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A B S T R A C T

Drug delivery scaffolds are smart alternatives to conventional formulations and allow for controlled spatio-
temporal releases of active compounds. In several fields of human health, various methods have emerged with
natural and synthetic polymers that make the fabrication of new polymer scaffolds possible. This review provides
an overview of all recently published studies on the development and application of polymer scaffolds targeting
controlled drug delivery in medicinal fields, including regenerative medicine and cancer therapy. The review
includes a summary of the most common types of polymers used in drug release scaffolds, polymer scaffold
classes, and the most common fabrication methods employed to develop such scaffolds. A detailed overview is
provided concerning the strategies used to load drugs into scaffolds and their effects on drug release. A dis-
cussion about the strategies applied to modulate drug delivery is introduced. This details polymer blends and
responsive releases that target the control of the drug delivery rate. In addition, current examples of their
applications are provided. These include anti-inflammatory drugs and growth factors, as well as more recent in
vitro and in vivo assays. Finally, future perspectives of these biomedical devices in clinical applications are
presented.

1. Introduction

The advances of polymer materials over the last century have led to
the possibility of their biomedical applications. These systems are
presented as platforms for advanced medical devices, drug delivery
systems (DDS), and as key tools for the novel technologies in re-
generative medicine and tissue engineering. The wide spectrum of
materials for several fields of human health comes from the current
available variety of natural and synthetic polymers [1]. This has also
been promoted with the emergence of novel strategies from the most
traditional casting-based methods to the recent three-dimensional
(3DP) techniques that have facilitated the fabrication of materials with
different interpenetrating networks, porosities, pore sizes, and chan-
nels. Along with the those mentioned above, the biocompatibilities,
structural similarities with the target tissue, and mechanical properties
form the driving forces of the application of polymer materials in
medicine [2].

The rational approach of the material researchers has led to the
design of implant or injectable polymer platforms, which are now called

polymer scaffolds. Polymer implants are pre-fabricated forms (flexible
or not) of two or three dimensions comprised of single or blend poly-
mers with the function of repairing tissues or curing illnesses. In par-
allel, a polymer injectable colloidal solution can form hydrogels of a 3D
network in situ by hydrophobic interactions or a crosslink of groups of
the polymer chains. The use of an injectable allows for the opportunity
of minimal incision sizes and closings with anatomical efficacy [3],
which can be difficult to obtain with thick solid forms of pre-fabrication
even with 3DP technologies. The unique properties of polymers assist
the design of stretchable and deformable films and membranes that
permit a dynamic shape adaptation of the device. This makes them
advantageous compared to other scaffold-production materials, in-
cluding with glass and ceramic [4,5]. Even in composites, a polymer
matrix is essential to meet appropriate mechanical properties [6],
bioresorbabilities, and specific drug release profiles. This can prevent a
post-treatment step of removal surgery and makes them appropriate as
spatiotemporal DDS [7,8].

A DDS can be described as any platform that loads active com-
pounds and releases them in the target tissue to enhance safety and
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efficacy of the drug [9]. The primary intent of a DDS is to maintain the
drugs at optimal therapeutic levels in the body during the treatment.
This can prevent multiple administrations. In this scenario, polymer
implants are ideal for drug delivery.. They release one or more active
compounds in a desired release rate throughout the time of the therapy.
Also, scaffolds provide drug protection in the body before release. This
is also important to prevent side effects during the controlled release
and fluctuations of drug levels from multiple sequential administrations
of immediate drug releases. This is even more relevant as the drug
content increases. Because scaffolds are implanted on a site-specific
basis, a more controlled spatiotemporal release of active compounds
can be obtained when compared to conventional formulations [10,11].
In addition to drugs, biocompatible scaffolds are currently used to re-
lease cells, proteins, and genes [12,13]. These applications expand their
limits for the designing of novel treatments for diseases. These include
treatments for tumors and pathogen-derived microbials, and the sti-
mulation of biological responses in regenerative medicine as a device of
tissue repair.

Polymer scaffolds can provide cell attachment and proliferation.
The physical bonds between biological parts and scaffolds lead to
healing and integration of the tissue [14]. Targeting accelerates these
processes. Polymer-based scaffolds have been used as reservoirs to load
and deliver key proteins of the transforming growth factor beta (TGF-β)
superfamily. These include osteogenic and differentiation factors, as
well as angiogenic factors [15–17]. Good results led to the first US Food
and Drug Administration (FDA) approval for collagen implant loading
growth factors, including bone morphogenetic protein 2 (BMP-2)
(Medtronic's INFUSE®) in 2002.

Faced with such a wide spectrum of applications, this review aims to
provide an overview of recent published studies on the development
and potential of polymer scaffolds applied to controlled, sustained, and
on-demand DDS. The following discussion is not intended to exhaust
the current knowledge on this topic, but rather supply an overall insight
to inspire biomaterial scientists to consider the advances in polymer-
based drug delivery scaffolds.

2. Common polymers

Polymers are macromolecules characterized by the chemical junc-
tion of repeated short units that are named monomers when isolated.
The current literature shows a variety of classifications for the poly-
mers. One of the most common modes classifies polymers into two large
groups, according to their origin as natural or synthetic polymers.
Examples of natural polymers are proteins (including collagen, gelatin,
elastin, keratin, and silk fibroin) and polysaccharides (such as hya-
luronic acid, alginate, and chitosan). Synthetic polymers include poly-
lactic acid, polyvinilalchool, and polycaprolactone (PCL).

2.1. Natural polymers

Natural polymers are polymeric units typically extracted from living
organisms [18]. Most natural polymers are used in scaffolds that target
hydrophilic characteristics. Such characteristics include sufficient bio-
compatibility, a biofriendly solvent-based method, and non-toxic de-
gradation. They are mostly used in the production of hydrogels and as
blends in pre-formed solid scaffolds.

2.1.1. Proteins
2.1.1.1. Silk fibroin (SF). SF is a natural biofiber extracted mainly from
insects, spiders [19], and silkworms (such as Bombyx mori) [20]. Its
structure presents H-chain, L-chain, and glycoprotein P25 [21]. SF side
chains have several reactive amino acids, such as serine, threonine,
aspartic, glutamic, and tyrosine. These are useful sites for chemical and
functional modification strategies. The amino acid sequences are
arranged in repetitive glycine-alanine-glycine-alanine-glycine-serine
(Gly-Ala-Gly-Ala-Gly-Ser) moieties, and their self-assembly provides a

highly crystalline anti-parallel β-sheet structure [22].
The hydrogen bonds and van der Waals interactions between

stacked β-sheets give the material promising mechanical properties for
biomedical applications. The extent of the β-sheet structure can be
controlled through physical or chemical methods that are responsible
for the crystallinity and degradation rates. Mainly at the physiological
pH and basic media, a deprotonation of Tyr side groups occurs. This
makes the SF amorphous due to decreased hydrogen bonds [23] and
facilitates the biodegradability processes. In acidic conditions, because
the hydrogen bonds [23], the crystalline domains of the β-sheet struc-
ture are promoted and prevent the penetration of water and proteases.
This results in slow biodegradation of silk in vivo [24].

SF has been applied in biomaterial research, including with films,
hydrogels, nanoparticles, and other DDS. SF has drawn attention for its
use in the fabrication of scaffolds for application in neuroengineering
[25,26]. This is due to its potential to mimic in vivo microenvironments
and to provide adjustable biomaterials for soft nervous tissue re-
construction. This allows for the complete filling of amorphous cavities
from brain or surgery injuries and leads to consistent therapeutic effects
in brain tissue. Also, SF has allowed for tunable 3D bioengineered SF
brain tissue platforms. These serve as versatile tumor tissue systems for
the evaluation of the stages and mechanisms of the microenvironmental
roles in pediatric ependynoma brain tumors and glioblastoma pro-
gression [27].

Other recent applications of SF scaffolds include scaffolds for the
release of growth factors, such as stromal-derived factor-1α (SDF-1α)/
transforming growth factor-β1 (TGF-β1)-loaded silk fibroin-porous ge-
latin scaffolds for the promotion of favorable microenvironments for
cartilage injury repair [28]. SF discs are being developed as biomater-
ials to encapsulate and release antibodies (IgG) and HIV inhibitor 5P12-
RANTES. This is a useful tool to prevent HIV infection and minimize the
pandemic [29]. Translucid SF hydrogels are used as matrixes to load
and release the photosensitizer 5-(4-aminophenyl)-10,15,20-tris-(4-
sulphonatophenyl) porphyrin trisodium. The system is responsible for
the generation of oxygen reactive species against neoplastic tissue in a
clinical modality known as photodynamic therapy. The encapsulation
of such porphyrin in the matrix of hydrogel prevents the aggregation
process and increases the generation of singlet oxygen, promoting the
photodynamic perspectives [30]. Tunable 3D bioengineered SF brain
tissue platforms are used as versatile tumor tissue systems to evaluate
the stages and mechanisms of microenvironmental roles in pediatric
ependymoma brain tumors and glioblastoma progression [27].

2.1.1.2. Collagen. Collagen, or tropocollagen, is another amino acid-
based macromolecule. It is the most abundant protein on earth [31]. It
is an heteropolymer-based macromolecule that compounds fibers of
structural function in tissues of animals. It is abundant in extracellular
matrixes, cartilages, tendons, bones, skin, and connective tissues [32].
Currently, there are 28 known types of collagen, and more than 80
percent of collagen is disposed by the human body. They are composed
by types I, II, and III. They are fibril-forming and have a superior
mechanical property [32]. Although collagen is quite insoluble in
physiological media, an enhanced solubility can be obtained by
lowering/increasing the pH. This is used to solubilize it in aqueous
media.

Collagen molecules are structured by a triple polypeptide-based
helix of repeating motif Gly-X-Y, with X and Y being amino acids. The
majority of the amino acids are glycine, proline, and hydroxyproline, in
which glycine plays a key role in the packaging of the polymer chain.
Each tropocollagen is around 300 nm in length and 1.5 nm of diameter,
[31] with approximately 1,050 amino acids. Several tropocollagen or-
ganize themselves in fibrils of around 1 μm that organize further to
form collagen fibers of approximately 10 μm. It is accepted that the
formation of collagen fibrils enhances the strength and deformation,
creating tough and robust material [31].

The promising characteristics of collagen encouraged material
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researchers to use it in scaffolds in a variety of applications, such as for
bone regeneration and as matrixes for cell growth. Their use as scaffolds
started in 1881 through the targeting of biodegradable sutures in re-
generative medicine. Currently, collagen scaffolds are used for sponge
materials, gels, films, membranes, wound dressings, and skin replace-
ments, among others. Collagen scaffolds with different density inter-
faces are being developed to promote neovascularization and rapid
cellular invasion in tissue engineering, as well as to provide local gene
delivery to multiple cell types [33].

2.1.2. Polysaccharides
The role of polysaccharides in plant and unicellular organisms is

similar to the structural function of collagen in animals. A variety of
macromolecules named polysaccharides can be obtained by chemical
bonds through glycosidic linkage of several monosaccharide units.
These can be identical (homopolysaccharides) or distinct units (het-
eropolysaccharides). Polysaccharides are widely used while targeting
biocompatible hydrogels for biological applications and drug release
when HA, alginate and chitosan are employed. Except for chitosan,
these are anionic at the physiological pH because of the presence of
glucuronic acid units. These yield solubility in physiological media.
Their network structure (hydrogel) is kept in water by the crosslink of
the polymer units. In particular, glucuronic acid gives rise to other
important polymers that form anionic polysaccharides of animal, plant,
and bacterial origin. From plants, polymer-based d-glucuronic acid
promotes the formation of well-known hemicelluloses and gum arabic,
mostly used as hydrogels in pharmaceuticals. Bacterial polysaccharides
include xanthan (from Xanthomonas sp.) and ardisicrenoside E (produced
by Ardisia crenata). Heparan sulfate, chondroitin 4- and 6-sulfates, and
HA are examples of polysaccharides with animal origins. However,
microbial production processes have also been studied.

