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Smart or stimuli-responsive materials are an emerging class of materials used for tissue engineering and drug delivery. A
variety of stimuli (including temperature, pH, redox-state, light, and magnet fields) are being investigated for their potential
to change a material's properties, interactions, structure, and/or dimensions. The specificity of stimuli response, and ability
to respond to endogenous cues inherently present in living systems provide possibilities to develop novel tissue
engineering and drug delivery strategies (for example materials composed of stimuli responsive polymers that self-
assemble or undergo phase transitions or morphology transformations). Herein, smart materials as controlled drug
release vehicles for tissue engineering are described, highlighting their potential for the delivery of precise quantities of
drugs at specific locations and times promoting the controlled repair or remodeling of tissues.
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| 1. Definition

Smart or stimuli-responsive materials are an emerging class of materials used for tissue engineering and drug delivery. A
variety of stimuli (including temperature, pH, redox-state, light, and magnet fields) are being investigated for their potential
to change a material’s properties, interactions, structure, and/or dimensions. The specificity of stimuli response, and ability
to respond to endogenous cues inherently present in living systems provide possibilities to develop novel tissue
engineering and drug delivery strategies (for example materials composed of stimuli responsive polymers that self-
assemble or undergo phase transitions or morphology transformations).

| 2. Introduction

The United States Food and Drug Administration (FDA) defined regenerative medicine as the capacity to: facilitate
regeneration of parts of the human body, where cells and tissues can be engineered to grow healthy, functional organs to
replace diseased ones; new genes can be introduced into the body to combat disease; and adult stem cells can generate
replacements for cells that are lost due to injury or disease; tissue engineering and regenerative medicine aim to
replace/regenerate tissues from cells and biomaterials . In the case of biomaterials, they can be processed into
nanocarriers @, hydrogels B4 and films B! for drug delivery, wound healing I8, tissue engineering and cell therapy,
leading to many emerging and promising regenerative approaches for the treatment of diseases or injuries.

The number of publications in materials science has increased dramatically in recent years, in line with the introduction of
new biomaterials and devices to diagnose and treat diseases, aiming to improve our quality of life and contribute to the
steady increase in life expectancy (Figure 1).
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Figure 1. Number of publications on related topics in the Web of Science database with respect to time.

Different biomaterials possess different physical and chemical properties and can be processed into a variety of shapes
(e.g. films, foams, gels and particles) €. They can be used on their own or as part of composites/hybrids in order to
impart other functionality and tune their bulk properties, and their surface properties can be tailored through a variety of
surface modification techniques YL The ability of a material to respond to different stimuli is related to their physico-
chemical characteristics L2ML3IA4IISII6] Taking advantage of such features with the recent developments in technology,
we expect to be able to control the interaction between the biomaterial and its contents (e.g. cells, drugs) and surrounding

environment in response to various stimuli (including but not limited to: pH, temperature, redox potential, magnetic fields
and light) (L21123117][18]

Stimuli-responsive materials have numerous applications in the biomedical field, from drug delivery systems to
diagnostics and treatment. The delivery of drugs and genes requires the pharmaceutical compound or gene to reach the
site of action at the right time and at an appropriate concentration, traversing obstacles like biological barriers, enzymatic
or hydrolytic degradation and solubility. More often than not, secondary effects arise from non-specific interactions with
cells and tissues, so that vehicles that react to specific stimuli would be promising carriers for the targeted delivery of
drugs and genes 1920, Tissue engineering also faces numerous challenges such as a paucity of renewable sources of
functional cells that are immunologically compatible; a lack of suitable materials with the desired chemical composition,
mechanical properties and biological function; and an inability to generate large, vascularized tissues that can easily
integrate into the circulatory system of the host with the inherently complexity of native tissues architecture, some of which
can be addressed through the utilization of smart responsive biomaterials 2. In this context, stimuli-responsive
nanomaterials have received great attention. Significant progress has been made to tailor nanoparticles with stimuli-
responsive properties, which have potential for future therapies for human or veterinary applications. Size, shape and

surface functionalization, as well as modifications, are necessary for active targeting or stimulus-responsive drug release
[22]

The stimuli can be internal or external, meaning that they can build up at the site of action or that they could be applied
externally to achieve the desired effect. For example, redox conditions and pH vary in the different tissues and between
intracellular and extracellular compartments. The properties of redox polymers (ionic, electrical, optical, mechanical or
chemical) change depending on their oxidation state, offering potential for inclusion in actuators, biosensors and drug
delivery systems 281 The review of Guo and coworkers summarized the state-of-the-art of knowledge on
reduction/oxidation responsive polymeric drug carriers (specifically focusing on functional groups employed for this end
goal) 24, Drug delivery and tissue engineering strategies based on electroactive materials represents an innovative field
research 23, The effects of electrical stimulation on cell growth and differentiation and tissue growth has led to interest in
using piezoelectric scaffolds for tissue repair 28, influenced by the inherent piezoelectric properties of bone 24, and
studies showing enhanced bone regeneration in response to the use of piezoelectric biomaterials [28l. Consequently,
piezoelectric materials have begun to find a variety of biomedical applications, including drug delivery and tissue
engineering applications ZABABL  Of particular interest is the ability of smart polymers to differentiate between the redox
potential in tumors and normal tissues (with the former exhibiting 4-fold higher glutathione concentrations), or respond to
the presence of reactive oxygen species (ROS), believed to play a role in diseases like cancer, heart injury and
arteriosclerosis 24, Similarly, pH responsive polymers bearing ionizable acidic/basic residues can be employed in
drug/gene delivery, sensors and membranes 2. They are of interest as it has been shown that the pH is altered in
pathological conditions such as cancer, inflammation and infection and their ability to respond to changes in the pH by



