work, PCL was
the core, and the combination of gelatin, PEG, and
OGP was the shell. The developed core-shell scaffolds showed similar mechanical properties as those
of neat PCL and superior mechanical properties when
compared to non-core shell scaffolds with the same
composition. The addition of OGP in the scaffold resulted in enhanced calcium deposition and alkaline
phosphate activity compared to neat PCL, indicating
osteoblast differentiation and upregulating the human
osteoblast cells (hFOB). In addition, significantly improved antibacterial activity against P. aeruginosa
was also observed for the developed material. The
results showed a promising core-shell scaffold for
application as bone tissue engineering material [80].
Nevertheless, further investigations regarding antibacterial resistance against others Gram-positive,
Gram-negative, and multidrug-resistance bacteria
would complement the study. In addition, biodegradation assays of the core-shell scaffolds are necessary to fully understand the antibacterial mechanism,
the controlled release of OGP, and the efficacy of tissue regeneration.
The electrospinning technique also has some factors
that limit its application in some fields. The main
disadvantage regarding the electrospinning process
is related to the use of organic solvents, which are usually toxic and present some risks to the environment
and human health [62]. Several works have been
studying the substitution of these organic solvents
for others with fewer risks to overcome this problem
[81, 82]. Besides, the production of great amounts of
scaffolds is limited through this technique since the
electrospinning process allows the production of
small volumes of scaffolds at low rates [64].
Even with some disadvantages, the electrospinning
technique is still one of the most developed and explored methods for the production of polymeric scaffolds for application in the biomedical field due to
its simple apparatus. Further investigations regarding
the production of 3D fibrous structures with defined
thickness and accurate 3D design are necessary to
expand the application of this technique. The control
of some key parameters (as polymer solution concentration, viscosity, applied voltage, and ambient
conditions) and the development of novel techniques
(as multi-layering electrospinning and folding/accumulating 2D fiber films) are necessary to achieve

2.6. Thermally induced self agglomeration
(TISA)
Despite being one of the most studied techniques in
the tissue engineering field, electrospinning is associated with a big limitation that is the production of
2D, or 3D constructs with limited thickness, with
small pores and lack of larger pores for cell penetration and tissue formation, because the mats are usually overlaid [83]. To overcome these drawbacks, Xu
et al. [84] reported for the first time in 2015 an innovative approach consisting of thermally induced
nanofiber self-agglomeration (TISA) followed by
freeze-drying. TISA consists of several distinct steps,
being the first one the production of fibrous membranes by electrospinning. The obtained mats are then
cut into small pieces around 1 cm and then placed
into a mortar containing liquid nitrogen to be broken
into tiny pieces upon mechanical grinding. The
ground material is then collected and dispersed in a
mixture of solvents and gelatin aqueous solution to
obtain a uniform dispersion and good control of agglomeration. After that, the suspension is heated to
spontaneously agglomerate into 3D structures, to be
posteriorly rinsed and freeze-dried [83–85]. Figure 3b
shows the main steps to obtain 3D scaffolds via TISA.
One of the disadvantages of TISA is that in some
cases, to obtain the mats is necessary to use organic
solvents; that represent risks to the environment and