2.1.2.1. Hyaluronic acid. HA is one of the most important
polysaccharide-based d-glucuronic acids. As the main component of
the extracellular matrix is in the form of sodium hyaluronate, HA is a
polysaccharide comprised of alternating units of glucuronic acid and N-
acetylglucosamine. It is typically linked by β-1,3- and β-1,4-glycosidic
bonds [34]. HA is commonly called hyaluronan in physiological media.
This is a general term for the several forms that the molecule can
assume. Due to its hydrodynamic properties, HA hydrogels have been
widely used for cartilage tissue engineering [35] and wound healing
[36]. As a delivery system of anti-cancer compounds, HA-based
injectable hydrogels have been used for the local release of cisplatin
[37], doxorubicin [38], paclitaxel [38,39], docetaxel [40],
camptothecin [40], rapamycin [40], IFN-a2a [41], irinotecan [42],
and 5-fluorouracil [42].

2.1.2.2. Alginate. Alginate is another polysaccharide that is based on
glucuronic acid units. Alginates are found in seaweed. They are mostly
extracted from brown algae (Phaeophyceae). They are present in the
exopolysaccharide of Pseudomonas aeruginosa bacteria [43]. The natural
copolymer (comprised of glucuronic and mannuronic acid) blocks the
display characteristics. Such characteristics include polyelectrolytic,
biocompatible, non-toxic, non-immunogenic, and antimicrobial states.
Due to their capabilities as biomaterials for 3D cell culture systems,
mainly in bone-tissue engineering, alginate scaffolds have been studied
in combination with other polymers. These include collagen as a hybrid
hydrogel for applications that can even target neurogenesis and
neuronal maturation [43,44].

2.1.2.3. Chitosan. Chitosan is one of the most abundant natural amino
polysaccharides. It is derived from a deacetylated form of native chitin
obtained from crab and shrimp shells. Chitosan presents nontoxic,
biocompatible, and biodegradable characteristics. It is also highly
sensitive to water. It serves as a considerably versatile and promising
biomaterial for application in biomedical fields, such as in wound

healing, drug delivery, gene delivery, and tissue engineering. Due to its
pKa value of around 6.5, chitosan is insoluble in physiological
conditions. However, it presents enhanced solubility in acid media
[45]. To yield water-soluble chitosan, structural modifications
(including acetylation) can be used [46]. Chitosan presents
insufficient mechanical strength. However, this disadvantage is
overcome by blending chitosan and other natural polymers (such as
collagen) to make it adequate for tissue engineering applications, such
as in nerve regeneration. Chitosan also presents poor spinning
performance. In electrospinning, chitosan is mostly used as a blend
with polymers of higher spinning performance [47]. Recently, novel
low molecular weight chitosan/PVA membranes have presented
antibacterial properties[48].

The main disadvantage of some natural polymer-based scaffolds is
their poor mechanical properties [49]. Due to this, a variety of natural
polymers are modified or conjugated with active molecules to generate
novel tailored polymers for biomedical applications [50]. Moreover,
completely synthetic polymers are viable alternatives for tuning the
properties of polymer scaffolds.

2.2. Synthetic polymers

A number of polymers have been fabricated by total synthesis,
mostly by polymerization techniques [51]. The majority of synthetic
polymers provide unique and important physical and chemical prop-
erties, and some of them are applied to the design of polymer-based
drug delivery scaffolds. In particular, PCL, polylactic acid, and poly-
glycolic acid are widely used because of their controllable biodegrad-
ability, limited toxicity, and potential capability to generate porous
scaffolds. However, limited cell adhesion occurs in some cases, in-
cluding in the pure PCL matrix [52].

2.2.1. Polyesters
2.2.1.1. Polycaprolactone (PCL). PCL, an FDA-approved aliphatic and
hydrophobic polyester, has considerable potential in biomedical
applications due to its biocompatibility, printability as a thermo-ink
for 3D printing, and its ability to form blends. PCL is also convenient for
the drug delivery of many active compounds. Among its applications,
PCL scaffolds have been studied as DDS for cancer, showing great
potential against osteosarcoma. They are also applied to mimic the
consistency of biological environments (such as ovarian tissue) to assist
in surgical procedures.

2.2.1.2. Poly (lactic acid) (PLA). PLA is another hydrophobic aliphatic
polyester. It was discovered in the seventeenth century by Carl Wilhelm
Scheele, a Swedish chemist. PLA is a biocompatible and biodegradable
polymer used in a broad range of applications. It has been approved by
the FDA, and it is suitable for DDS, sutures, cell carriers, scaffolds, and
many other biomedical devices. PLA scaffolds have been used as DDS
for the release of prednisolone and dexamethasone for tissue
regeneration [53], vascular endothelial growth (VEGF), with
paclitaxel (PTX) for endothelialization acceleration, lumen stenosis
prevention [54], with hydrochloride (PHMB) and Chlorhexidine
(CHX) to inhibit bacterial growth [55], and with doxorubicin against
tumors [56].

2.2.1.3. Poly (glycolic acid) (PGA). PGA is also an FDA-approved
aliphatic polyester that is frequently used in the design of polymer
materials. Since 1970, it has been available with the name Dexon®. It is
more hydrophilic than PCL and PLA, being the first biodegradable
material used in clinical applications as a suture. PGA fibrous scaffolds
play a key role in the loading of monocyte chemoattractant protein-1
(MCP-1) for drug delivery during the treatment of wounds for diabetes
patients [57]. Moreover, these scaffolds have potential in bone
regeneration and tissue engineering. They are also commonly used as
blends with other polymers, such as PLLA and PLA [58].
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2.2.2. Polyalchools
2.2.2.1. Polyvinilalchool (PVA). PVA is a hydrophilic semicrystalline
polymer that exhibits mechanical strength and biocompatibility. These
properties make PVA a promising material for biological application,
including for wound dressings, with membranes, surgical repairs,
artificial skin, and correlated polymer scaffold materials. With respect
to drug release, 3D hybrid PVA scaffolds obtained a sequential release
of the antimicrobial agents rifampin, levofloxacin, and vancomycin,
and presented good results against bacteria biofilms [59]. Other hybrid
PVA/PEG scaffolds have shown great potential to release ciprofloxacin
against the growth of microorganisms [60]. PVA scaffolds blended with
PLA have been used to deliver a BMP-2 protein that targets bone
regeneration [61].

2.2.3. Copolymers
Block copolymers are polymers that have two or more distinct

polymer moieties linked to each other by covalent bonds. The possi-
bility to assume different arrangements as ABA, BAB, or ABC for tri-
block copolymers and the distinct properties of different moieties make
the copolymerization a key tool of tunable polymer properties. As an
example, the hydrophobic behavior of PCL can be tunable by copoly-
merization and the creation of thermosensitive units where the degree
of phase separation is dependent on the block lengths and co-block
composition [62]. The addition of one or more poly(ethylene oxide)
(PEO) segments in pre-formed hydrophobic polymers is also a frequent
strategy used to enhance polymer hydrophilicity, modulate the me-
chanical properties, design nanoparticles, and develop novel thermo-
responsive polymers for several purposes in biological applications
[63,64]. Also, they are useful in 3DP technologies. These include the
design of nerve guidance channels [65] and construction of bioprints
for cartilage repair [66]. In drug release, polymer scaffolds with ther-
mosensitive characteristics have a considerable impact against a series

of illnesses and for regenerative medicines. They are discussed in the
next topics.

First synthesized by Perret and Skoulios [67], recent studies have
explored the FDA-approved PEG/PCL block copolymers as injectable
thermosensitive hydrogels for local drug delivery [68]. While targeting
novel properties, material researchers have synthesized a variety of
other PCL copolymers of di-, tri-, or even with five blocks. These are
comprised of two or more polymer moieties. They have been recently
synthetized and include chitosan [69], poly(dimethylsiloxane) [62,70],
poly(epichlorohydrin) [71], poly(l-lactide) [72], Poly(N-iso-
propylacrylamide)/poly(ethylene glycol) [73,74], poly(tetra-
hydrofuran) [75], poly(allyl ethylene phosphate) [76], n-butyl acry-
late/methyl methacrylate [77], and oligosilsesquioxane [78].
Frequently, the copolymer terminals (mainly the OHe group) is used to
covalently bond active compounds, including folic acid, biotin [79],
and nitroxyl radicals [80].

2.2.3.1. Poly(lactic-co-Glycolic Acid) (PLGA). PLGA is a synthetic
copolymer comprised of PLA and PGA moieties. It is characterized by
a random chain. Thus, PLGA is a biodegradable polymer that combines
with non-toxic metabolites, such as lactic acid and glycolic acid.
Targeting biomedical applications, PLGA is used mainly as a polymer
scaffold in tissue engineering. Also, it is applied as a material for DDS,
orthopedic appliances, sutures, polymer scaffolds, and other biomedical
circumstances. Recently, the PLGA scaffold exhibited regenerative
capacity in renal tissues, providing potential for treatment of patients
with renal dysfunction.

3. Classes of polymer scaffolds

The variety of polymers that can be used to design scaffolds allows
for optimization according to the desired properties and applications.

Fig. 1. Number of publications by year from 1990 to 2019 related to “drug delivery polymer,” according to PubMed. The data were acquired by entering the
following key words in the advanced search field of PubMed (data acquired on January 11, 2020): drug delivery polymer, injectable (blue), implant (orange), 3D
printing (gray). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Moreover, functionalization regarding the tuning of their properties has
expanded their spectra of applications. Thus, current polymer scaffolds
have been comprised of a range of homopolymers, copolymers, mod-
ified polymers, and their blends. The number of studies that aim to
design polymer scaffolds for drug delivery has grown since the nineties.
Most of these studies target an injectable, as illustrated in Fig. 1.

Injectable scaffolds have been studied more than polymer implants
as drug delivery polymer scaffolds in most cases due to their lower cost,
ease of preparation, and ability to take the shape of a tissue defect. The
latter prevents the necessity of patient-specific prefabrication.
Moreover, as they are administered without surgical intervention,
minimal discomfort is experienced by the patient [81]. Despite the
large number of studies, polymer hydrogels have not been successful in
clinical studies. This may be due to their low drug loading capacity,
limited control of drug release, and non-ideal mechanical toughness.
Moreover, the difficulty of degradation of highly crosslinked and effi-
cient hydrogels [82] leads to partial drug release [83–85].

The classes of polymer implants involve polymer membranes, thin
films, and conventional and printed 3D devices (mono- or multilayers)
(Fig. 2). They differ in dimension (2 or 3D), thickness, and network.
Also, film and 3D scaffolds can present a series of other characteristics,
such as porosity and open channels. This is promising for drug release
and integrated tissue–organ scaffolds for tissue engineering [86,87].
The differences come from the unique characteristics of each method of
preparation. All of these properties affect drug release rates and can be
used to achieve a desired drug release profile. Thus, a deep knowledge
of each method and scaffold property is needed to optimize the drug
release rate.

4. Common fabrication methods

A wide number of techniques is currently used to fabricate im-
plantable and injectable scaffolds, ranging from the most traditional
methods to the most modern 3D manufacturing approaches. The choice
of a particular technique should be based on the nature of the polymer
and drug, as well as the final characteristic and application desired. In
this section, the authors present some of the most common techniques
to design polymer scaffolds from implant to injectable.

4.1. Implantable scaffolds

Polymer-based implants can be fabricated by a large number of easy
and economical techniques. A few of them are solvent casting, salt
leaching, thermally-induced phase separation, electrospinning, polymer
melt by a foaming process, freeze drying, rapid prototyping, and solid
free-form fabrication. More recently, additive manufacturing for 3D
printing has emerged as a promising tool to provide the most intricate

geometric scaffolds. These are not possible using conventional methods
[88]. Among the previously listed techniques, only a limited number
have been used with frequency to produce scaffolds with controlled
drug delivery characteristics. Three of the most used techniques are
electrospinning, solvent casting, and freeze-drying. The following to-
pics describe the specifics about the necessary conditions required for
each of those methods in details, as well as the characteristics of the
final devices. Also, the most recent 3DP are discussed as important
novel approaches in solid polymer scaffold preparations.

