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Abstract of the Thesis

Highly reversible and injectable devices represent important tools to answer modern clinical needs
in both the tissue engineering/regenerative medicine and the pharmacology fields. Indeed, the local
and minimally invasive administration of systems able to exert a therapeutic function has been
continuously recording increasing interest over the last decades. To this aim, a particular kind of
devices holds a huge potential, namely supramolecular (SM) hydrogels. The rationale
underpinning their formulation relies in the possibility to design highly responsive and self-healing
systems by taking inspiration from natural processes of self-assembly between compatible
molecules. In this Ph.D. project, a plethora of newly designed poly(ether urethane)s (PEUs) was
developed for the production of engineered SM hydrogels through their spontaneous self-assembly
with a-cyclodextrins (CDs). To this aim, poly(ethylene oxide) (PEO) containing PEUs were
designed and coupled with CDs to form poly(pseudo)rotaxanes (PPRs) as hydrogel forming SM
crystals in aqueous media. Moreover, specific functionalities were additionally integrated into the
PEU backbone to provide them with the capability to form hydrophobic interactions which could
actively contribute to the formation of remarkably stable, handle and versatile hydrogel devices.
Thence, various PEUs were synthesized utilizing commercially available thermo-sensitive triblock
co-polymers based on PEO and poly(propylene oxide) (PPO): Poloxamer® 407 (P407, 70% wt
PEO, M, 12600 Da) and Pluronic® F68 (F68, 80% wt PEO, M, 8400 Da), both characterized by
a PEO-PPO-PEO block distribution. P407 and F68 were used as macrodiols for the synthesis of
PEUs with the addition of an aliphatic diisocyanate (1,6-hexamethylene diisocyanate) and two
different chain extenders (1,4-cyclohexanedimethanol or N-Boc serinol) or an end-capping photo-
sensitive alcohol (2-hydroxyethyl methacrylate). A complete physico-chemical characterization
was performed on the as-synthesized PEUs through Attenuated Total Reflectance — Fourier
Transformed Infrared spectroscopy, Proton Nuclear Magnetic Resonance spectroscopy, and Size
Exclusion Chromatography. Thermo-responsiveness of PEUs was assessed through the
determination of the critical micellar temperatures of their aqueous solutions. PEU-CD SM
structures were then produced and thoroughly characterized. In this regard, PEU chemical
composition turned out to exert a fundamental role in determining the properties of the resulting
complexes. In fact, P407-based PEUs were characterized by the highest yield in terms of self-
assembly, while F68-based polymers were less suitable for SM network stabilization due to an
insufficient hydrophobic character. SM structures were characterized in physico-chemical terms
and through X-Ray powder diffraction, which evidenced the formation of channel-like SM
crystals. A variety of SM hydrogel systems was then designed utilizing single PEU formulations
or specific PEU blends to finely tune the physical properties of the resulting hydrogel systems
(final PEU concentration ranging between 1 and 9% wi/v, CD content between 7 and 10% wi/v).
Rheological characterization highlighted noteworthy mechanical properties and remarkable self-
healing capacity of the developed SM networks. The best behavior in mechanical terms was
observed for hydrogels with PEUs at low concentration (i.e., less than 5% w/v), thus indicating an
enhanced and constructive interaction of the polymer chains with CDs. Swelling/stability tests
performed by incubating the gels in contact with physiological aqueous milieus at 37 °C
demonstrated good stability and responsiveness of SM hydrogels. Moreover, cytotoxicity tests
were performed according to 1SO 10993 proving the biocompatibility of SM gels, which turned
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out to be suitable for advanced drug delivery studies. Indeed, after preliminary release studies
utilizing a drug model molecule (i.e., fluorescein isothiocyanate dextran 4), curcumin (up to 570
ug mI) and ciprofloxacin (up to 40 ug ml™) were successfully encapsulated at high concentration
within SM hydrogels. Release studies evidenced progressive delivery kinetics of the loaded cargo
over time in highly destabilizing conditions in vitro. Generally, PEU-based SM systems were able
to guarantee the stability of the entire therapeutic payload in physiological-like environments and
sustained its release up to five weeks in the case of photo-cured SM hydrogels prepared using the
photo-sensitive PEU synthesized using 2-hydroxyethyl methacrylate. Moreover, the relevant
versatility of the developed hydrogel systems allowed their easy integration within salt-leached
poly(e-caprolactone)-based porous scaffolds, providing a preliminary proof of concept of the
possibility to use them to develop single stage strategies combining drug delivery and tissue
engineering. In detail, a hydrogel loading a drug model molecule (i.e., fluorescein isothiocyanate
dextran 4) was easily integrated within rigid polymeric supports and in vitro release studies
indicated a progressive erosion and dissolution of the SM network, potentially allowing a
consecutive maturation in biological terms of the remaining 3D framework.