Figure 3. Simplified scheme of (a) electrospinning and
(b) TISA.
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human health. Besides that, the technique requires
several steps and allows producing small volumes of
scaffolds at low rates. The greatest limitations are
the mechanical properties, which do not allow these
structures to be used in places of high mechanical
stress. The dimensions of samples are limited by the
lyophilization step, once freeze dryers usually have
small flasks. Samples of about 1×1×1 cm3 have been
reported in the literature [84], therefore this is a technique still being developed and evolving.
TISA methodology was employed to produce 3D
nanofibrous PCL scaffolds functionalized with HA
and BMP2 signaling activator phenamil, to achieve
enhanced osteogenic differentiation [86]. Scaffolds
were obtained from previously electrospun PCL mats
with fibers diameters from 200 nm to 1 µm. After
the electrospinning process, the mats were cut into
tiny pieces, and the shortened fibers were placed into
a flask containing water/gelatin/ethanol solution and
submerged into a water bath at 55 °C for 3 min. After
that, the flask with the agglomerate was placed into
ice water, and finally, the obtained scaffold was
washed several times to remove any residual gelatin
and ethanol. The functionalization with HA was accomplished via immersion in SBF. The obtained scaffolds showed porous morphology, with interconnected pores and minimal pore obstruction after the
functionalization with HA. Functionalized scaffolds
showed improved osteogenic differentiation of C2C12
cells with phenamil, with no impact on cell viability
and growth. This result suggested that PCL scaffolds
functionalized with HA and combined with phenamil
are promising for BPM2-induced bone formation
[86]. This study was complete regarding the characterization, as in vitro and in vivo assays. The average
results are mean of 3 measurements, including for
the biological assays. So, despite promising results,
the tested groups were too small, being necessary to
make a new evaluation with a higher number of samples. Besides that, the authors only evaluated the results through a two-tailed homoscedastic t-test. For
the assays with more than 2 groups, it is necessary
to perform ANOVA, considering non-normal distribution and unpaired samples.
In a different approach, PLGA/PCL-BMP2 3D scaffolds were produced via TISA for bone regeneration
[87]. The electrospun scaffolds were prepared as a
core-shell structure, where the shell was a blend of
PLGA and PCL, and the core consisted of BMP-2
with bovine serum albumin. A coaxial electrospinning
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process was used to obtain the desired core-shell
structure. Then, 3D scaffolds were prepared via the
TISA technique. SEM characterization showed porous
3D scaffolds with interconnected pores resembling
natural ECM, which are beneficial for cell growth
and tissue regeneration. Scaffolds presented a sustained release of BMP-2 within all the time periods
evaluated, along with improved rat adipose-derived
stem cells (rADSCs) attachment, proliferation, and
osteogenic differentiation. The authors concluded that
3D scaffolds with osteoinductive growth factors are
potential candidates for reconstructing bone defects
in bone tissue engineering and dental medicine applications [87]. Authors invested in a core-shell technology to produce the scaffolds; however, this is not
obvious why, because the structures were used to obtain 3D scaffolds via TISA. The report was complete
concerning in vitro studies; nevertheless, in vivo evaluation is still necessary. Besides performing statistical analysis and reporting the differences between
groups, the authors did not mention the populational
size (n) for each characterization.
TISA technique was also studied to produce CA/PCL
soft and elastic 3D scaffolds, with interconnected
porous morphology similar to natural ECM [88].
CA/PCL scaffolds were hydrolyzed to convert CA
into regenerate cellulose (RC). CA/PCL scaffolds
had a hydrophobic character, with a contact angle of
about 136.5°, an ideal absorbent for organic compounds as a spongy gel or drug delivery. The scaffolds became hydrophilic after the conversion of CA
into RC and were mechanically robust under wet conditions, which are important characteristics for cell
functions and tissue formation. The obtained scaffolds, according to the authors, showed to be promising for a variety of applications, especially related
to tissue engineering [88]. This paper reported a very
detailed methodology to obtain 3D scaffolds for tissue engineering via TISA and used CA as an example of polymer for biomedical application. The morphological characterization was performed; however,
no mention of statistical analysis or populational size
was made. In vitro and in vivo studies are necessary
to confirm the potential to be used as tissue engineering scaffolds.
TISA is a recent technique with great potential to be
used for tissue engineering. Meanwhile, some obstacles still remain, such as the low mechanical properties and the need to sometimes use environmentally unfriendly organic solvents in the electrospinning
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are artificial gadgets made of biomaterial intended
to repair or replace injured tissues [93].
The 3D printing techniques can be classified into
non-biological and biological methods. The non-biological method includes fused deposition modeling
(FDM), SLA, selective laser sintering (SLS), selective laser (SLM), or electron beam melting (EBM).
Depending on the printing material selected, these
methods can be applied in some biological structures. On the other side, the completely biological
method is called 3D bioprinting and it is divided
into three categories: inkjet, laser-assisted, and extrusion [90].
The essential steps involved in 3D bioprinting consist
of prebioprinting, bioprinting, and postbioprinting.
The first step includes the selection of the biomaterial
and the use of computer tomography (CT), magnetic
resonance imaging (MRI), and X-ray to blueprint the
desired organ shape. The 3D representation of the
organ shape is sent to the second step, which is the
printing of a prototype model. The last step implies
the conditioning of the organ printed in a bioreactor
to promote the proliferation and differentiation of
cells [94]. Thus, the geometry and dimensions of 3D
parts can be obtained in many sizes depending on the
equipment capacity, which can be tailored according
to the application. Until now, it is reported many examples of devices printed such as vascularized tissue
with a cross-section of 100 µm, trileaflet heart valve
with 26 mm diameter, and an ear-shaped framework
around 600×300 mm [95–97].
Taking this into account, the 3D bioprinting process
categories (inkjet, laser-assisted, and extrusion) can
be shortly described as follows and are briefly
schematized in Figure 4. The inkjet technique is based
on a conventional inkjet printing process. This technique makes use of thermal or piezoelectric mechanical pulses to generate small-sized droplets with resolutions around 50–75 µm [11]. The process is done