4.1.1. Electrospinning
Electrospinning is the most widely used technique to fabricate ul-

trafine fiber-based scaffolds. The diameter of each fiber ranges from
submicrons to a few nanometers, depending on the polymer specificity
and processing parameters [89]. Since the time it was developed by
Cooley and Morton in the early twentieth century, the technique has
gained space and popularity among researchers due to its simplicity,
ability for application with several polymers, cost-effectiveness, and its
potential to scale up [90,91]. The technique can be separated in two
categories. They are referred to as solution electrospinning (Fig. 3A)
and melt electrospinning (Fig. 3B). While solution electrospinning uses
a solvent to solubilize the polymer, melt electrospinning employs a heat
system at the instrumental apparatus to provide a polymer in a liquid
state at the absence of solvent [92]. Currently, solution electrospinning
is responsible for approximately 90 percent of the fabricated ultrafine-
based scaffolds. However, melt electrospinning is a viable alternative
when there is no appropriate solvent to dissolve the polymer, or when
traces of toxic solvents exist that are undesirable for some biological
applications [92,93]. Another advantage of melt electrospinning is the
higher stability of the melt polymer jet compared to the polymer so-
lution jet. This is due to its higher viscosity that prevents repulsive
Coulombic charge interactions. This allows for better control of fiber
deposition compared to the randomized method from solution elec-
trospinning [93]. Also, melt electrospinning has produced smoother
nanofibers and less porous structures than solution electrospinning.
This is useful to decrease the drug release rate in most cases[94].

The fundamental concepts of electrospinning are similar in both
solution and melt methods. The ultrafine fibers are produced when the
polymer melt or polymer solution is extruded through a needle of a
syringe using a syringe pump under the presence of a strong electric
field (up to tens of kV). The fiber is deposited on a regular or cylinder
surface that is maintained at an optimal distance from the needle. In
solution electrospinning, when a difference of potential is applied be-
tween the needle and the collector, charges tend to accumulate on the
liquid droplet of the needle. At a sufficiently high voltage, the
Coulombic repulsion overcomes the surface tension of the polymer
solution and an electrically charged jet is ejected from the needle into

Fig. 2. Illustration of different classes of polymer scaffolds.
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the collector. Before achieving the collector surface , the solvent is
vaporized as a function of its volatility at the operating temperature.
The solid polymer fibers are then deposited. For melt electrospinning,
the extruded polymer solidifies and forms the fibers.

Both methodologies allow for the creation of single or multiple
membrane layers by successive depositions (Fig. 3). This is useful to
produce multilayers that load different drugs [95], which permits the
physical separation of incompatible drugs or provides different drug
release rates of several drugs by changing the characteristics of each
layer. In practical terms, a variety of parameters can affect the drug
release and the formation of fiber, including the applied voltage, needle
diameter, and distance between the needle and the collector. These
parameters must be optimized. A complete description of each para-
meter is described in previous reviews in the literature [96,97].

Electrospun scaffolds have been recently used in drug release to
improve therapeutic efficacy and prevent postoperative adhesions [98].
Other regenerative medicines [99] for bone regeneration [100], wound
healing [101], endothelialization acceleration, and lumen stenosis
prevention [54] have been explored. Due to their large mesh size,
electrospun membranes are permeable to gaseous and biological fluids.
This allows a controlled drug release that accelerates the healing of the
skin wound [102]. In some cases, a less permeable matrix may be de-
sired, which can be obtained from simple solvent casting.

4.1.2. Solvent casting
Solvent casting is one of the simplest techniques used to produce

thin film-based scaffolds through solvent removal from a polymer so-
lution confined in a mold. The methodology consists of solubilizing a
polymer or a blend in a single or a mixture of solvents, transferring the
solution to a suitable mold, and incubating it at a fixed temperature
until complete solvent evaporation (Fig. 4A). Due to this simple pro-
tocol, the modulations of the characteristics of the scaffold are limited
by the choice of the polymer and solvent, as well as the incubation
condition that drives the solvent removal rate (such as humidity and
temperature) [103–106]. Also, the molecular weight and degree of
acetylation of the polymer play a role on the final characteristics of the
scaffold [107].

Comparisons between solvent casting and electrospinning

techniques have shown that electrospinning tends to produce thinner,
smoother, and more folded scaffolds than solvent casting [108,109].
Also, a more uniform drug distribution and less residual solvent may be
found with the eletrospun scaffolds than those produced by solvent
casting. As a consequence, more well-controlled drug release profiles
might be obtained from electrospinning [108].

The limitations of the conventional solvent casting technique hinder
the design of highly porous scaffolds. Throughout therapy, porosity is
an important factor when modulating the efflux and influx of mole-
cules, nutrients, oxygen, and the drug. It enhances surface area-to-vo-
lume ratio, which increases the drug release rate. For this aim, the
technique can be modified by adding salt particles in a derivation
known as salt leaching.

4.1.3. Salt leaching
Salt leaching uses salt particles in polymer colloidal solution to act

as porogens during the formation of the thin film (Fig. 4B). After solvent
evaporation, the salt particles are distributed throughout the scaffold
and can be removed by the addition of water that solubilizes the par-
ticles. After salt removal, their sites are presented as pores in the
scaffold. The final result is a porous film that presents a higher SSA than
the similar one prepared by conventional solvent scaffolds. In addition
to salt particles, a number of species are used as porogens, such as
glucose and ionic liquids [87,110].

The creation of porous scaffolds is advantageous for cell attachment
and for enhancing drug loading and retention. However, the pores
formed by salt leaching can be mainly distributed on the surface of the
scaffolds as a result of the limited permeation of water through the
inner parts of some 3D platforms. In these cases, the freeze-drying
technique can be explored to achieve a more porous 3D dimension
scaffold.

4.1.4. Freeze drying
Freeze-drying (lyophilization) is a method of the production of solid

and simple 3D devices widely used in the pharmaceutical industry
[112]. In this method, porous scaffolds of simple 3D geometries are
fabricated by solvent removal using sublimation (Fig. 4C). In general
terms, the polymer solution is casted onto a mold of a desired

Fig. 3. Illustration of (A) solvent electro-
spinning and (B) melt electrospinning.
Fig. 3B was reprinted from Ref. [93] with
the permission of Elsevier. (Reprinted from
Progress in Polymer Science, Vol 56, Au-
thors Toby D. Brown, Paul D. Dalton, and
Dietmar W. Hutmacher, Title of article Melt
electrospinning today: An opportune time
for an emerging polymer process, Pages No.
116–166, Copyright (2016), with permis-
sion from Elsevier.)
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dimension and kept at a temperature below its melt point for the period
of time that is sufficient to freeze it. After that, the solvent is sublimed
under a temperature below the glass transition temperature [113].
Generally, the same temperature that was used for freezing is re-
commended (using dryer equipment). Water is the most common sol-
vent in freeze-drying. Although an aqueous medium is useful for water
soluble polymers and drugs, the use of hydrophobic compounds can be
limited. As an alternative, organic solvents or organic–water mixtures
have been also used. In these cases, their freeze process can be chal-
lenging [113].

Freeze-drying can create porous 3D scaffolds, but their geometry is
limited by the molds. Moreover, the method fails to create the most
intricate networks. These are currently achieved using additive manu-
facturing (AM).

4.1.5. 3D printing
AM, also known as 3D printing, refers to the technologies that use

computer-assisted deposition of materials to print physical 3D devices.
The controlled layer-by-layer process makes AM the most current and
versatile method to produce high quality polymer scaffolds. Moreover,
design/computer-aided manufacturing (CAD/CAM) software enables
the design of different geometries, a variety of networks, different pore
sizes, multilayers, multicompartments, among others. This versatility
has potential in the controlling of drug release rates. In addition, the
unique possibility to convert computed tomography scans into com-
puter models can generate 3D bioscaffolds, in other words, biologically
functional scaffolds with the complexity and heterogeneity of tissues
and organs. In these cases, a variety of active compounds (including
growth factor) can be loaded to enhance desired biological responses.

Since 1986, the development of stereolithography [114] has led to a

variety of novel 3D printing technology. This has been developed to
enable the use of different materials. Descriptions of all 3D technologies
is out of the scope of this review and can be obtained in detail from
previous works [115].

For all the polymer implants, a prefabricated patient-specific geo-
metry must be optimized. 3DP non-flexible scaffolds are likely not the
most appropriate option for some biological applications that need
geometrical adequation and more dynamic behavior, such as for the
treatment of traumatic spinal cord injury and cartilage repair. In these
cases, an injectable can be administered with minimal invasion. They
can take the three-dimensional form of the application site before being
gelled under an internal or external stimulus.

4.2. Injectable scaffolds

Most injectable scaffolds are hydrogels of a 3D network formed in
situ by crosslinked hydrophilic polymer chains of a natural or synthetic
origin that can swell in water or biological fluid and maintain their
structures. Due to this particularity, hydrogels can retain a significant
amount of water (greater than 70% water content) within the 3D net-
work. This is because of the interaction between water molecules and
hydrophilic groups of the polymer chains (such as eOH, eCOOH, and
eCONHe) and is followed by more hydrophobic interactions and os-
motic force effects [116,117]. The hydration leads to some physical
similarities between the hydrogels and the extracellular matrix. Along
with their biocompatibility, these characteristics have led to the in-
crease in research studies in the biomedical field concerning injectable
scaffolds [118–120].

Hydrogels can be divided into two large classes (chemical and
physical hydrogels) according to the nature of the crosslinking that

Fig. 4. A schematic illustration of (A) solvent casting, (B) salt leaching, and (C) freeze drying. Adapted from Ref. [111] with permission from The Royal Society of
Chemistry.
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forms the polymer network. Essentially, chemically crosslinked hydro-
gels present a permanent network, but physical crosslinkings are re-
versible. More detailed classifications organize them into sub-groups,
such as by the nature of the polymer, degradability, and the structure
[121]. A complete description of the classes of polymers and methods of
hydrogel preparation is not the aim of this review, but some attention
will be given to the crosslinking that governs the methods of prepara-
tion and affects drug delivery profiles.

4.2.1. Chemical crosslinking
In chemical hydrogels, 3D networks are formed by polymer units

linked by covalent bonds using a chemical crosslink agent or by photo-
processes (using UV radiation) [121]. In these reactions, functional
groups (including OH, NH2, and COOH) can form covalent linkage
networks between polymers chains through reactions of these func-
tional groups, with complementary reactivity (amine-carboxylic acid,
isocyanate-OH/NH2 reaction, or Schiff base formation) that conducts
with hydrogel scaffold formations through crosslinking agents
[122,123]. In the same respect, linkage networks can be achieved
through Diels-Alder cycloaddition, addition chemistry through bis or
higher functional crosslinking agents, and Michael addition. These in-
volve thiol groups that are added to the activated α,β-unsaturated
carbonyl polymers under basic reaction conditions [122,124,125].
Crosslinking agents applied in polymer reticulation include N,N-(3-di-
methyl aminopropyl)-N-ethyl carbodiimide (EDC), hexamethylene dii-
socyanate (HMDI), poly(ethylene glycol) diglycidyl ether (epoxy),
glutaraldehyde (GTA), genipin, glycidyl methacrylate GMA, and poly
(ethylene glycol) diacrylate (PEGDA) [20,123,126,127].

4.2.1.1. Photopolymerization. Photo-induced crosslinking is related to
the reaction of unsaturated groups. In most cases, (meth)acrylates are
reactive when exposed to irradiation that incorporates to a polymer
chain through a free radical crosslinking. Free radicals may attack near
polymeric monomers or through their own double bond. This results in
a crosslinked region [128]. Generally, polymer material that presents
hydroxyl, carboxyl, and amino groups can react with acryloyl chloride,
glycidyl methacrylate (GMA), and N-(3-aminopropyl) methacrylamide.
These are responsible for the introduction of vinyl groups in the
material [20].

4.2.1.2. Metal ion. Metal ion crosslinking is based on the coordination
between metal cations and polymeric systems. The metal ion is
responsible for linking linear polymeric chains that lead to a three-
dimensional structure. The intermolecular interaction forces itself
between metal cations. Polymeric ligands bring solid-state plasticity,
excellent mechanical strength, and recyclability to the material [129].

4.2.1.3. Disulfide bridge. Crosslinking by disulfide bridges is currently used
in self-healing hydrogels and hydrogels scaffolds that mimic biological gels
[130]. The methodology preparation basically consists of mixing
polymeric components and crosslinking solutions comprised of thiol
groups (-SH). In general, applied thiol crosslinkers are monofunctional
PEG-thiol (PEG-1SH), bifunctional PEG-thiol (PEG-2SH), 4-arm PEG-thiol
(PEG-4SH), ethoxylated-trimethylolpropan tri(3-mercaptopropionate)
(ETTMP), pentaerythritol tetra(3-mercaptopropionate) (PETMP), and
pentaerythritol tetramercaptoacetate (PETMA) [130,131].