In addition, preliminary 3D bioprinting tests were performed and one SM formulation showed the
best performances as potential bioink for advanced applications in bioengineering. Finally, with
the aim to develop a novel and alternative single stage strategy to combine regenerative
pharmacology and tissue engineering, biosynthetic SM hydrogels were obtained by formulating
systems based on CDs, a photo-sensitive PEU and gelatin methacryloyl (GelMA). The overall
physical stability of the resulting hybrid hydrogels demonstrated a high reliability of PEU-based
SM networks for the design of more complex and functional formulations. In fact, a thorough
rheological characterization demonstrated well-structured hydrogel networks at their initial
physical condition, while photo-rheological tests demonstrated good responsiveness to photo-
stimulation through the formation of additional chemical crosslinking. Although the overall
formulation of these systems was quite complex, the integration of all these components resulted
to be effectively controllable. In fact, a high curcumin payload (i.e., 715 ug ml') was easily
integrated within these networks and release tests showed the sustained delivery of such drug up
to three weeks.

To conclude, in this work the exploitation of a reliable and consistent synthesis process allowed
the production of notably versatile multi-functional PEUs. These macromolecules turned out to be
central elements for the formulation of a wide variety of promising devices specifically designed
for drug delivery applications or for combined strategies including regenerative pharmacology and
tissue engineering. The entire set of the designed formulations and the results attained in this work
represents a reliable starting point for the further development of new ad-hoc engineered devices
able to fulfil highly demanding clinical needs.
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Section 1

General Introduction and Aim of the Thesis

Outline

This section provides a general overview on the Drug Delivery and Tissue Engineering fields with
the aim to introduce and properly identify the scenario in which this Ph.D. project has been
conceived and developed. In Chapter 1.1, the general concepts, limitations and needs of modern
medicine, such as organ transplantation, will be described and discussed. Then, the role of novel
and pioneering solutions, namely regenerative pharmacology, tissue engineering and regenerative
medicine, will be defined. The different available strategies to achieve the ultimate goals of these
challenging and innovative approaches will be analyzed in scientific and technical terms. This
section will thus provide the reader with an overall sight and focus on the main aspects that will
be in-depth treated in the incoming sections of the Thesis. On the basis of this analysis, the general
aim of this Ph.D. project will be described in Chapter 1.2 in projection of the entire development
of the work, which will be focused on the development of innovative and smart materials for drug
delivery and tissue engineering.



Section 1 — Chapter 1.1 — Drug delivery and Tissue Engineering:
general concepts, pros and cons of available approaches

1. Abstract

Organ transplantation represents a complex solution to modern clinical needs. Generally, the lack
of organ donors and their appropriate storage are the main drawbacks, which significantly hinder
the overall effectiveness of such approach. However, the technological development in the medical
field has generated cutting edge strategies that rely on a multitude of disciplines, such as, materials
science/engineering, biology and bionanotechnology. In this context, the pivoting idea consists in
the complete regeneration of the original functions of damaged tissues and organs. The resulting
multifaceted fields can be classified depending on specific perspectives and are known as
regenerative medicine, tissue engineering and regenerative pharmacology. A relevant correlation
exists among these three disciplines, as the final aim is widely shared. Indeed, they are sometimes
used as synonyms. In this Chapter, the basic definitions and principles of these novel strategies are
shown. Indeed, according to a bottom-up approach, the conducted research work encompasses
various processes, from the specific design of polymeric macromolecules up to their concrete
application and translation into devices for drug delivery and tissue engineering. Moreover, their
most important achievements are described, starting from the conventional idea of pharmacology
and culminating with the novel concepts of highly engineered and multi-functional strategies for
tissue regeneration (i.e., particulate platforms, injectable hydrogels and solid scaffolds). The state
of the art is reported and discussed, highlighting the advantages and drawbacks for each typology
of platform in view of the development of new strategies towards clinical needs.
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2. Preface on Tissue Engineering and Regenerative Medicine