undergoing changes in surface activity, chain conformation, solubility and configuration has led to the development of
several drug delivery systems and wound dressings 318435, For instance, the variability of pH values between 5.6-7.0 in
tumor masses has inspired the development of new pH-responsive materials €. The pH spectrum observed in different
sites within the body in physiological conditions also provides attractive targets for use in biomedicine B4, wherein pH-
responsive carriers may be able to target a specific area in the body and release their bioactives with a high therapeutic
impact and minimum side-effects 28],

To generate magnetically responsive materials, magnetic nanoparticles can be incorporated into scaffolds for drug
delivery, tissue regeneration and artificial muscles. Through the application of a magnetic field, the nanoparticles are able
to transmit a force to the surrounding material and/or cells triggering a response. Mechanical stimulation resulting from the
deformation of the magnetic scaffold can lead, for example, to an increase in GAG expression and stimulate differentiation
of stem cells to chondrocytes for cartilage repair, promote axonal extension and cell migration to guide neuronal
regeneration or induce localized hyperthermia in cancer therapy 2. In addition, light is an attractive source to trigger a
response, as its intensity and wavelength can be controlled to impact specific areas of tissue. Light responsive moieties
can then be incorporated into the structure of polymeric materials or molecules bearing light responsive groups can be
introduced into a non-light responsive material to induce the release of pharmaceutical compounds or cause shape
changes upon exposure to light 9. Furthermore, thermoresponsive polymers that react to temperature enable the use of
polymer networks for the release of drugs at specific temperatures 1. These materials have been extensively reviewed
(421431 particularly thermoresponsive polymers with interesting lower critical solution temperature (LCST) and upper critical
solution temperature (UCST) behaviors in water, the chemical and physicochemical characteristics and their uses and
applications as drug delivery systems, hydrogels and surfaces for cell growth, among other biomedical applications 42,
Alternatively to the design, mechanism, and behavior of thermoresponsive materials and its combination with other
features, namely pH-thermoresponsive or photothermoresponsive materials among others, and their applications in
different fields of biomedicine 3, and to complement the existing literature, in this review, we will focus on natural and
synthetic thermoresponsive polymers and the results of their application in vitro and in vivo as biomedical materials.

Interestingly, polymers can be further engineered to tune the response to various stimuli. There are different strategies of
molecular design for the incorporation of appropriate responsive building blocks [44. Moreover, the integration of polymers
with different functional groups has allowed the development of multi stimuli-responsive materials 12, These properties
would be further employed to trigger the release of therapeutic molecules in biological environments with different
characteristics. Thus, the precise and controlled drug delivery of multi stimuli-responsive carriers may provide new
treatment options 42!,

3. Stimuli to control the response of materials for tissue regeneration and
drug delivery

This work highlights some interesting examples from the literature to offer an overview of the most common stimuli-
responsive materials relevant to tissue engineering and drug delivery.

3.1. pH responsive

In diseased, inflamed and infected tissues, the pH may be decreased due to dysregulated metabolism or irregular
angiogenesis, which cause the rapid shortage of oxygen and nutrients, that results in a shift toward glycolytic metabolism
48l consequently, variations of the pH in different organs, tissues and intracellular compartments can be considered
during the design of stimuli-responsive nanomaterials with the ability to release a therapeutic agent at a target site in
response to pH 44,

Differences in the pH can lead to the modification of crosslinking processes (important for injectable hydrogels and self-
healing materials); the protonation or deprotonation of acidic/basic groups can generate distinct interactions between a
therapeutic agent and a material causing a defined release profile, potentially in a particular tissue/cell. The delivery of
therapeutic molecules in pH-responsive nanocarriers to target cells and tissues is important in tissue regeneration.
Scaffolds which can expand according to the pH may modify oxygen and nutrient transport and cell density, enhancing
cell deposition and survival, which is also crucial for the management of bone infection and to support tissue regeneration.

Sometimes, single responsiveness is not able to achieve the desired goals in a physiological or pathological
microenvironment. To optimize, multi-stage pH responsiveness materials are emerging. These materials are engineered
with different components, which have different sensitivity to pH changes, 42 for example, electrospun core—sheath fibers
with controlled multi-pH responses within the physiological pH range 8. This and related research aims to produce new
multi-stimuli-responsive materials with active components for drugs or even sensors for targeted disease providing a real-



time sensing of various threats. Possibly in the future, these materials will be included in the field of tissue engineering
due to their high clinical potential. These materials which are intended to “sense” the surrounding physiological
environments and enable on-demand release of encapsulated therapeutic cargos into highly specific targets may optimize
the actual therapies in a clinically relevant way.

