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Recently, tissue engineering and regenerative medicine studies have evaluated smart biomaterials as implantable
scaffolds and their interaction with cells for biomedical applications. Porous materials have been used in tissue
engineering as synthetic extracellular matrices, promoting the attachment and migration of host cells to induce the in vitro
regeneration of different tissues. Biomimetic 3D scaffold systems allow control over biophysical and biochemical cues,
modulating the extracellular environment through mechanical, electrical, and biochemical stimulation of cells, driving their
molecular reprogramming. In this review, first we outline the main advantages of using polysaccharides as raw materials
for porous scaffolds, as well as the most common processing pathways to obtain the adequate textural properties,
allowing the integration and attachment of cells. The second approach focuses on the tunable characteristics of the
synthetic matrix, emphasizing the effect of their mechanical properties and the modification with conducting polymers in
the cell response. The use and influence of polysaccharide-based porous materials as drug delivery systems for
biochemical stimulation of cells is also described. Overall, engineered biomaterials are proposed as an effective strategy
to improve in vitro tissue regeneration and future research directions of modified polysaccharide-based materials in the
biomedical field are suggested.
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| 1. Introduction

The number of publications related to the tissue engineering field has increased dramatically in recent years, referring to
the potential regenerative methods and strategies for almost every tissue and organ of the human body. Progress has
been reached by the integration of interdisciplinary research from cell biology, biomaterial sciences, and medical fields .
Specifically, tissue engineering involves the design and synthesis of three-dimensional (3D) matrices from biomaterials to
provide a structural framework and to facilitate the attachment and migration of host cells, inducing a successful in vitro
and in vivo regeneration of tissues [2I[14],

Biomimetic 3D scaffolds may allow the control and application of a multi-stimulus to cells, including mechanical, electrical,
and biochemical stimulations, in order to trigger specific responses, such as cell differentiation and tissue repair RIEIIE]

Tissue regeneration is naturally mediated by molecular processes, which direct gene expression to control renewal,
restoration, and cell proliferation [&l. Nevertheless, normal regeneration is affected by aging, diseases, or accidents 1111,
Thus, the increasing incidence of skin, muscle, and bone disorders, suffered by many people around the world, has

prompted a critical need to develop engineered strategies to improve the replacement and regeneration of biological
materials L1213

While many repair techniques have been proposed over recent decades, most of the surgical interventions have been
directed toward the treatment of clinical symptoms but none have successfully repaired damaged tissues 141,
Consequently, in recent years, tissue engineering and regenerative medicine studies are focused on using the
regenerative abilities of cells, in combination with engineered biomaterials, to create implantable scaffolds for tissue
regeneration and reparation L9,

Porous materials from polysaccharides have been used as extracellular matrices (ECM) in tissue engineering in order to
generate diverse types of cell lineages, promoting regeneration 15181 for instance, in stem cells 14, osteoblasts 18],
skeletal muscle cells 12 and endothelial cells 29. In the biomedical field, aerogels from different sources have found
applications as implantable devices, dressings for wound healing, synthetic bone grafts, carriers for different drugs,
biosensing, and biomedical imaging (€121,



Our review summarizes the current status of smart 3D scaffold systems based on polysaccharides regarding their
production, properties, and potential applications in the biomedical field. Although those topics have been extensively
reviewed in the past, our approach will focus on the potential development of biomimetic 3D scaffold systems including
the physical, mechanical, electrical, and biochemical properties of modified polysaccharide-based aerogels and cryogels.
Moreover, novel research directions of these smart materials, including strategies for the impregnation of drugs and their
subsequent release from porous materials, and modification with conductive polymers were covered to be applied in the
biomedical field.

| 2. Processing Strategies for Polysaccharide-Based Aerogels

Diverse strategies have been used to obtain polysaccharide-based aerogels. The sol-gel method is commonly reported as
an initial step in the processing pathways for organic or inorganic materials 22, In the sol-gel process, a hydrogel
formation is induced by crosslinking of the base material. Once the hydrogel is formed, it is necessary to select the drying
method to be used; materials obtained from supercritical drying are commonly known as aerogels, whereas materials
dried by freeze drying (lyophilization) are known as cryogels [21. Figure 1 illustrates the scheme for supercritical drying
and freeze drying, the most widely used methods in processing porous materials 24
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Figure 1. Pathway for porous materials produced by supercritical drying as well as freeze drying. Modified from 28] under
Creative Commons attribution license.