One of the most important achievement in medicine is represented by organ transplantation.
However, the general need and the lack of organs to be transplanted as well as the commitment to
long-life administration of anti-rejection therapies are concrete issues for worldwide healthcare.
In the last few years, the World Health Organization conducted a set of studies concerning organ
availability; as a result, it has been estimated that scarcely 10% of the total request is being
satisfied.> The United States of America represents a relevant example of this situation. In fact,
it has been estimated that the real need for heart transplantation is at least ten-fold greater than the
actual heart transplant waiting list. On the other side, only 0.3% of people who die in the USA
effectively becomes a donor, since important constraints exist to determine organ suitability for
storage and transplantation. In 2011, the totality of deaths due to end-stage organ diseases in the
USA has been quantified to be fourteen-fold higher than the total waitlist additions. The combined
need in the USA and Europe is quantified in millions of organs for transplantations every year,
which is extensively relevant. The global scenario is further worsened by the situation of other
eastern countries and Africa: these regions are characterized by the highest percentage of
population in the world and, at the same time, by the lowest numbers of organ transplanted per
population. As a comparison, the United States of America host circa the 4% of the world
population and perform the 25% of the total organ transplants, while in Africa the population is
around 16% of the world total and less than 0.5% of the total organ transplants are fulfilled
(http://www.transplant-observatory.org/summary/).

Organ transplantation generally requires the administration of relevant therapies such as
immunosuppression, which has significantly increased the surgical rate of success, as well as graft
acceptance and survival. Nevertheless, the 50% of grafts is subjected to organ failure in the time
frame of 10 years from transplantation and immunosuppressive therapies could cause severe
complications, such as the enhanced risk of fatal infections. Another important side effect of
immunosuppressants is also the formation of cancer.* 0

Moreover, organ preservation before transplantation represents another important limitation. In
fact, the availability of an organ generally lasts for the subsequent few hours after removal from
the donor. An enhancement in organ storage and preservation procedures would result in a
significant increase in the global availability of organs: this is the idea underpinning organ banking
and could represent an important solution to the actual constraints.

Nevertheless, the continuous evolution of knowledge in medicine and the development of novel
frontiers of engineering are generating strictly correlated strategies to answer to health-related
needs caused by tissue or organ failure. Modern medicine is composed of many different branches
and one of them is particularly formulated and addressed to this aim: regenerative medicine. The
term “regeneration” derives from Latin (regeneration, from regenerare, which means “produce
again”) and in case of medicine refers to a process that occurs and culminates in a complete
reformation of a heathy tissue/organ. It is different from the idea of “reparation”, which usually
results in a partial restoration of the physiological functions of the biological milieu. In fact, the
“reparation” philosophy basically represents a traditional approach of medicine that relies on
artificial prosthesis implantation or organ transplantation from a donor.*? Differently, the purposes
underpinning the philosophy of regenerative medicine are quite recent and remarkably
challenging. Indeed, this branch of medicine requires a substantial integration from the technical

environment. For this reason, a novel multi-disciplinary branch of engineering has been formulated
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over the last decades and has been configured in biomedical engineering. More in detail, a wide
sub-branch of the above-mentioned engineering field is involved, namely tissue engineering,
which combines the most advanced technologies with biology-related sciences. Hence,
regenerative medicine and tissue engineering are strictly overlapped multi-disciplinary fields. For
this reason, these terms have often been used as synonyms. 4