step. However, it is a promising technique, once it is
cheap, versatile, and can be used with polymers soluble in green solvents. The microstructures obtained
closely mimic the ECM, not only in terms of fiber
diameter but also in terms of the interconnected
porosity achieved.

2.7. 3D printing
The 3D printing technology is considered one of the
most popular recent additive manufacturing processes that allow the fabrication of biostructures with desirable biological, structural, and mechanical properties. Combined with modern research in nanotechnology, cell biology, and material science, 3D printing is one of the most interesting options to improve
tissue engineering design to support the restoration
and reconstruction of damaged organs and tissues
[89–91]. For this reason, 3D printing is used in the
production of safe, stable, and cost-efficient implantable scaffolds [89], offering the advantage of
fabricating complex geometries with homogenous
distribution of cells [92].
The 3D printing process first came to light in 1986
by Charles W. Hull, who used the method called
stereolithography (SLA) [91]. Following this event,
in 1993, Langer and Vacanti introduced the idea of
‘Tissue Engineering’ to describe the transplantation
of selective cells using a bioabsorbable artificial
polymer matrix to restore tissue function [92]. In
their study, it was used for culturing single cells and
clusters of fetal and adult hepatocytes, small intestine, and pancreatic islet cells. These cells were seeded onto different biodegradable polymeric matrices
for 4 days, followed by implantation in a host animal. Part of these implantations resulted in viable hepatocytes transplantation showing mitotic figures and
vascularization of cell clusters. Consequently, combining 3D printing and tissue engineering concepts, it
becomes possible to obtain parts called scaffolds that