| 3. Polysaccharide-Based Porous Materials for Tissue Engineering

In recent years, tissue engineering and regenerative medicine studies have been based on the combination of specific
types of cells and 3D porous scaffolds to induce a successful in vitro regeneration of diverse tissues [&E14],

The main efforts on engineered ECM in the biomedical field have been focused on the use and stimulation of pluripotent
stem cells, which are special cells that have the ability to perpetuate themselves through a mechanism of self-renewal and
to generate diverse types of cells through differentiation processes W1SI8I7]  Nevertheless, osteoblasts 18] skeletal
muscle cells 28 and endothelial cells 29 have been also studied.

3.1. Polysaccharide-Based Porous Materials as Extracellular Matrices

An extracellular matrix is an organized network composed by a mixture of cellular and non-cellular components. It plays
an important role in tissue and organ morphogenesis, cell function, and structure maintenance. The biochemical and
mechanical stimulus that cells receive from the matrix influences their growth, migration, differentiation, survival, and
homeostasis [24],

Aerogels, as porous 3D matrices, possess a nanostructure that is able to mimic the extracellular matrix of the natural
tissue, providing a favorable environment for the regeneration of tissues and organs 23, Coupled with high porosity, low
densities, and high inner surface areas, porous materials can provide appropriate morphology engineering, opening the
possibility for their application as synthetic scaffolds for tissue engineering 28!,

A scaffold acts as a template for new tissue formation 24 and its 3D structure guides the proliferation and colonization of
cells, promoting tissue growth 281, The configuration of the scaffold topology is critical in controlling cellular function, it
should match the endogenous topology of the cell membrane in order to enhance signaling and function 2,

The spatial arrangement, porosity, biocompatibility, and proper scale of the ECM are some of the most important features
that must be adjusted for use in nervous tissue, skin, bone, and muscle BY. Nevertheless, several other factors, such as
mechanical properties and chemical modification of scaffolds, significantly influence cellular behavior BB, For example,
recent studies have shown that the cell nucleus works as a fast mechanical respondent in cell contractility events because
of the three-dimensional extracellular matrix restriction environment, inducing deformation and the movement of cells
through the activation of cytosolic phospholipase A, and arachidonic acid, which regulate myosin activity B223] (Figure 2).
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Figure 2. Schematic representation of nuclear deformation and stretching of the nuclear envelope after cell compression

(1), which cause calcium release, phospholipase A, activation, and arachidonic acid production (2), for the regulation of
actomyosin (3) and the increasing of cell migratory capacity through the 3D matrix (4). Reproduced from 23 under
Science Copyright Clearance Center (CCC) license.

3.2. Influence of the Mechanical Properties of the Scaffold in Cells and Tissues Behavior

The main goal of tissue engineering and regenerative medicine is to create strategies for replacing defective tissue. The
use of polymeric scaffolds as extracellular matrices tries to mimic the in vivo host conditions to restore or improve the
regeneration of damaged tissues. An extracellular matrix requires not only pore size control to induce cell adhesion and
the ingress of nutrients and oxygen but also the incorporation of signal molecules, such as growth and differentiation

factors, as well as a proper matrix architecture and mechanical properties to keep the implanted cells alive B4[E3]36][E7][38]
[39]

The mechanical characteristics of a scaffold for in vitro or in vivo cell studies may ultimately impact how the hosted tissue
responds to the scaffold B4, In this regard, the architecture, chemistry, topography, and physical properties of the
employed scaffold as an ECM influence the structure and function of the surrounding tissue. Cells are constantly
subjected to physical forces from their microenvironment. Mechanical properties of the porous materials are indispensable
to determine the viability of a tissue and play a crucial role in cellular phenotype and homeostasis 49 The
mechanoresponsive cells include chondrocytes B2, cardiomyocytes 24, osteoblasts 44, muscle cells 42, endothelial cells
431 stem cells 1, and other tissue connective cells.