Despite their promise as effective methods, they can lead to HA
hydrogels with large mesh sizes and highly hydrated structures. This
can allow for the free diffusion of drugs of small molar masses.
Moreover, low light penetration in human skin [132] may limit hy-
drogels from being formed in situ for such approaches. Finally, the use
of toxic crosslinkers limits the application of a hydrogel-based in-
jectable in biological tissue. In this scenario, physical crosslinking
presents itself as a viable option to chemical crosslinking.

4.2.2. Physical crosslinking
Physically crosslinked hydrogels are characterized by physical do-

main junctions, such as hydrogen bonding and hydrophobic interaction
[121]. Moreover, complementary associations of other lateral groups
have been frequently used to structure a variety of self-healing hydro-
gels [133]. The next topics describe the most common physical cross-
linking approaches to fabricate hydrogels that target drug release.

4.2.2.1. Hydrophobic interaction. Block copolymers that contain at least
one hydrophilic and one hydrophobic moiety are generally
thermoresponsive. Above a critical temperature (known as the upper
critical solution temperature, or UCST), these copolymers are soluble in
all ranges of concentration. Similarly, they are soluble below a lower
critical point (lower critical solution temperature, or LCST). Between
these points, the system can coalesce in a concentration-dependent
manner. Thus, in some conditions, the copolymers present a
thermoreversible sol-gel transition. This occurs due to the dependence
of solubility of at least one moiety with the temperature. As an example,
the degree of hydration of poly(propylene oxide) (PPO) increases as the
temperature decreases. Pluronic® triblock copolymers that are
comprised of PEO and PPO units present higher solubility at low
temperatures, but tend to aggregate as the temperature increases. This
forms hydrogels of some percentage in water. Pluronic F127, a common
copolymer for the fabrication of hydrogels of physical sol-gel transition,
presents an LCST from 25 °C to 37 °C depending on its concentration
[134].

4.2.2.2. Shear-thinning and self-healing. For medical purposes, the
absence of cytotoxic promoters of crosslinking is desired. Some of the
current alternatives to initiator-mediated crosslinking is based on some
well-established designs of hydrophobic association-based hydrogels
[135], as discussed earlier. Systems of complementary associations
have been used in a class of hydrogels to target crosslinked structures.
These are known as shear-thinning and self-healing hydrogels. Pairs of
complementary associations that are used for such purposes include
those based on cucurbit[n]urils [136], pillar[n]arenes [137], and calix
[n]arenes [138]. The pairs are covalently bound throughout to distinct
polymer chains to confer such properties.

The self-healing process involves a physical-chemistry interaction
between a guest molecule and a macrocyclic host cavitand. They are
both laterally bound on distinct polymer backbones, as illustrated in
Fig. 5. When blended in water, complementary associations are formed.
They keep the polymer chains crosslinked. This forms hydrogel. Under
high pressure conditions (in most cases < 1 kPa [139]), the host-guest
interaction is disrupted (shear-thinning property), which frees the
polymer chains. This leads to low viscosity in the system. Such behavior
allows the system to be injectable. This injection flows through a syr-
inge, as the pressure is imposed on the colloid during the injection.
After administration, the imposed pressure is quenched, and the host-
guest interaction is reconstructed (self-healing property). This forms a
guest-host hydrogel. To increase hydrogel moduli of such soft hydro-
gels, as well as their in vivo stability, a secondary crosslinking can be
provided after injection by a second crosslinking reaction that forms a
dual-crosslinking hydrogel [140]. This is important for various appli-
cations, including the limiting of left ventricular remodeling in in-
farcted myocardium.

In myocardium infarct, affixed patches and wraps have been used as
restraints to stabilize the infarct planar expansion [141]. Targeting a
minimally invasive percutaneous delivery, Rodell et al. (2016) fabri-
cated a self-healing hydrogel to a percutaneous intramyocardial injec-
tion to act as a restraint. They provided the functionalization of a HA-
based backbone with either β-cyclodextrin (β-CD), the host cavitand, or
adamantane (Ad) to act as a guest molecule yielding CD-HA and Ad-HA
polymers. A number of host-guest hydrogels have shown promise in
clinical trials with intramyocardial injections. Despite the lack of me-
chanical stabilization and rapid degradation, the authors demonstrated
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that an in vivo dual crosslinking exhibited a suitable moduli
(30.3 ± 2.6 kPa) and maintained the dual-crosslinked hydrogel stable
for eight weeks (5.1 ± 0.2% degradation) [139]. Through DDS in
animal models with myocardium infarct, host-guest hydrogels have
been used to release growth factors that provided cardiac repair, en-
hanced cardiac function, and angiogenesis [142–146]. In addition, the
release of anti-inflammatory agents by these hydrogels has shown
promise for myocardial infarction[147] and kidney injury treatments
[148].

Other shear-thinning and self-healing hydrogels with mild reaction
conditions and high reaction rates have been designed based on Schiff-
based linkages. Such bases may be obtained through the reaction of
aldehyde groups along macromolecular chains with amino, carbox-
yethyl, or hydroxyl groups disposed into other polymer chains. Schiff-
based hydrogels have been rapidly prepared (< 60 s) by mixing syn-
thesized dibenzaldehyde-terminated poly(ethylene glycol) (DF-PEG)
with glycol-chitosan at 20 °C [149]. In saline solution, this chitosan-
PEG hydrogel showed an initial burst with 33% of Taxol released for up

to two days and a slow release of 50% at day seven. In vivo intra-tumor
injections in female nude mice (Fig. 6A) provided almost complete re-
mission after 18 days of the injection of taxol-loaded self-healing hy-
drogel (Fig. 6B). This showed better results compared to a black solu-
tion, a Taxol solution (positive control), and a taxol-loaded non-self
healing F127 hydrogel injected with the same methodology [150].

The same hydrogel has been used for other purposes, including the
delivering of antihemorrhagic carbazochrome to target embolization
therapy [151] and incubating stem cells for cell therapy [152]. Similar
approaches have also been explored to design self-healing hydrogels to
release doxorubicin [153], DNA [153], and nanoparticle-loaded drugs
[38,154].

Despite the proposed single use of these platforms, hydrogels with
Schiff-bases have also recently been tested as drug-reloadable depots. A
recent study designed an alginate/chitosan-based hydrogel that was
able to sequentially reload carbon quantum dots. These scavenge re-
active oxygen species from inflammation sites [155]. The authors have
highlighted that this approach can be useful in avoiding multiple

Fig. 5. Illustration of the process of shear-thinning and self-healing forming hydrogels with single host-guest crosslinking or dual host-guest plus chemical cross-
linking.

Fig. 6. (A) Illustration of the intra-tumor injection of the hydrogels. (B) Images of nude mice at day one and from the four different treatments on day 18. Adapted
from Ref. [150] with permission from The Royal Society of Chemistry.

I.R. Calori, et al. European Polymer Journal 129 (2020) 109621

9



rounds of surgical implantation when the repeated local administration
of drugs is required. It could also facilitate the loading of different drugs
for polymer scaffolds.

5. Methods of drug-encapsulation

The load of drugs in polymer scaffolds can occur during or after
their fabrication by a variety of techniques. The most common ap-
proaches involve a previous blend of the polymer and the drug, soaking
the free-drug scaffold into drug solution, site-specific binding of the
drug to the polymer, pre-loading in nano/microparticles, and drug-
polymer conjugation. The selection of a method depends on the
polymer-drug compatibility, the preparation method of the scaffold,
drug stability, the final application, and the desired drug release rate.
The following topics detail current methods of drug loading, differences
between them, and their final effects.

5.1. Blend loading

The most commonly used strategy for obtaining a final drug-loaded
polymer scaffold is based on the blend of the polymers and drugs before
the fabrication of the platform. This allows for the drug to be in-
corporated during the formation of the scaffold. To blend them, the
simplest way is by mixing solutions of the polymer and the previously
prepared drug in a common solvent. Variations are common and gen-
erally match with the needs of the scaffold fabrication method. For
example, the insertion of crosslink agents into the drug solution is
performed when the beginning of the polymer network formation is at a
desirable level. To obtain free-solvent mixtures, polymers containing
the drug can be melted. This strategy is most used in hot-melt extrusion
to produce drug-loaded filaments for 3DP. However, melt polymers
may also be attractive as alternatives to prevent the use of cytotoxic
solvents.

Except in cases of specific binding or drug-polymer conjugation, the
distribution and phase state of the drug in the scaffolds depend on the
physical-chemical interaction between the drug and polymer. The
drug–polymer miscibility can be predicted by rational strategies using
mathematical models based on parameters of solubility [156]. Their use
is encouraged as a primary tool for screening drug/polymer blends.
This is used to decide the drug load strategy for a specific pair of
polymers and drugs. With respect to physically favorable interactions,
the blending strategy generally yields a soluble and highly homo-
geneous distribution of drugs inside the matrix. The drug is embedded
in polymer blocks or formed filaments. Thus, the favorable interaction
tends to allow acceptably high levels of drug loading. Conversely,
physically unfavorable interactions stimulate some phase segregation of
the drug and polymer. This favors a heterogeneous distribution with the
majority of the drug located at the surface of the scaffolds [157]. In
critical cases, a complete segregation and formation of crystal on the
surface of the scaffold occurs [157]. Thus, an unfavorable interaction
decreases the drug loading efficiency.

The major limitation of the strategies based on blending is the use of
a common solvent. For unfavorable interactions, a common solvent can
be rare. Examples include the use of an organic solvent to solubilize
hydrophobic synthetic polymers and water-soluble actives, such as
proteins [158]. Poor solubility of drugs in the solvent during fabrication
of the scaffold also leads to drug crystallization inside the polymer
matrix. In these cases, the use of melt approaches has provided amor-
phous states for the drug loading scaffold [94]. Unfortunately, strate-
gies of melt polymers can be difficult for thermo-sensitive drugs [159].
Strategies of drug loading after the fabrication of the scaffold (known as
soak loading) can contour such difficulties.

5.2. Soak loading

Soak loading allows for drugs to be embedded in a pre-fabricated

drug-free scaffold. This strategy consists in submerging the scaffold in a
solution of the drug until its loading. Various factors play a role on the
efficiency of soaking, including the drug/hydrogel mesh size, scaffold
porosity, scaffold free volume, and wettability of the matrix. As an
example, in PLA-based 3DP, the presence of micropores enhanced the
loading of ampicillin and cytochrome C by approximately five and 10-
fold, respectively, compared to the non-microporous prints [52].

In the case of hydrogels, the mesh size plays a role on the soaking
load of the actives. The mesh size of hydrogels generally ranges from
5 nm to approximately 100 nm. This is high enough to allow for the
influx of a variety of small compounds. On the contrary, the mesh can
create a steric hindering for macromolecules typically larger than
40 kDa [126,160,161], including some proteins or drug-loaded nano/
microparticles. This steric hindering limits the partition of some mac-
romolecules to the shell region, decreasing the drug loading efficiency.

Similar to what occurs in the blend strategy, the force of interaction
between the drug and the polymer plays a role on modulating the drug
loading from the soaking load. In this method, unfavorable drug-matrix
interactions create an environment where the drug is poorly embedded,
and its use is discouraged in most cases [162]. This limitation can be
contoured by strategies of site-specific binding of the drug to the
polymer.

5.3. Site-specific binding

Polymers that hold functional groups with affinity to drugs allow for
the site-specific binding of the drug to the polymer backbone. A rational
approach for complementary associations can enable a homogeneous
condition and a stronger drug-polymer interaction. As the number of
specific sites can vary, the efficiency of loading depends on their total
amount.

In addition, functional groups at the polymer backbone involve
aminolysis, hydrolysis, reduction, and oxidation, among others [163].
For example, an aminolysis reaction yielded free amino groups on the
PCL scaffold. Due to these groups, 2-N, 6-O-sulfated chitosan (26SCS)
was immobilized in the scaffold after soak loading for four hours. As a
result, the loading of 26SCS at the PCL fibrous scaffold was enhanced up
to 100 times when compared to the unmodified PCL scaffold. Also
serving as a site of binding, 26SCS enhanced the load of the BMP-2
growth factor when compared to the non-functionalized PCL scaffold
[162].

5.4. Drug-polymer conjugation

Unfavorable drug-polymer interaction can also be solved by the
conjugation of the drug to the polymer in a covalent manner. This
strategy has an advantage over drug-loaded nano/microparticles, as it
allows for precise control of the quantity of the incorporated drug. Also,
it is suitable for providing strong stability of the drug in the matrix,
preventing drug aggregation, quenching the burst release, and avoiding
drug loss at later stages of sterilization or purification of the scaffold,
such as in the removing of crosslink agents. Moreover, drug conjugation
efficiently decreases the release rates of drugs when compared to
physical loading approaches [164]. Finally, drug-polymer conjugation
is a smart strategy to increase the loading of drugs in a highly efficient
manner [165].