Figure 4. Simplified scheme for most common 3D bioprinting techniques: (a) inkjet bioprinting, (b) laser-assisted bioprinting,
and (c) extrusion bioprinting [90].
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the native retina. While no direct tests were conducted to assay outer segment phagocytosis and visual
cycle activity, the protein expression data and microstructure imaging suggested that after bioprinting,
both RPE and PRs could perform specific retinal
functions [99]. Although this study did not present
in vitro essays, it described a very detailed process
of retina bioprinting aiming to overcome the regenerative medicine challenges associated with sightthreatening diseases, such as age-related macular degeneration and retinitis pigmentosa.
Another relevant aspect of 3D bioprinting is that this
technology can fabricate tissues based on composite
materials. Considering this, samples using a hydrogel based on alginate and GelMA reinforced with
PCL fiber networks were printed, aiming to mimic
the mechanical properties of articular cartilage [100].
The 3D printed constructs, called interpenetrating
networks (IPN), were obtained by two types of printing technologies. The fibers were manufactured by
FDM technology. Afterward, the samples obtained
were placed in an extrusion printer to load the fibers
with hydrogel bioink. The stress-relaxation test was
used to determine the equilibrium modulus of the
IPN in the absence of fluid flow. The result achieved
for a double offset PCL + IPN configuration was
0,218 MPa. In parallel, the dynamic test was performed aiming to investigate the dynamic properties
of a biomaterial, which reflect its capacity to generate fluid load support. In the case of articular cartilage, the dynamic property is associated with the low
permeability of the solid matrix. The dynamic modulus found was 2.293 MPa. Both results meet partially the native articular cartilage (equilibrium modulus ranges from approximately 0.2 to 2 MPa, while
the dynamic modulus ranges from approximately 10
to 60 MPa). The fact that the dynamic properties of
the composite did not reach native values can be related to the significantly higher permeability than
that of articular cartilage. Increasing the density of
IPN (to increase the fluid load support), could lower
the permeability to the detriment of cell nutrient
transport and waste removal. Hence, the properties
achieved can be viewed as a balance between providing initial mechanical function regarding the native equilibrium and an environment supportive of
chondrogenesis associated with the dynamic properties. The results achieved in this work showed that
the bioprinted biomimetic composites were found to
support robust chondrogenesis, which is the process

in a continuous way to form patterns layer by layer
generating a printed solid 3D final product. The advantages of 3D inkjet bioprinting are low cost, fast
process, and wide accessibility. The main disadvantage is the nozzle clogging that can be avoided by a
low viscosity bioink [90].
The laser-assisted technique consists of a focusing
system, an absorbing layer called ribbon, and a substrate for the bioink layer. The laser pulses on the absorbing layer to create a high-pressure bubble on the
bioink layer and then drop this bioink onto the substrate surface to obtain a printed part. This technique
is capable of fabricating a high-precision shape [11].
The principal advantages of 3D laser-assisted bioprinting are the non-contact with the final product
and elevated cell viability. The disadvantages of this
technique are the complex operation of the equipment and time-consuming preparation [90].
The last but not least important is the extrusion
method, which works with a constant mechanical
force that uses pneumatic pressure to extrude a continuous line of bioink to print the desired product.
The major advantage of 3D extrusion bioprinting is
the high-density cell deposition, and the disadvantage comprises low cell viability. The materials used
in the 3D bioprinters are called bioink and are mostly
composed of polymer chains that can be from a natural or synthetic source [98]. Among the natural polymers most used for this purpose are alginate, gelatin,
collagen, and hyaluronic acid. On the other hand, the
most used synthetic polymers are PEG, PLGA, PCL,
and PLLA. The main difference among them lies in
the viscosity, where the natural polymers are more
viscous due to their high molar weight [94].
Until now, the progress in 3D bioprinting has been
vast and can be found in applications such as skin,
heart valves, blood vessels, bone, cardiac tissue, and
so forth [98]. Regarding this, a study on a 3D bioprinted retina model for retinal regeneration therapies was
reported [99]. The retina piece was fabricated with
the inkjet-based bioprinting strategy using a gelatin
methacrylate (GelMa) polymer followed by a deposition layer-by-layer of matured photoreceptors cells
(PRs), retinal pigment epithelium cells (RPE), and
choroid cells. The analyses of the printed retina
showed that the deposition of photoreceptor cells on
the RPE monolayer did not alter cells’ biological
functions, such as morphology, viability, and expression of specific proteins. The results showed an engineered construct with considerable resemblance to
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Advancements in 3D printing technology are getting
more attractive in the biomedical field. Beyond the
possibility of printing organs and tissues for partial
or total replacement, this technology can be used in
studies to understand the mechanisms of disease
evolution, such as cancer. Some recent publications
also point to 3D bioprinting as an alternative option
to develop drugs and cosmetics to avoid the use of
animals testing [102]. Another study also demonstrated the feasibility of an in situ skin bioprinting
that aimed to repair a wounded surface [103]. Being
a technology that offers many possibilities, it also
presents many points of improvement for the future.
Considering that the tissue organs are made of a complex organizational structure with different sizes, different rigidities, and different cells, it is necessary to
develop equipment that can reproduce this configuration. The current devices do not have the capacity
to combine multi-scale, multi-material, and multicell bioprinting. So, they are not able to reach precisely the delicate structure of natural tissues. In addition, the development and application of bioinks
play an important role in bioprinting. Because of this,
it is fundamental the constant improvement of bioink
synthesis aiming to balance three main properties of
printability, biocompatibility, and mechanical properties. Besides the challenges mentioned to be overcome, it is suggested the standardization of the in
vitro tissue models to establish parameters of size,
biological and mechanical properties [104]. Hence,
many opportunities can be explored in the 3D printing world.
Table 1 summarizes all the aforementioned techniques, highlighting the main advantages and disadvantages of each of them.