Cells may sense physical cues, such as osmotic pressure, shear force, and compression loading, as well as architecture,
rigidity, and other several properties of the ECM, through a process known as mechanotransduction 9. Thus,
mechanotransduction corresponds to the cell capacity to transform a mechanical stimulus into biochemical signals. There
are surface proteins in cell membranes which detect a force differential and then amplify and propagate this mechanical
signal to elicit a change in cell behavior 24140,

Compression and shear stress, caused by the synthetic ECM in a cell culture, transfer mechanical stimulation to the cells
and enhance their biochemical signaling. The upregulation of gene expression and the changes in cellular metabolism
during mechanical stimulation are regulated by mechanically sensitive surface receptors on cell membranes. There are

several proteins related with the mechanotransduction to biochemical events, integrins are the best proteins studied so far
[44]

Scaffold stiffness has been shown to have a significant impact on numerous cells and their fate 1. The stiffness of an
ECM in 2D cell cultures may influence the differentiation pattern of a same cell type; it has been reported that a soft matrix
(0.1-1 kPa) promotes neurogenic differentiation, matrices with a medium stiffness (8-17 kPa) promote myogenic
differentiation, and matrices with high stiffness (25-40 kPa) promote the osteogenic differentiation of mesenchymal stem
cells 2. Several authors have reported that the stiffness of a synthetic ECM induces mechanical stimulation of cells and
the subsequent expression of cellular differentiation markers (8 tissue organization 42, causes the synthesis of
extracellular matrix components B8, changes cell morphology, and improves their adhesion to synthetic scaffolds 28143,
Additionally, the positive inotropic and chronotropic responses to both ion concentration (i.e., calcium, Ca%*) and
temperature after mechanical stimulation of cardiomyocytes are also reported 2.



Complexity of the mechanotransduction induced by integrins is multifaceted as the proteins can form 24 possible
functional distinct dimers and each dimer forms diverse complexes with multiple intracellular adaptor proteins to dictate
the interplay between biochemical and cytoskeletal elements to determine their contribution to cellular mechanoresponses
(381441 Nevertheless, it is well known that efficient force transfer and associated cytoskeleton changes are correlated with
focal adhesion formation, as defined by the recruitment of talin, vinculin, and a-actinin to the stimulated integrin; these
focal adhesion proteins form the molecular bridge that physically interlinks integrins with actin microfilaments [2I71145],

Cytoskeletal changes caused by mechanical stimulation of cells are influenced by several biochemical pathways. It has
been reported that maturation of focal adhesions causes activation of focal adhesion kinase (FAK); the scaffold protein,
associated with adhesion plaque, triggered the Rho-associated protein kinase cascade (ROCK), which enhanced cellular
tension through engagement of actomyosin contractility 2946 ROCK protein involves several downstream signals,
including extracellular signal-regulated kinases (ERKs) and the hippo pathway, which is related with yes-associated
protein 1 (YAP1); both biochemical pathways translocate some activated proteins to the nucleus and associated with
transcriptional factors to regulate cell proliferation, tissue growth, and differentiation, as well as cell migration [331(47]148]
The chronical cellular tension reinforces these downstream signaling pathways to potentiate the production of ECM and
ECM remodeling proteins that stiffen the local microenvironment and reinforce mechanosignaling 22,

Experiments related with the mechanical stimulation of cells have been carried out since 1938, when Glicksmann studied
endosteal cells from embryonic chick tibiae 9. Cells were grown on substrates of explanted intercostal muscle, to which
pairs of neighboring ribs were left attached 49, After several days, cells were compressed when the ribs were drawn near
toward one another as the muscle tissue degenerated.

The mechanical characteristics of scaffolds can be adjusted using adequate dynamic biomaterials in order to create
matrices with an appropriate stiffness to direct specific cellular responses. Mechanical properties of synthetic scaffolds are
also used to design stimulation protocols to induce the controlled release of responsive drugs potentially used for tissue
regeneration.

3.3. Polysaccharide-Based Porous Materials as Scaffolds for Electrical Stimulation of Cells

Another research field of interest is focused on the preparation of electrical systems to induce specific cellular responses.
Diverse tissues (e.g., nerve, muscle, and glandular) make use of endogenous electric fields (EF) to transmit electrical
signals. The endogenously-generated EF exists in both the cytoplasm and extracellular space B4, |onic currents and EFs
in living cells play critical roles in important biological processes as they generate electromotive force, maintain a required
electric potential, and allow some cellular functions BU52 These bioelectric signals are generated by gap junctional
connections and ion channels or pumps moving ions across the membrane [BL53154]

Currently, exogenous electrical stimulation of cells is a widely used method to improve their biological functions. Many
authors have reported the use of nerve 53 pone B8 muscle B4, and neural stem cells 28 because their extensively
recognized piezoelectric characteristics make them attractive for research on the role of exogenous electrical stimulation.