The most common chemical conjugations of drugs and polymers
involve coupling reactions through esterification, amidation, and oxi-
dation [166]. Esterification occurs between alcohol (hydroxyl (eOH))
and carboxil (eCOOH) groups of the polymer and the drug. For ex-
ample, when using coupling agents (such as N,N′-dicyclohex-
ylcarbodiimide, known as DCC), the carboxil group of the drugs can
react with the OHe terminal of the polymers, including PEG and PPO
[167]. Carboxyl groups can also be conjugated to amine groups in a
reaction of amidation when catalyzed by n-hydroxysuccinimide (NHS)
or EDC [166].
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Some drug-polymer conjugations are described in the current lit-
erature, including cefuroxime to chitosan [168], ibuprofen to PEG
[167], and HIF-1 conjugated with polyacetal [169]. In a recent study,
Parket et al. (2019) added a thiol group to benazepril and used it to
conjugate to a homologous series of synthetized polymers by thiol-ene
photo-conjugation, as illustrated in Fig. 7 [164]. These drug-conjugated
polymers were used to prepare hydrogels. They suggested that in-
creasing hydrophilic polymer moieties enhanced release rates.

Frequently, a labile linkage is used between the drug and polymer as
a biodegradable spacer (as indicated by the traced square in Fig. 7) to
yield a well-located cleavage point for drug release.

5.5. Pre-loading in nano/microparticles

Another alternative to unfavorable drug-polymer interaction is pre-
loading the drug into nano/microparticles before embedding into
scaffolds [87]. This is also useful to contour the lack of a common
solvent in the blending strategy. The method consists of loading the
drug in small polymer particles, and then confining it within the scaf-
fold polymer networks during pre-[170] or post- fabrication [171]. In
pre-fabrication, generally the polymer is first homogenized in an ade-
quate solvent, and then the particles are added under stirring until
complete dispersion. In this technique, the solvent must be inert in the
particle, ensuring the maintenance of its structure. In post-fabrication,
the free-drug scaffold is soaked in a solution of drug-loaded particles
similar to what is described in the Soak Loading topic [171].

A summary of the drug encapsulation modes in polymer scaffolds is
shown as a flowchart in Fig. 8. The classes of drug loading and their
main influences on drug release are discussed in the following topics.
They are summarized in Table 1.

6. Drug release

The kinetics of drug delivery from polymer scaffolds is essentially
governed by desorption, dissolution, and diffusion of the drugs, as well
as erosion, swelling, and degradation of the matrix. In some cases,
desorption and diffusion of the most interfacial molecules leads to an
initial burst [172]. The bulk drug, however, can depend on all the
factors related to the drug and polymer network. The mechanisms of
the drug release rates can be tuned by the methods of drug en-
capsulation, the nature of the polymer, the method of the scaffold
preparation, the degree of the network of the scaffold, multiple layers,
and porous structures, among others. Due to the variety of factors,
polymer scaffolds can yield a series of bursted, controlled, and sus-
tained/zero-order drug release profiles, and even pulsatile and biphasic
profiles. A rational approach on the mechanisms that govern the drug
delivery can be supported by a variety of mathematical models,

including Hixson–Crowell and Korsmeyer–Peppas models [172–176].
In the following topics, the factors that affect the drug release from
scaffolds are discussed, as well as a number of current strategies em-
ployed to modulate them.

6.1. Free volume of implants

The release of the drug can be limited to the interface of non-bio-
degradable scaffolds. This includes their pores, as the drug molecules
located in the core of the polymer matrix cannot be desorbed [177].
Thus, the free volume of solid implants can control the bulk drug re-
lease. High free volumes make the scaffold permeable to water mole-
cules, allowing drug desorption and diffusion. As free volume de-
creases, steric hindering rises and creates drawbacks to the dynamic of
water and drug efflux. For example, higher release rates for drugs such
as Quinine (from the PCL scaffold) compared to a PLLA-based one were
explained by the differences of their permeabilities [178]. Another ef-
fect of free volume is the limiting of drug diffusion by steric hindering.
With respect to the drug, steric hindering increases as the drug size
increases. Thus, drugs with higher sizes tend to show slower or even
more quenched release rates when compared to smaller ones [179].

6.2. Mesh size of hydrogels

The mesh size of hydrogels can also limit the drug release of some
actives. In fact, this is one of the most important factors to regulate the
diffusion of actives inside hydrogels [180]. It can prevent the diffusion-
based release of macromolecules, mainly those larger than 40 kDa
[126,160,161] or drug-loaded nano/microparticles. In these cases,
further processes of relaxation of the polymer chains and their biode-
gradation can govern the release rate if the diameter of the drug is
around or slightly higher than the mesh size. In the case of relaxation
processes, the wettability of the scaffold can favor conformational
changes on the polymer network allowing the diffusion of these drugs.
Strategies to modulate the release rate involves changes of the con-
centration of the polymer and/or crosslink agent to alter the mesh size
of hydrogels [181]. Drugs that are considerably larger than the mesh
size are expected to have erosion-controlled releases.

The roles of the degree of interconnectivity from host-guest inter-
action in shear-thinning and self-healing hydrogels are similar [81]. In
general, the amount of host-guest interactions between the polymer
chains is limited by a random distribution of functional groups
throughout the polymer backbone. This decreases the number of ef-
fective associations between host and guest units among polymer
backbones. As a consequence, the mesh size created can be too high to
inhibit macromolecule diffusion. To contour this, hydrogels of geo-
metric favorable host-guest interactions have been obtained. For this

Fig. 7. Synthesis of copolymers and the conjugation of the drug benazepril using a biodegradable spacer as a well-located cleavage point for the drug release.
Reprinted from Ref. [164] with the permission of Elsevier. (Reprinted from European Polymer Journal, Vol 120, Authors Jong-Ryul Park, Joachim F.R. Van Guyse,
Annelore Podevyn, Eleonore C.L. Bolle, Nathalie Bock, Erik Linde, Mathew Celina, Richard Hoogenboom, and Tim R. Dargaville, Title of article Influence of side-
chain length on long-term release kinetics from poly(2-oxazoline)-drug conjugate networks, Pages No. 1–9, Copyright (2019), with permission from Elsevier.)
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purpose, host–guest pairs are formed before the photopolymerization of
the polymer backbone [182]. During the polymerization, the pairs are
linked. This yields favorable complementary geometry after the
polymer is formed. To target such conditions, a study used iso-
cyanatoethyl-acrylate-modified β‐CD as the host unit and
2‐(2‐(2‐(2‐(adamantyl‐1‐oxy)ethoxy)ethoxy)ethoxy) ethanol acrylate as
the guest unit [182]. After complexion in the reaction media, the
polymerization of the lateral groups provided the polymer backbones
with well-orientated host-guest interactions. Such an approach

prevented steric‐hindrance, optimized the host–guest inclusion, and
created highly crosslinked hydrogels [182]. This strategy may allow
erosion-controlled delivery of a number of proteins, antibodies, DNA,
and siRNA from these modified hydrogels.

The polymer mesh can not only limit the efflux, as suggested earlier,
but also the influx of macromolecules [183]. This property has con-
trolled reaction-diffusion degradation mechanisms, such as those
mediated by enzyme [183] that may modulate the drug release of
macromolecules. Moreover, adjusting the polymer mesh shows

Fig. 8. Flowchat of methods of drug-loaded scaffolds preparation.

Table 1
General methods of drug encapsulation and their most common influence on drug release.

Type Drug-matrix
interaction

Common drug-loading
capacitya

Drug distribution into
matrix

Common behavior of drug
Release

Main factors that affect the drug
release

Blending Physically favourable High Homogeneous Sustained/controlled Physical-chemistry drug-matrix
interaction;
Degree of crosslink;
Wettability;
Surface area-to-volume ratio;
Degradation of matrix;
Drug size

Physically
unfavorable

Low to Medium Heterogeneous Initial burst release

Site-specific Highb Heterogeneous Sustained/controlled Degree of crosslink;
Wettability;
Surface area-to-volume ratio;
Force of interaction;
Degradation of matrix

Soaking-load Physically favorable Medium to high Heterogeneousd Controlled Physical-chemistry drug-matrix
interaction;
Degradation of matrix

Physically
unfavorable

Low Homogeneousd Burst/rapid release Force of interaction;
Degradation of matrix

Site-specific Highb Heterogeneous Controlled
Drug-polymer conjugation Covalent Highc Heterogeneous On-demand/slow and

extended drug release
Cleavage of spacer;
Degradation of matrix

a Metric relative to the efficiency of the other polymer scaffolds.
b Variable as a function of number of active sites per unit of surface area.
c Simply tuned by adjusting the number of reactive sites in the polymer backbone.
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potential in the matching of the matrix degradation kinetic with the
rate of tissue regeneration [126].

6.3. Drug-matrix interaction

6.3.1. Physical interaction
Polymer and drug molecules can interact at physical and chemical

levels by the van der Waals interactions, hydrogen bonds, electrostatic
interactions, and covalent bonds, among others. With respect to un-
favorable drug-matrix interactions, an intensified initial burst release is
common as a result of the more interfacial distribution of the drug in
the scaffolds, as well as the crystalline phases of the drugs in the scaf-
fold. The crystalline phases can also be a result of poor drug solubility
in the solvent that is used to fabricate the drug-loaded scaffold, as
discussed earlier. The solubilization of these aggregates in physiological
mediums creates pores at the scaffold surface (Fig. 9) [184]. These
pores intensify the bulk drug release due to enhancement in the water
infiltration within the scaffolds. This bursts the drug release.

Conversely, stronger physical or specific interactions yield lower
drug release rates [185]. Thus, adding functional groups of association
with the drug on the polymer backbone is a smart strategy to decrease
the release rate of actives. As an example, drugs that present high af-
finities to hosts (such as β‐CD) can have their release controlled by
inclusion complexes [186]. Joshua et al. (2015) evaluated the affinity
of molecules for β‐CD-HA using L-tryptophan as a drug model [186].
Non-significant association was observed using unmodified HA. Con-
versely, L-tryptophan exhibited high affinity to β‐CD-HA with an as-
sociation constant (Ka) of 1.6 × 104 ± 2.9 × 103 M−1 to HA func-
tionalized (around 35%) with β‐CD. As a result, the mobility of a
peptide containing tryptophan residue, GKWEWKWE-FITC (3 W), de-
creased in the bulk of the hydrogel as the β‐CD content increased. When
the tryptophan residue was removed, the diffusion of 3 W significantly
increased. The authors demonstrated that the cumulative release after
24 h decreased from 90% to 20%, while changing from unmodified to
functionalized HA. A similar β‐CD effect was even observed for dox-
orubucin and doxycycline, being more pronounced for doxycycline due
to its higher affinity for β‐CD [186]. On the same principle, the release
of compounds that present affinity to β-CD (including imazalil [187],
curcumin [188], resveratrol [189], α-mangostin [190], carvacrol
[191], olsalazine [192], camptothecin [193], and caffeic acids [194])
could be modulated with a similar strategy. With the same objective,
other specific interactions have been explored, such as BMP-2/sulfo-
nated chitosan [162].

Most of the blends discussed above have yields that busted,

controlled, or sustained the drug release profile. Conversely, some
diseases need an on-demand release. This is typically due to processes
of temporal physiological changes. For this reason, nonuniform drug
delivery can be preferred instead of continuous ones in some cases.

6.3.2. Chemical interaction
Biodegradable spacers that link drugs to polymers allow for a well-

located cleavage for drug releases that are free of polymer residues. In
these cases, the drug release rate is controlled by the kinetics of the
cleavage of such groups. Moreover, these groups enable the possibility
of drug release in a responsive way to enzymes, redox species, pH, and
light, among others. In the case of in vitro drug release, Parka et al.
(2019) demonstrated that the cleavage at the ester spacer was re-
sponsible for a quicker release when catalyzed in a basic medium
compared to the neutral aqueous solution.

In the absence of a biodegradable spacer or when the cleavage of the
spacer is not facilitated in physiological media, the release of drugs may
be governed by the degradation of the matrix [195]. Thus, the drug
release rate will be a function of the nature of the polymer, which can
occur over several years. As an example, the PCL presents a slow de-
gradation rate of around two to three years before being excreted
through urine and feces (without cumulating in organs) [196]. A
variety of products can be used in these cases, such as conjugated drug-
oligomers [165]. A detailed understanding of these products is needed
for the control of adverse drug effects, including in vivo cytotoxicity.