3.2. Thermo-responsive

Thermoresponsive materials hange their physical properties or present conformational changes in response to
temperature variations. These materials are used for biomedical applications including drug delivery and tissue
engineering among many others MAIBYIBIIG2IG]  However, the transition-state temperature depends on the solvent
interaction with the polymer and the hydrophilic/hydrophobic balance. Polymer thermoresponsive properties can be
changed by adding reactants to the polymer/solvent system. Some additives are co-polymers, surfactants, co-solvents,

plasticizers and salts. Therefore, additives can alter the solvent quality and therefore can alter the polymer—solvent
interactions [AIBSI56I57],

Thermoresponsive materials can be classified by their origin (natural or synthetic) and also according to their response to
temperature changes: polymers that become insoluble above a critical temperature called lower critical solution
temperature (LCST) and polymers that become insoluble below a critical temperature called upper critical solution
temperature (UCST) B8], Natural thermo-responsive polymers are, for example, gelatin, agarose and pectin, whereas
synthetic polymers include poly(N-alkyl substituted acrylamides), poly(N-vinyl-alkyl-amides), poly(ethylene glycol)-
poly(propylene glycol)-poly(ethylene glycol) copolymer (PEG-PPG-PEG), poly(ethylene glycol)-poly(d,l-lactic acid)-
poly(ethylene glycol) copolymer (PEG-PLLA/PDLA-PEG), among many others.

3.3. Light-responsive materials

The strategy of constructing light-responsive smart biomaterials is very attractive to fabricate complex scaffolds for
controlling cellular behavior for functional tissue regeneration and stimulating the release of encapsulated compounds 49,
(5916064 The light stimulus offers some advantages over other stimuli, because it can be imposed instantly and delivered
in exact amounts with high precision, providing spatial and temporal control with less invasive techniques [621(63],

Light is an excellent trigger as its intensity and wavelength can be remotely and accurately controlled, quickly switched
and easily focused into specific areas with a resolution of 1 ym. In photo-controlled technologies, a variety of light-induced
reactions, such as photopolymerization, photoisomerization, and photodegradation, are employed in different kind of
architectures for both engineer smart therapeutic delivery and create dynamic cell culture platforms that better mimic living
tissues 89, Many promising advances in the development of light-responsive biomaterials have been made. The use of
externally manipulated light offers excellent control for drug delivery and engineering 3D microenvironments for tissue
regeneration. These technologies are very attractive to manipulate biomaterials features in real time providing further
control over cell functions, tissue restoration and delivery of therapeutics.

3.4. Redox responsive materials and electroactive polymers

Redox-responsive polymeric materials can respond to biological stimuli generated by the presence of oxidants or
reductants in the media and changes in the redox conditions or by the application of an external voltage. The chemical
groups which are involved in their redox responsive ability include disulfide bonds, organometallic compounds, viologens
or tetrathiafulvalene.

The smart polymers which in response to an appropriate chemical or electrochemical stimulus can show different answers
like swelling/contraction, bending, change of state, or conductivity are excellent candidates in engineering nanomedicines
and for the development of biomaterials intended to repair or substitute a damage tissue or organ.

3.5. Magnetic responsive nhanomaterials

Magnetic responsive nanomaterials and particularly magnetic nanoparticles (MNPs) have interesting features for
applications in various fields as a result of many properties, such as high specific surface area, chemical stability, low
intraparticle diffusion rate, high loading capacity and superparamagnetism B4l |n the biomedical field, and specifically
in tissue regeneration, this kind of nanoparticles are useful due to their biocompatibility and long-term stability €€,
Furthermore, they have many advantages in terms of penetration and invasiveness since many materials, especially
biological tissues, have a lower absorption capacity for magnetic fields than for other types of stimuli, like electric fields,
making it possible to remotely activate an event at a relevant distance from the magnet 4. Although



magnetic nanoparticles have been widely used in drug delivery and hyperthermia treatments, recent applications of
magnetic nanoparticles have demonstrated their promise towards decreasing implant infection and increasing
tissue growth.

| 4. Conclusions

This emerging field of material science has generated considerable and increasing interest during the past decades. In
the particular field of medicinal sciences stimuli-responsive materials offer new opportunities in the treatment of various
conditions. The driving force of these and future developments is the huge versality of the field in terms of the materials
employed and the stimulus applied (i.e.: redox, pH, magnetic, temperature, light). We believe that future research will
capitalize on opportunities to address the challenges of toxicity posed by some of the components used for stimuli-
responsive materials, the development of materials with biomimetic architectural/topological and mechanical properties,
and exploration of new stimuli to deliver drugs and instruct cell behavior, perhaps also employing multi-stimuli-responsive
materials.
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