of cartilage development. In this way, it was concluded that 3D bioprinting can be used to engineer
structures that are both biocompatible and biomimetic concerning the mechanical properties of articular
cartilage [100]. Besides the mechanical tests, this
study accomplished in vitro tests, which leaves the
opportunity for further studies to analyze the in vivo
performance of the material.
Beyond the application in tissue engineering, one of
the most recent approaches of 3D bioprinting is on
preclinical studies to comprehend the mechanisms
of cancer occurrence. The laser-assisted 3D bioprinting (LAB) technique was used to generate 3D pancreatic cell spheroids arrays employing a hydrogel
composed of GelMA [101]. The advantage presented
by LAB in this study was the possibility to replicate
a 3D scenario of the cancer cell evolution, permitting
high control over cell number deposition and spatial
resolution. The conventional studies of cancer cells
are usually performed with 2D in vitro environmental models. However, this 2D method presents a lack
of predictive value and is sometimes proven inconsistent with clinical trials results due to its low reproducibility, heterogeneity in spheroids size and
distribution, and high variability of the extracellular
matrix components. During the investigation, a
marked increase of ductal cell proliferation in the 3D
printed culture than in the 2D culture was observed.
By this, the authors inferred that the fraction of the
spheroids in the 3D bioprinted model was much
more in line with the anticipated in vivo behavior of
cells involved in the initial steps of pancreatic ductal
adenocarcinoma (PDAC). This research made it possible to investigate more precisely the internal and
external factors that contribute to the formation of
PDAC lesions and cancer progression and conclude
that 3D bioprinting demonstrates a new strategy to
follow in PDAC therapy [101].
The image analysis and phenotypic characterization
showed that LAB is a unique tool that permits high
control over cell number deposition and spatial resolution. So, it was possible to investigate more precisely the internal and external factors that contribute
to the formation of pancreatic ductal adenocarcinoma (PDAC) lesions and cancer progression. Therefore, by this study, the authors suggest that 3D bioprinting demonstrates to be a new strategy to follow
in PDAC therapy, leaving the opportunity for new
studies to carry on in vivo tests.