To summarize the discussion above, Fig. 10 shows the factors that
affect the drug release from polymer hydrogels. As described pre-
viously, most of the concepts are also valid with other polymer scaffolds
forms. Beyond these variables, a number of other modifications of the
polymer units can be used to tune the release rate, as well as to trigger
the release by biological or external factors. Moreover, changing a
range of characteristics of the scaffolds (such as SSA and biodegrad-
ability) can be used to tune the release rates of the drugs. The following
topics describe a number of current strategies employed for modulating
drug release rates by polymer scaffolds.

7. Modulating the drug release

7.1. Polymer blends

Without chemical functionalization, the optimization of the desired
release profile and drug solubility can become difficult in systems with
unique backbone polymer-types, despite the variety of polymers cur-
rently employed in scaffolds for drug delivery. Thus, polymer blends are

Fig. 9. SEM cross section images of PLA scaffold (A) before and (B) after drug release. Reprinted from Ref. [184] with the permission of Elsevier. (Reprinted from
International Journal of Pharmaceutics, Vol 548, Authors Jingjunjiao Long, Ashveen V. Nand, Sudip Ray, Sam Mayhew, David White, Craig R. Bunt, Ali Seyfoddin,
Title of article Development of customised 3D printed biodegradable projectile for administrating extended-release contraceptive to wildlife, Pages No. 349–356,
Copyright (2018), with permission from Elsevier.)
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convenient physical modifications to mix the properties of different
polymers (in ideal mixtures) or even to generate novel properties (in
non-ideal mixtures) [197,198]. Simple binary polymer blends are
common in the fabrication of scaffolds and possible for some compa-
tible pairs of polymers within a range of proportion. Ternary blends are
also used [198], but with less frequency. This is because they may ex-
hibit more complex phase separations [199]. These separations can
create drawbacks for their use in some conditions. To avoid experi-
mental complications, previous evaluations of the miscibility of the
polymers using mathematical theories (such as Hansen’s solubility
parameters) are encouraged [200].

As a miscible binary mixture, hydrophobic-hydrophobic polymer
blends are simple and smart strategies for modulating erosion-based
drug delivery. This is useful to allow for the controlled release of

macromolecules that cannot diffuse throughout the polymer matrix.
Moreover, this strategy can tune the scaffold biodegradation with the
finite time of therapy, avoiding a second surgical intervention to re-
move it. In these cases, it is important that their biomechanical integrity
supports the new tissue, especially in the early stages of growth. They
need to present a kinetic of degradation aligned to the rate of tissue
regeneration, with complete dissolution and absorption by the body at
the time of the cure. If a concomitant specific drug delivery profile is
desired, this optimal degradation rate should be modulated in an at-
tempt to align with both the regeneration rate and drug release kinetic.
One smart approach of hydrophobic blends is to use compatible syn-
thetic polymers, such as PLA, PGA, PLGA, and PCL that present dif-
ferent degradation rates. As an example, the PLGA content increased
the degradation rate of electrospun PCL/PLGA, as well as promoted cell

Fig. 10. Illustration of drug release modes by hydrogels at different drug sizes and drug-polymer interactions.
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infiltration in vivo [201].
Compatible hydrophilic-hydrophobic polymer blends can optimize

the drug release and improve the drug-matrix compatibility. Drug re-
lease rates can be enhanced as the hydrophilic fraction increases in
these blends. The electrospun compatible Chitosan/PMMA blends
yielded a sustained release of ciprofloxacin as a function of chitosan
content, in other words, the hydrophilicity of the scaffold [177]. In-
terestingly, the hydrophilic polymer also plays a role on the dissolution
rate of poor water-soluble drugs in blends. The blends are more efficient
than simple hydrophobic scaffolds because of the hydrogen bonding
between the drugs and the hydrophilic polymers [202].

Incompatible hydrophilic-hydrophobic polymer blends lead to pore-
forming scaffolds. Low fractions of the hydrophilic polymer segregate
themselves into several nuclei throughout a hydrophobic polymer ma-
trix. In physiological media, they can be hydrated and/or solubilized.
This allows for the water influx, which enhances desorption and the
release of the drug. The role of hydrophilic polymers into hydrophobic
scaffolds was evaluated using electrospun examples comprised of PEO/
PMMA (10% PEO) and PVA/PMMA (<15% PVA) throughout the
loading of ciprofloxacin [177]. For PEO/PMMA, their incompatibility
segregated them into the nucleus of PEO throughout the PMMA matrix.
In the physiological medium, the PEO was leaching, creating pores, and
bursting the drug release. Thus, approximately 70% of ciprofloxacin
was released in the first day. As PEO and PMMA did not form a
homogeneous matrix, the remaining ciprofloxacin was embedded in the
PMMA phase and was not released even after 17 days. PVA also yielded
a burst release of ciprofloxacin, but the release was different than the
PEO/PMMA blend. With PVA, there was a complete release as a result
of the better miscibility of the polymers. Also, the lower solubility of
PVA in water compared to PEO led to a more controlled release of over
17 days.

Targeting to optimize mechanical properties and the toughness of
the final product, a variety of polymer blends have been explored
[203]. Optimization processes have also been used to improve the
printability of polymer inks in 3DP, as well as to modulate their drug
release [204]. Conversely, blends are inefficient in providing an on-
demand release, typically due to the lack of sensitivity to external
agents. However, a variety of treatments can benefit from nonuniform
drug delivery rather than a continuous one.

7.2. Responsive polymer scaffolds

The on-demand release can be obtained by using responsive
polymer scaffolds. They are platforms of drugs or cell releases con-
trolled by biological or external stimuli known as triggers [205]. The
most common biological triggers are local pHs, oxidation–reduction
endogenous agents, and enzymes. Ultrasound, light, and the magnetic
fields constitute the most common external triggers used to date. Cur-
rently, there are a number of polymers that are intrinsically responsive
to such stimuli. Moreover, stimuli-sensitive structures can emerge even
in non-responsive polymers, typically through a variety of blends with
stimuli-sensitive nanoparticles, surface modifications of pre-formed
scaffolds (including crosslinking with thermoresponsive moieties), and
coated approaches. In the next topics, some of the most current scaffold
applications for responsive or on-demand drug release systems will be
explored.

7.2.1. Internally triggered
7.2.1.1. pH. Though the development of rapid-response scaffolds
under biological triggers is challenging, functionalized polymers hold
great promise concerning sensitivity to internal stimuli. Anna and
Katarina (2018) have employed palladium-catalyzed oxidative
carbonylation to develop pH-responsive hydrogels [206,207]. This
imine-functionalized chitosan–palladium macrogel provided a pH-
controlled pulsed release of fluorescein in homogeneous media. Based
on chemical oscillators, an oscillatory mode of the diffusion-governed

release of fluorescein was observed, which was fully matched with
oscillations of pH [206]. Such a system may even be applied in cancer
treatment due to the fact that the tumor microenvironment is
frequently more acidic than in normal tissue. Another characteristic
of neoplastic tissue is their higher levels of reactive oxygen species
(ROS). This feature can be explored as a biological trigger for the on-
demand release of anti-cancer drugs in the neoplastic environment.

7.2.1.2. Reactive oxygen species. ROS are oxygen-based species present
in the cellular environment. They serve as indirect modulators of cell
signaling pathways and homeostasis, typically due to their reactivity
under normal and physiological conditions. Examples of biologically
relevant ROS are hydrogen (H•), hydrogen peroxide (H2O2), singlet
oxygen (1O2), hydroxyl (HO•), organic peroxides (ROOH), superoxide
(O2%−), peroxyls (RO2%), peroxynitrite (ONOO−), and Alkoxyl (RO%)

[208]. In the biological context, the ROS level is regulated by a number
of enzymes and antioxidants. The imbalance between ROS and the
cellular antioxidant factors results in structural damage in normal cells,
commonly known as oxidative stress. Conversely, malignant tissue
takes advantage of the oxidative milieu to promote tumor progression.

Targeting ROS-responsive scaffold, Wang et al. (2018) designed an
PVA-TSPBA (N1-(4-boronobenzyl)-N3-(4-boronophenyl)-N1,N1,N3,N3-
tetramethylpropane-1,3-diaminium) scaffold loading gemcitabine and
anti–PD-L1 blocking antibody (aPDL1) [209]. The ROS-labile linker
TSPBA was synthesized through the quaternization reaction of
N1,N1,N3,N3-tetramethylpropane-1,3-diamine in the presence of 4-
(bromomethyl)phenylboronic acid. The PVA-TSPBA crosslink network
was quickly obtained by a simple mixture process, typically through the
spontaneous meeting of two phenylboronic acids from TSPBA with diol
groups of PVA. In aqueous solution at 37 °C, the scaffold showed a
higher delivery rate (than in neutral condition) of gemcitabine and
aPDL1 in the presence of 1.0 mM of H2O2, which pointed to some de-
gradability stimulated by ROS. In healthy mice, the self-healing struc-
ture was completely degraded after approximately 21 days. Against
tumor-induced mice, tumor regression was reported to both 4 T1 breast
tumors and B16F10 melanoma at a low PD-L1 expression cell line
(Fig. 11).

Gupta et al. (2014) synthesized an ROS-sensitive polymer of archi-
tecture triblock ABC comprising poly-[(propylenesulfide)-block non-
self-healing-(N,N-dimethylacrylamide)-block-(N-isopropylacrylamide)]
(PPS-b-PDMA-b-PNIPAAm) [210]. Because of the thermoresponsivity of
PNIPAAm, it was possible to inject a PPS-b-PDMA-b-PNIPAAm polymer
solution in vivo to form in situ physical hydrogels. The injectable can
reduce the local inflammation due to the ROS-scavenging properties of
such a polymer [209]. This provides cell-protective action against
oxidative stress.

7.2.1.3. Reducing agent. Glutathione (GSH) is a reducing agent
abundant in almost all animal cells. With respect to cancer, the
elevated levels of glutathione play a protective role and create
resistance to a number of chemotherapeutic drugs [211,212]. New
polymers have been designed for sensitivity to glutathione to act as
triggers for drug release. Diblock PCLDMA-BACy (Poly(ε-caprolactone)
dimethacrylate-bisacryloylcystamine) gels of different PCLDMA/BACy
ratios were soaked with levofloxacin, a drug of small molar mass
(Mw = 370 Da). In PBS, the levofloxacin release rate showed an initial
burst followed by a slower phase, with a cumulative release of less than
20% after approximately 30 days. Conversely, the presence of
glutathione led to the release of more than 80% after approximately
120 h, being more pronounced to the gel with greater BACy content.
This study suggested that the presence of glutathione in situ can trigger
the drug release from such gels [213]. Glutathione-mediated hydrogel
degradation has also been obtained through covalent disulfide
crosslinks, because there is cleavage via the reaction of reduction.
They have been used for on-demand releases of chemotherapy drugs
[214], proteins [215], living cells [216], or to generate degradation
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products of antioxidant properties [217].

7.2.2. Externally trigged release
7.2.2.1. Temperature. Another way to control the drug release is to use
thermoresponsive polymers. These compounds can be explored to cover
the pores of the scaffolds in temperatures above their LCST, hindering
the diffusion of the loaded drug. Using this strategy, the
thermoresponsive capacities of scaffolds comprised of chitosan,
collagen, and their blended scaffolds have been achieved by
crosslinking glutaraldehyde followed by coating with poly(N,N′-
diethylacrylamide) (PDEAAm). This exhibits an LCST between 32 °C
and 35 °C [22]. This causes a change from a more hydrophilic character
in an expanded coil conformation below the LCST to a higher
hydrophobic compact globule conformation above the LCST, such as
body temperature. As a proof-of-concept of temperature-mediated
release, ibuprofen presented a staircase profile of cumulative release
for cycles of temperature exchange between 25 °C and 37 °C. This
system seems to be even more attractive in controlling the delivery of
molecules of high molar masses due to a better control of diffusion
throughout the hydrogel layers, as demonstrated using bovine serum
albumin [218].