Coupling of an electromagnetic field with a live cell can occur via field interaction with charged molecules and proteins in
the cell membrane B2, It is reported that the application of the EF in a culture medium affects the migration 22, orientation
(691 proliferation, and differentiation of cells [B1I62] Nevertheless, in most cases, it is used specifically to revive damaged
or disabled tissues in the neuromuscular system as well as to accelerate the healing of injured musculoskeletal tissues,
such as bone, ligament, and articular cartilage (507,

In this regard, biomaterials may receive considerable attention for their influence on cellular behaviors, ability to mimic
biological functions, and, more recently, as electronic conductive systems with a potential use as tissue engineering
scaffolds (21631,

Some electroactive materials, such as conductive polymers (CPs) (e.g., poly(3,4-ethylenedioxythiophene) (PEDOT)) are
currently being studied in combination with aerogels or cryogels as a promising field in regenerative medicine (EFigure 3).
Nevertheless, in the past, research studies have extensively used this kind of polymer to create organic conductive
interfaces, neuroprosthetic devices, neural probes, and controlled drug-delivery systems [BI[641[65],



Figure 3. Porous material microtomography (micro-CT) image (a) and aerogel images before (b) and after conductive
polymer (i.e., poly(3,4-ethylenedioxythiophene) (PEDOT)) modification (c). Reproduced from [28168 ynder Elsevier
Copyright Clearance Center (CCC) licenses.

Conductive polymers can be structured with porous systems using different techniques B8NS9 Starch and starch/k-
carrageenan aerogels have been used as templates for the obtention of nanoporous conductive materials 28168 |n the
biomedical field, conductive nanoporous materials have been applied not only as physical support but also as a medium
to provide electrical stimulation of a cell culture. Electrical stimulation in neural cells has shown great potential for function
restoring and wound healing 9,

On the other hand, the incorporation of anionic drugs and k-carrageenan on the structure of starch porous materials is
particularly interesting since both compounds may act as dopant agents for the conductive matrix, as it was shown
recently 26671 Dexamethasone, a well-known glucocorticoid anionic drug, has recently been the object of research
from an electrochemical point of view, regarding its doping properties on conductive matrices /2 and for its ability to be
released by electrochemical stimulation from a PEDOT/k-carrageenan film 22, The above opens the possibility to create
scaffolds from conductive porous materials and the incorporation of specific drugs in their structure to be applied as
stimulation systems in tissue engineering.

3.4. Polysaccharide-Based Porous Materials as Drug-Delivery Systems

One of the main approaches and most relevant applications of biopolymer-based aerogels is their use as drug-delivery
systems 873, The application of these materials as controlled drug-release matrices has gained interest in the last years
due to aerogel properties, such as its high surface area, high porosity, and biocompatibility [Z2]. Aerogels can act as a
carrier for bioactive compounds, showing high loading capacity, enhanced stability upon storage, and accelerated drug
release, if required 4. Along with the high loading capacity, biopolymer-based aerogels also show an improved
dissolution rate of poorly water-soluble drugs .

The biocompatibility of natural polymers along with the outstanding performance of aerogels as carriers for active
compounds, such as drugs, have promoted the systems as scaffolds in body implants to accelerate tissue formation by
providing a suitable porous structure that promotes cell colonization 278 Dijverse authors have also studied the
incorporation of drugs and growth factors to promote the attachment, proliferation, and differentiation of cells, in order to

provide both substitutes for damaged tissues and therapeutic schemes that reduce post-implantation inflammation and
infections [L2Z877](78],

Controllable drug-release systems may be categorized as mechanical methods, which are mainly in vivo implantable
pump delivery systems built from biocompatible nanomaterials 8% and as polymeric drug delivery systems. The last
one makes use of biopolymers, in which the delivery of drugs is mainly dominated via diffusion and recently by
electrochemical methods BY. Hence, the incorporation of drugs within these kinds of porous scaffolds has been studied
previously for osteogenic differentiation, bone repair activity, and the stimulation of neural tissues 651781,