3. Conclusions and future perspectives

Nowadays several methods are accessible for the tissue engineering field, with an enormous number of
available polymers, which can be modified, functionalized, or used as composites to modulate their
properties and fulfill the desired requirements. Each
technique has its peculiarities and can be chosen for
specific applications. In this review, the most recently cited methods used to produce porous polymer
scaffolds, as well as their properties and applications,
were shown. Owing to the remarkable properties and
possibility of modifications, polymer scaffolds have
attracted significant interest in the tissue engineering
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Table 1. Main advantages and disadvantages for the scaffolds production techniques.
Technique

Salt leaching

Solvent casting

Gas foaming

TIPS

Freeze-drying

Electrospinning

TISA

3D Printing – Inkjet

•
•
•
•

•
•
•
•

Disadvantages

• Degradation through hydrolysis as soon
as the material is exposed to water
• Impossible to guarantee the complete removal of salt

Control of the pore size
Control of porosity
Easy technique
Good reproducibility

Simple and low-cost technique
Samples can be quickly prepared
High repeatability in film thickness
Easy variation in reaction conditions

• Organic Solvent-free (eco-friendly)
• Non-toxic, simple, reduced costs
• Allows control of porosity, pore size,
and pore interconnectivity

• Use of biological samples without denaturation• Allows the use of several
different solvents
• Channel-like pores and anisotropic
structure
• Tunable pore size and structure
• High control over the scaffolds’ parameters
• Cost effective
• Simple and versatile instrument
• Continuous and scalable process
• Morphology similar to ECM
• Can be used with different materials
• Simple and versatile experimental apparatus
• Cheap technique

•
•
•
•
•

Wide availability
Fast fabrication speed
Low cost
High printing resolution
Easy process

• High cell density
• Can operate with high viscous bioink

[4, 5]

[26, 28, 34, 105]

• Limitation of precursor polymer (crystalline polymers do not form foam)
• Necessity of having Tg and Tm compatible with parameters of the gas used in
the process

[2, 3, 40–42]

•
•
•
•
•
•
•
•
•

•

•

Restrict to a small group of polymers
Production in laboratory scale
Time-consuming production
Economically uncompetitive
Use of cytotoxic organic solvents
Typical tissue shrinkage
Use of organic solvents in most cases serious risk to the environment and
human health
Production of small volumes of scaffolds at low rates
Use of organic solvents- serious risk to
the environment and human health
Production of small volumes of scaffolds at low rates
Low mechanical properties

• Nozzle clogging
• Only non-viscous bioink
• Low cell density

Non-contact with the final product
Wide range of bioink viscosity
High cell viability
High resolution
Can operate with a wide range of viscosities

References

• Possibility for retention of toxic solvent
within the scaffold

• Allows different pore morphologies and
sizes
• Use of organic solvents- serious risk to
• Production in large scale and few prothe environment and human health
cessing steps
• High interconnectivity of the porous net- • High-energy consumption to obtain the
samples
work
• Capability of integrating bioactive molecules

•
•
•
3D Printing – Laser assisted
•
•
3D Printing – Extrusion

Advantages

[47–51]

[46, 51, 53–55]

[61, 62, 64, 69]

[85–88]

[91, 106]

•
•
•
•

Complex operation
Time-consuming preparation
High cost
Low cell density

[91]

•
•
•
•

Only viscous bioink
Low cellular viability
Slow fabrication speed
Moderate printing resolution

[91, 106]

sample is essential to cell proliferation. Adjusting the
techniques mentioned in this review and developing
new ones to overcome some limitations such as mechanical resistance and samples sizes is extremely important. in vivo studies still need to be carried out. Obtaining innovative properties through modifications
such as surface grafting, functionalization, surface

field. Some polymers can be processed by several
methodologies, while others have their application
more restricted. Learning how to tailor porosity and
mechanical properties is a key factor for the effective
use of polymer scaffolds in tissue regeneration. Obtaining a scaffold with enough macro and microporosity so that the fluids and cells can reach the entire
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coating, incorporation of nanoparticles, among others, is a future direction as valuable as the improvement of scaffold production techniques. Reducing or
eliminating the use of toxic solvents must also be
considered for future developments. The scientific
community should concern about the data correct
treatment and experimental planning. However,
whatever it is the polymer or the application, further
studies need to be carried out. Tailoring the materials’ properties to obtain desired features and mimic
natural tissues is a great challenge to be overcome.
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