The on-demand release by temperature may need to be optimized
for the LCST of polymers through chemical modifications. Adding hy-
drophilic moieties, the LCST enhances but lowers as the hydrophobicity
of the moiety increases. The polymer PNIPAm exhibits an LCST of ap-
proximately 32 °C, as previously mentioned [219]. Wang et al. (2013)
have copolymerized NIPAAm monomers with both hydrophilic acry-
lamide (AAm) and graphene oxide (GO), which led to a PNIPAAm
(97.5%)-PAAm(2.5%)-GO hydrogel with an LCST of 39.0 °C [220]. The
thermoresponsive hydrogel was used to efficiently capture human
umbilical vein endothelial cells and provide cell releases triggered by
near-infrared light in a reversible manner. On the contrary, the addition
of more hydrophobic moieties into the PNIPAAm structure decreased
LCST values. As an example, Gan et al. (2016) recently designed a
PNIPAAm structure linked to the hydrophobic PCLDMA and hydro-
philic BACy moieties at different PCLDMA/BACy ratios [213]. The
LCST of the PNIPAm-co-PCLDMA-co-BACy copolymers was shown to
decrease with an increase in PCLDMA. Other PNIPAm-based scaffolds
have been used for cell alignment [221], osteogenic differentiation
[222], wound healing [223], and bone regeneration [224].

7.2.2.2. Light-induced temperature. To increase local temperature and
achieve the LCST of the PNIPAm, magnetic nanoparticles can be used as
triggers [225]. Such nanoparticles can promote local heating under
irradiation by surface plasmon effects. Specific production methods can
provide nanoparticles that absorb in a range of wavelengths with high

tissue transition capacity. This is needed for biological applications.
Beyond a phase transition effect, when combined, scaffolds loading
magnetic nanoparticles can suffer physical collapse under irradiation.
This led to the on-demand release of vancomycin (an antibiotic) from
gold-based nanoparticles-loaded PNIPAm scaffolds resulting in efficient
inhibition of staphylococcus epidermidis [226]. Such an approach could
be explored to provide local on-demand delivery of a variety of
antibiotics and other drugs.

7.2.2.3. Electric. Polypyrrole (PPy) is a conducting polymer that is
useful for electrical devices and clinical applications. This is due to its
biocompatibility and ease for polymerization. PPy electrically
deposited above a polymethylmethacrylate template provides a
porous PPy thin film with electrically stimulated drug delivery
properties. Although a passive and sustained release profile was
present, the active delivery of dexamethasone (a corticosteroid/anti-
inflammatory drug) was significantly trigged by the application
of + 0.6 V or –0.6 V and 0.5 Hz, with a staircase profile of
cumulative release following several on-off electrical cycles [227].

7.2.2.4. Ultrasound. Ultrasound is the best provider of high spatial
precision of drug deposition into the desired tissue by trigger
approaches [228]. The propagation of ultrasound waves throughout
the body can lead to variations in local pressure, cavitation, acoustic
fluid streaming, and local hyperthermia [228]. For such effects, the
application of the ultrasound alone has been consolidated as an efficient
strategy to enhance drug penetration or cellular uptake mediated by a
resulting effect known as sonoporation [229,230]. Its mechanical and
thermal effects over DDS have been explored to provide localized drug
release [228]. The effects of ultrasounds were evaluated over the
release of fluorescein from a PLGA hydrogel. For this purpose,
approximately 50 mg of PLGA/NMP hydrogel-loading fluorescein
were directly injected into tissue-mimicking poly(acrylamide) gel
phantoms as drug models. When treated with 2.2 W/cm2 (for 10 min
each day), the phantom exhibited a greater distribution of fluorescein
when compared with the control, especially from day two to day 10.
The evaluation of the fluorescence of fluorescein (near 0.2 cm from the
center of the implants) showed intensity increases of 2.4, 6.0, 2.0, and
1.7-fold compared with the control after days three, five, seven, and 10,
respectively. In addition, hydrogels under 0.7 W/cm2 or heated at 42 °C
did not show significant differences against the control [231].

8. Applications

Drug delivery polymer scaffolds have been studied against a range
of diseases. These include (but are not limited to) cancer,

Fig. 11. In vivo bioluminescence imaging of the B16F10 tumor within three representative mice in control and treated groups with local gel scaffold loading of
different active compounds. Reproduced from Ref. [209] with permission from American Association for the Advancement of Science.
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cardiovascular diseases, arthritis, Alzheimer’s disease, and epilepsy. A
variety of them are listed in Table 2. Also, the evolution of the pro-
duction of polymer scaffolds for use in the pharmaceutical field has
exhibited much promise in the control of the release of a broad spec-
trum of active compounds with antimicrobial, antifungal, and anti-in-
flammatory properties, as well as in the delivery of osteogenic and
angiogenic factors in regenerative medicine. This will be described in
the following topics.

8.1. Antimicrobial scaffolds

Despite advances in medical procedure, post-surgery complications
have occurred in some implants. Infections by opportunistic pathogens
are one of the most common and dangerous complications associated
with the use of implant devices, including polymer scaffolds. Among
bacteria genus, Staphylococcus is the most frequently involved in or-
thopedic infection. Pseudomonas, Enterococcus, Streptococcus, and
Enterobacteriaceae family have also been isolated from patients with
such implants [232]. Such infections have emerged despite the ad-
vancement of the technology of medical devices. They currently cor-
respond to 25.6% of healthcare-associated infections in the United
States [233,234]. This is even more problematic in devices that remain
for a long period of time in the body, such as long-term drug delivery
scaffolds or prosthesis. Tissue infections cause failure of the devices
along with chronic disease, and lead to the necessity for implant re-
placement. Sometimes, treatment difficulties are caused by anti-
microbial resistance [235]. To avoid these complications or to target
other therapies, a number of scaffolds can carry and deliver in situ an-
tibiotics.

Antimicrobial agents interrupt the life cycle of a microorganism by
either inhibiting its growth or its division mechanism and cell transport
[247]. One of the most serious issues in such an approach is the pre-
sence of antibiotic resistance. This is caused by the adaptive response of
microorganisms that become tolerant to a certain amount of drug that
would normally be effective. Such an occurrence has frequently made a
number of potent antibiotics completely obsolete [248,249].

Controlled drug delivery shows promise as a method to decrease the
induction of antibiotic resistance mainly by decreasing the fluctuation
of the drug level in the plasma. While targeting the controlled release of
curcumin, a natural drug with high antimicrobial activity, Sedghi and
Shaabani (2016) provided the first core-shell nanofiber-based mem-
brane comprised of a polymer-free curcumin core and a PVA-chitosan
shell by the coaxial spinneret electrospinning technique. Concerning
the release of curcumin, they showed that the core/shell arrangement
limited the initial burst release, enhancing the sustainability of cur-
cumin by overcoming its short half-life when compared with that of
blended nanofibers. Related to antimicrobial activity, the high efficacy
of the core/shell arrangement was obtained against methicillin-re-
sistant Staphylococcus aureus and Staphylococcus epidermidis [95],
showing considerable promise in multidrug-resistant organism treat-
ment.

An intricate membrane was developed by Xue et al. (2015). It was
composed of halloysite nanotube-loaded PCL/gelatin microfibers, and it
was used to load and release metronidazole in a controlled manner
[246]. Metronidazole-loaded nanotubes of 50 nm and 600 nm of dia-
meter and length, respectively, were aligned within the 400-nm dia-
meter electrospun fibers, resulting in an extended release (> 20 days)
of metronidazole when compared to traditional PCL/gelatin microfibers
(four days). The controlled release of the drug prevented anaerobic
Fusobacteria colonization but permitted eukaryotic cell adhesion and
proliferation throughout the following days. Another interesting elec-
trospun scaffold was synthesized by incorporating thermally exfoliated
graphene oxide (TEGO) as an antimicrobial agent into a three-dimen-
sional fluorinated pentablock poly(L-lactide-co-e-caprolactone)-based
scaffold [250]. The authors specifically addressed the significance of
the surface-oxygen functional groups in the antimicrobial properties of

graphene sheets. Results demonstrated that the thermal treatment of
GO (with a low density of oxygen), affected the original graphene an-
timicrobial properties and inhibited antimicrobial activity in vitro. This
was important in identifying bacterial growth inhibition conditions
related to surface composition in graphene antimicrobial scaffolds.

Another important application of polymer scaffolds for anti-
microbial purposes involves dressings for burn injuries, considering
that this type of injury is highly exposed to infections, specifically those
caused by antibiotic resistant bacteria. A recent study synthesized and
evaluated dopamine-loaded electrospun gelatin nanofibers. Increasing
dopamine concentrations seemed to increase the diameter of the fibers
and promote intermolecular interaction, whereas the crosslinking after-
treatment with (NH4)2CO3 did not affect biocompatibility. A matrix
with 2% pDA (polydopamine) was loaded with polyhydroxy anti-
microbials to promote hydrogen bonding interactions and the con-
trolled release of the drug. A weak inhibitory effect was only observed
against Gram-positive strains. Kinetic release results indicated that a
complete retention of antimicrobial activity was achieved for more than
20 days at a relatively low concentration of the drug (0.5% w/w). Based
on these findings, a wound-dressing prototype was created in-
corporating vancomycin into the gel pDA mats, and its efficacy was
tested using an animal model that simulated the pathophysiology of
burn wounds in humans. Burn wounds treated with this prototype
displayed higher keratinization and increased wound closure when
compared with untreated wounds. This suggested a decrease in the
number of inflammatory cells, an increase in fluid absorption during
the early stages of healing, and an enhanced re-epithelialization rate
[195].

Other studies have explored the antibacterial activity of drugs re-
leased by fibers, including the activity of ampicillin-loaded PCL nano-
fibers against Streptococcus sanguinis [237], ciprofloxacin-loaded poly-
dioxanone nanofibers against Enterococcus faecalis [236], levofloxacin-
loaded PCL-based nanofibers against S. aureus and E. coli [251], and
pure polymer-based fibers, such as chitosan with NHS groups im-
mobilized on PCL fibers [252].

8.2. Antifungal scaffolds

Similar to bacteria, antifungal approaches have received the atten-
tion of researchers of polymer scaffold-based materials in the last few
years. Against oral candidiasis (the most common opportunistic infec-
tion in the human immunodeficiency virus), polymer scaffolds have
advantages when compared to approved tablets or gel, as they are more
flexible, less removed by saliva, and offer protection for the wounded
mucosa [103]. Tejada et al. (2017) produced miconazole nitrate-loaded
polymer films composed of chitosan, carbopol, gelatin, gum arabic, and
alginate. Among them, chitosan/carbopol-based and chitosan/gelatin-
based scaffolds showed valuable mechanical properties and adhesive-
ness, as well as superior in vitro activity against the Candida genus,
when compared with miconazole nitrate raw material. Another study
using a clotrimazole-loaded melt co-extruded PCL-based fiber demon-
strated in vitro extended antifungal activity in front of electrospun
samples against Aspergillus fumigatus, Candida albicans, and Tricho-
phyton mentagrophytes [242]. The antifungal activity of the scaffold
was also demonstrated and compared to controls in a mouse model.

8.3. Anti-inflammatory scaffolds

Inflammation is a necessary process in human health, for example,
in the early stages of the wound healing process. Acute inflammation
indicates a physiological response that occurs in vascularized tissues to
defend the host from pathogens, foreign bodies, injuries, and to main-
tain homeostasis. To stay healthy, both the initiation of acute in-
flammation and its resolution must be efficient. Otherwise, inflamma-
tion could be reduced by the use of external agents or drugs [253]. In a
normal healing process, spinal laminectomy leads to epidural adhesion
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formation with pain in the range of 5% to 30% of patients [254]. The
early stage of laminectomy is responsible for a significant inflammatory
reaction. Shi et al. (2019) have proposed the use of a double-layered
electrospun nanofiber membrane based on PCL/chitosan blends to
prevent epidural adhesion and reduce the inflammation reaction [244].
The layer was in contact with a vertebral-induced rabbit defect, with
the inner layer loaded with meloxicam and a nonsteroidal anti-in-
flammatory drug to prevent an inflammatory reaction. The outer layer,
in contact with fibroblasts, was loaded with mitomycin C, an anti-tumor
antibiotic that has been used to prevent adhesion formation [255]. This
dual system significantly reduced inflammation and prevented epidural
adhesion formation in the rabbit model.