3.4.1. Diffusive Phenomena on the Controlled Release of Drugs on Polysaccharide-Based Aerogels

Different methods for drug impregnation or loading can be found in literature regarding porous materials from
polysaccharides. Supercritical technology employing scCO, has been defined as the most innovative technique for
producing polymer/drug composite systems for pharmaceutical applications L. By means of supercritical fluid
technology, the impregnation of aerogel particles with drugs such as ketoprofen was achieved 2. This process consists
of placing aerogel particles and ketoprofen in a closed autoclave under agitation; the ketoprofen was dissolved in
scCO, and adsorbed in the aerogel matrix 2. The same procedure was reproduced for obtaining poly(e-Caprolactone)
(PCL) scaffolds loaded with ketoprofen 82 and for alginate-based aerogel microparticles for mucosal drug-delivery 2. In
addition, maize starch aerogels and calcium alginate aerogels were impregnated with different non-steroidal anti-
inflammatory drugs, such as nimesulide, ketoprofen, and diclefenac sodium [©11,

3.4.2. Controlled Drug Release by Electrical Stimulation Employing Conductive Porous Materials



In order to prevent the negative effects resulting from exposure to high dosages of drugs, local electronically-controlled
release of pharmaceutical compounds from implantable devices appears as a promising option B2l Drugs anchored
inside the conductive materials have been reported using supercritical technology and electropolymerization (651841,

Electrochemical methods involve the use of conductive polymers, which are electrochemically oxidized during the
polymerization processes, generating charge carriers, and, thus, allowing ionic drugs impregnation based on electrostatic
interactions 8. There are two main electrochemical methods to induce the immobilization of drugs. One-step
immobilization or in situ immobilization: an ionic drug (preferably anionic) acts as a doping agent and its anchoring
proceeds simultaneously with the process of matrix formation B4IB8IE7] Anti-cancer drugs, anti-inflammatory compounds,

and hormones have been fixed on conductive materials using one-step immobilization, mainly for the development of
neural devices [B8[EI90]

The second method corresponds to the two-step or ex situ immobilization. The incorporation of the drug is carried out
after the synthesis of the matrix, through ion exchange processes taking place at their surface. First, the polymer film is
synthesized from a solution consisting of the monomer and a small ionic molecule as doping agent, without the drug. The
obtained film is later reduced and oxidized by an electrical stimulus B84, Reduction induces the removal of the dopant
from the film; meanwhile, the drug, which acts as the second doping agent, is incorporated during the process of matrix
oxidation &7,

Drug delivery is caused by electrochemical stimulation of the conductive matrix, which induces the oxidation and/or
reduction of the film. By applying a negative potential, the polymeric matrix is reduced and the cationic charge of the
polymer backbone is neutralized, causing the release of the anionic drug by electrostatic mechanisms B8, In a similar
procedure, applying negative and positive cyclic potentials induces the reduction and oxidation of the polymeric film,
respectively; meanwhile, the matrix experiments expansion and contraction, which force the release of the drug. Although
cyclic stimulation allows a greater amount of drug release in comparison with other methods, some authors have reported
that the application of the stimulus may cause delamination, cracks, and breakdowns of the matrix, mainly in one-step
immobilization systems [651211(52],

The controlled release of drugs using electrical stimulation from conductive polymer films 2265189 gpens the door for a
different approach regarding the application of polysaccharide aerogels on drug delivery. Since these materials can be
coated with an electrically conductive material while incorporating active compounds, those composites may be used in
the controlled release of bioactive molecules by electrical stimulation 224, These biochemical release systems are the
main focus of several research groups and further investigations should follow this path in order to promote smart
scaffolds that merge mechanical, electrical, and biochemical stimulation processes, mimicking the in vivo ECM conditions,
in order to promote specific cell behavior, as shown in Eigure 4.



Figure 4. (1) Flexoelectricity induced by mechanical stimulation (A) plays an important role in bone repair and remodeling
by inducing osteoblasts migration (B) and mineralization (C). Reproduced from 2% under Creative Commons Attribution
License. (2) Electrical communication and redox-triggered interaction between neurons and (PEDOT) matrices
functionalized with hydroquinone electroswitches and phosphorylcholine zwitterions. (3) Schematic representation of the
active drug-delivery triggered by an electrical stimulus (A) and passive drug-release induced by diffusion processes from
a conductive polymeric matrix (B). Reproduced from [B28] ynder Elsevier Copyright Clearance Center (CCC) licenses.
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