For anti-inflammatory applications, natural polymers represent an
important class of biomaterials. They feature good biocompatibility,
which may induce a low inflammatory response after implantation in
the body. These biomaterials can be classified among those with anti-
inflammatory properties or that serve as DDS for an anti-inflammatory
agent [256]. In the first category (biomaterials with intrinsic anti-in-
flammatory properties), some polysaccharides are highlighted for their
beneficial properties, such as chitosan and chitooligosaccharides (COS)
[256]. COS showed anti-inflammatory action when tested in paw
edema in mice, which increased with the molecular weight. This de-
monstrated that the COS effect was dependent on the dose and mole-
cular weight [257]. Mechanisms of COS anti-inflammatory action have
been studied based on their ROS-scavenging properties [258]. Simi-
larly, HA hydrogels have been widely studied due to their anti-in-
flammatory nature, especially with regard to regeneration applied to
burn wounds [256]. PEG and its nano-conjugated derivatives are also
commonly used, safe, nonimmunogenic molecules with anti-in-
flammatory properties.

In addition to natural polymers, low-molecular-weight PEG may
potentially play a role in the therapy of systemic inflammation and
sepsis [24]. Other synthetic polymer scaffolds are developed as delivery
systems incorporated with anti-inflammatory drugs. PLGA scaffolds
have been reported with a variety of incorporated drugs. For instance,
the incorporation of stromal cell-derived factor-1 alpha (SDF-1α) into
PLGA scaffolds was reduced locally to improve both the tissue response
and regenerative potential in mice [256]. Kim and colleagues (2018)
fabricated scaffolds using Mg(OH)2-incorporated PLGA copolymer
(MH-PLGA) and tested the anti-inflammatory effect and renal re-
generation potency in mouse kidneys, and compared it to the effect of
PLGA alone [259]. The MH-PLGA scaffold group showed lower ex-
pression of pro-inflammatory and fibrotic factors, low immune cell in-
filtration, and significantly higher expression of anti-inflammatory
factors and renal-differentiation-related genes when compared with the
PLGA scaffold group. This indicates high renal regeneration potency.
Murphy and colleagues (2018) investigated resveratrol delivery from
porous PLGA scaffolds designed to integrate with adipose tissue [243].
Resveratrol also decreases inflammation associated with biomaterial
implants in bone, cartilage, and vasculature. They concluded that re-
sveratrol delivery from scaffolds can induce an anti-inflammatory re-
sponse in pro-inflammatory environments, including adipocytes, re-
vealing a promising therapeutic strategy for the treatment of adipose
tissue inflammation that drives metabolic disease.

Zachman and colleagues (2013) proposed a promising approach for
improving soft tissue regeneration (blood vessel and heart muscle)
when inflammatory diseases, such as ischemic tissue fibrosis and
atherosclerosis, limit the regeneration process [260]. Porous scaffolds
were tuned to meet the requirements for soft tissue regeneration by
employing tyrosine-derived combinatorial polymers with polyethylene
glycol crosslinkers. Another approach was the use of the technique of
substrate-anchored and degradation-sensitive coatings. Wu and collea-
gues (2015) studied anti-inflammatory biodegradable implant materials
using PLA/hydroxyapatite as an implant material model loaded with an
anti-inflammatory drug to suppress the local inflammation caused by
the degradation of implant materials [261]. Other examples are the

PLLA scaffold release of ibuprofen to decrease inflammatory responses
and improve muscle regeneration, and dexamethasone-incorporated
hydrogels that reduce the inflammatory response in lipopolysaccharide-
stimulated primary mouse macrophages in vitro. Though potential de-
livery systems have been reported, only a few anti-inflammatory drug
delivery materials are currently used in clinics. One of these is a system
for sustained delivery of dexamethasone with promising results for
edema and inflammation control [256].

8.4. Tissue repair scaffolds

Though advances have been made on the prevention of post-surgery
complications through inflammation-mediation (as discussed above),
the regeneration of complex tissues and organs remains an important
scientific challenge. The use of various BMP-loaded scaffolds have
shown to be an effective way of overcoming challenges in several types
of bone regeneration processes (including spine fusions with INFUSE®).
Such examples have stimulated research in the last few decades. Bone
regeneration is a multifaceted process comprised of a temporospatial
sequence of biological events that involve several signaling pathways
and different cell types for bone and neovasculature formation [262]. In
such processes, growth factors (GF) play an important role in in-
formation transfer between cells and their microenvironment in tissue
engineering and regeneration, while angiogenic factors stimulate the
formation of vasculature responsible for oxygen and nutrient transport
into the new tissue. They are proteins and peptides, usually exhibiting
short half-lives. They should be present above a certain concentration in
vivo. Indeed, optimized release rates in situ have been demonstrated to
be one of the most important factors for a successful bone regeneration
outcome [263]. Therefore, the incorporation of GF into scaffolds of
tunable releases is being explored to provide a background capable of
accelerating tissue regeneration. It is important to know that the me-
chanical properties of scaffolds may be reduced as the drug release
increases [264], which is a point that must be considered in some cases.

In regenerative medicine, polymer-based scaffolds have been ex-
plored to load and deliver GFs, including BMP-s and basic fibroblast
growth factors (bFGF) [15,17]. The first polymer delivery system was
developed by mixing the GFs in an albumin gel. Other synthetic hy-
drogel matrices include PVA and PEG [265]. Some studies have focused
on techniques to improve the incorporation of GFs in delivery systems
to increase effectiveness during tissue regeneration. One of these
techniques consists of protein immobilization combined with nanoma-
terial carriers. A recent review paper (2017) evaluated the latest tech-
niques in direct immobilization and relevant biomaterials used for GF
loading and release, including synthetic polymers, albumin, poly-
saccharides, lipids, mesoporous silica-based nanoparticles (NPs), and
polymer capsules [266]. They concluded that when delivering GFs to
promote tissue regeneration, the most important factor is to obtain
optimal concentrations and gradients of the suitable GF for precise
spatial/temporal demand. Most of the evaluated delivery systems have
demonstrated enhanced stability and therapeutic potential of the GF
upon immobilization when compared with traditional regenerative
medicine and DDS. Specifically, NP-based GF delivery systems have
demonstrated several advantages due to their high surface area, na-
nostructures, and precise control of multiple proteins, which play pi-
votal roles in the regulation of cellular adhesion, proliferation, differ-
entiation, and extracellular matrix production. A recent study
fabricated a blend of alginate sulfate and PVA scaffolds. The blend was
capable of delivering a heparin-like growth factor and transforming
growth factor-beta1 (TGF-β1). Results demonstrated the binding and
entrapment of TGF-β1 to the nanofibrous scaffolds to deliver growth
factors in tissue engineering applications [267].

The extensive studies in these areas have led to the first FDA ap-
proval of collagen-implant-loading BMP-2 (Medtronic's INFUSE®) in
2002. Researchers have reported excellent fusion rates with the use of
BMP-2 in posterior and anterior lumbar interbody fusion [268–270].
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Despite the fact that INFUSE succeeded, the limited capacity of BMP-2
to provide proper scaffold-infiltrated vascularization in bone re-
generation has hampered other successful scaffold-delivered BMP-2
outcomes. Some of these outcomes have led to fracturing, fibrous tissue
formation, and/or necrose processes in some poorly vascularized
transplants [271]. Moreover, some complications associated with the
use of BMP-2 were reported. Cahill reported ectopic and heterotopic
bone formation, vertebral osteolysis, graft migration and subsidence,
and antibody formation against BMP-2 [272]. The intrinsic in-
flammatory action of BMP has led in some cases (11.3% incidence
among 204 patients) to a clinical condition of postoperative lumbar
radiculitis, without apparent dose dependence [273]. An overview of
the complications concerning the use of BMP-2 was discussed by
Tannoury et al. (2013) [274]. Moreover, in vivo sustained dual delivery
of osteogenic factors BMP-2 and IGF-1 from polymer scaffolds, such as
PLGA/hydroxyapatite scaffold, have exhibited less attractive synergic
effects than those obtained in in vitro assays. This shows promising
synergism related to ALP activity and production of Runx2, OCN, and
OPN [275–277].

The combinations of GFs and angiogenic GFs, such as platelet-de-
rived growth factor (PDGF) and vascular endothelial growth factor
(VEGF), have been studied to achieve synergic effects in vitro and in vivo
with different delivery rates [278–280]. In these strategies, a smart
sequential delivery of angiogenic and osteogenic factors seems to be
essential for expressive synergism. In the last few years, in an attempt to
optimize each biological stage and develop an efficient implant for bone
regeneration, some efforts have been made to design polymer scaffolds
for programmed and sequential deliveries of angiogenic and osteogenic
factors. Hydrogel and microsphere combinations are frequently used in
these scaffolds. Several of these studies evaluated the sequential release
of angiogenic factors followed by osteogenic factors (A/O) and osteo-
genic factors followed by angiogenic factors (O/A).

For the A/O sequence, Bayer et al. (2017) designed a porous three-
dimensional scaffold to release PDGF with overlapping BMP-2 delivery
after five days. For this purpose, an interconnected porous network into
an alginate hydrogel support was provided by the insertion of micro-
spheres comprised of PLGA and calcium phosphate. The alginate hy-
drogel and microsphere composition provided a suitable environment
for the sequential release of PDGF followed by BMP-2. As a result, the
dual scaffold was able to promote differentiation of human mesench-
ymal stem cells toward an osteoblast phenotype to increase cellular
infiltration, as well as up-regulate the alkaline phosphatase (ALP) ex-
pression. Similarly, a dual system comprising BMP-2-loaded micro-
spheres within VEGF-loaded gelatin hydrogel showed an initial 3D
burst release of VEGF and a sustained release of BMP-2 for up to
56 days [281]. The results showed that VEGF synergistically enhanced
ectopic bone formation in the presence of BMP-2, though VEGF was not
efficient when used alone.

Interestingly, compared to BMP-2 alone, neither vascularization nor
a bone formation synergistic effect was seen in the orthotopic defects.
This showed a lack of efficiency in the A/O sequence used for ortho-
topic defects. A more recent study evaluated the effect of the sequential
order of the release of GFs, A/O and O/A using BMP-2 and VEGF as
osteogenic and angiogenic factors, respectively. The study states that
O/A is more efficient in facilitating new bone formation of ectopic bone
in vivo [282].

9. Conclusion and perspectives

This review showed that controlled drug delivery from polymer
scaffolds has emerged and presented potential in the development of
smart therapies with synergic effects on the regeneration of organ and
tissue loss, as well as to treat illnesses, including cancer and cardio-
vascular diseases. In the initial screenings of novel scaffolds, most
studies have focused on physiological media and the in vitro release of
drugs and low molar mass compounds. In more advanced stages,

several drugs have been incorporated onto implants and injectable
polymer scaffolds, and their release kinetics have been evaluated in
vivo. Conversely, the lack of more consistent tests in vitro and in vivo of
the most current scaffolds has created drawbacks to a deeper knowl-
edge of the drug release behavior in biological tissue. This hinders its
advancement in clinical studies. Indeed, only a few results describe the
drug delivery profile from polymer implants in vivo. Even less in-
formation is available concerning the effect of tissue specifications on
the modulations of such kinetic profiles. This results in fewer advances
in the design of patient-specific scaffolds of controlled delivery for
personalized medicine. However, it continues to be a promising ap-
proach for the future.

This review also showed that injectable hydrogels are the most
common form of scaffolds based on studies of local controlled drug
delivery. The main challenge of an injectable is still related to achieving
both optimal mechanical strength and biocompatibility [182]. More-
over, the attempt to optimize the mechanical property with high
crosslinking efficiency has challenges concerning yields due to de-
gradation. This has led to incomplete drug release. In our opinion, this
has been the limiting point of hydrogels and has created drawbacks to
successful clinical outcomes. The authors believe that the development
of other forms of injectable hydrogels, such as forms based on self-
healing approaches, is essential for overcoming the current barriers.
This applies not only to tumor chemotherapy, but also in other bio-
medical research, such as controlled drug delivery of small molar mass
compounds.

Finally, most of the promising findings are related to the novel
polymer scaffolds of multi-species delivery, including co-delivery of
osteogenic and angiogenic factors, as well as anti-inflammatory mole-
cules and immunomodulators (such as antibodies, lentivirus, and nu-
cleic acids). Considering osteogenic factors, such as BMP-2 in bone
regeneration and frequent post-surgery complications, future studies
should focus on safety and restrictions in order to decrease collateral
effects. The authors believe that the scaffolds of the future will present
efficient controls against the formation of bacterial films on surface
scaffolds, as well as minimize the localized tissue response intrinsic to
the current implanted device.
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