The constituting elements of tissue engineering are mainly three: i) a matrix (or scaffold), ii) cells
and iii) regulators. A scaffold is basically a support for cell culture and proliferation. It is
fundamental in order to reach a complete maturation of a final construct. Its properties, such as
chemical composition, porosity and morphology represent key factors for the modulation of cell
behavior. The importance of cells is certainly relevant in this field, since they are the living part of
the system leading to a complete maturation of the construct when they are correctly stimulated
by the scaffold and the external cues. These regulators are represented by a complex ensemble of
variables, which can be chemical stimuli (e.g., growth factors, genes, or drugs) as well as physical
regulations (e.g., mechanical or electrical stimuli). The strong interconnection that occurs between
these three elements can be briefly summarized as represented in figure 1.
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Figure 1 — Schematic representation of the basic elements of tissue engineering.

The importance of these components and their crosstalk is evident, but their co-presence is not
mandatory to develop new and effective strategies for tissue engineering. Indeed, they can be used
singularly by exploiting the relevant contribution of the hosting organism. From this point of view,
the concept of cell and/or regulator delivery plays a fundamental role in the context of tissue
engineering. Indeed, the development of smart platforms for targeted cargo release represents by
itself an effective frontier in this scenario, as it can enhance the regeneration of a tissue where it is
actually needed, thus increasing the overall efficacy and decreasing the eventuality of dangerous
side-effects. Hence, delivery strategies constitute an essential branch of tissue engineering and
regenerative medicine.

To summarize, the principal macro-disciplines that are related to the above-mentioned elements
and define the tissue engineering/regenerative medicine field mainly are: i) human cell therapy, ii)
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gene therapy, iii) molecular medicine, and iv) biomaterials science. Cell therapy is widely studied
for cardiovascular and neurodegenerative diseases, nerval injuries, diabetes and many others, in
which cell supply is needed to allow a proper tissue or organ regeneration.’>*” Gene therapy relies
on the use of specific gene-based molecules to rectify a missed or defective function or phenotype.
It is extremely important to manage the correct delivery of DNA or genes to ensure an effective
influence on target tissue. To this aim, the role of materials science and bionanotechnologies is
fundamental.'® Contextually, molecular medicine refers to that field in which the role of included
drug molecules enhances the generation of new tissue rather than the formation of an unfunctional
scar.’® Instead, biomaterials science represents the needed technical field aimed to find solutions
to ensure the correct function of the involved biological constituents, as, for example, the role of
scaffolds in cell culture or engineered carriers for the delivery of therapeutic molecules. Thence,
because of the above-mentioned complexity of this field, other fundamental branches of
knowledge are the basic constituents of tissue engineering through a mutual interconnection. The
following list reports some of them: materials science, mechanics, computational science,
chemical engineering, cell biology, histology, genomics, pharmacology and biochemistry.

In the following paragraphs, the basic principles of tissue engineering will be described and
thoroughly discussed with the aim to highlight their importance for the development of novel
strategies, with particular attention to the role of biomaterials science.

3. The basic concepts of traditional drug discovery and development

One of the most difficult and expensive processes in the medical and industrial fields concerns the
development of new drugs for human health. It has been estimated that the total costs for drug
development in the USA exceed a billion dollars and in the next years a further increase is foreseen.
The total duration of the drug development process can require over 10 years and, once into the
market, only 2 drugs out of 10 will cover the total development costs through revenues. The overall
process encompasses various extended steps. Firstly, the target is identified when a needed
correlation to a disease is confirmed by a clue. Subsequently, a high number of new molecules is
synthesized and applied against the identified target with the aim to select which molecules, called
hits, can exert the attended therapeutic effect. Based on the model of these molecules, new
potential drugs are designed with slight differences in order to figure out which ones show an
enhanced activity. A further procedure of selection on the previous molecules results in the
definition of the most promising drugs, identified as leads, with enhanced pharmacological effects.
However, only few of these leads are selected for following pre-clinical investigations. At the end,
it is estimated that one molecule out of 10 which have been tested on humans can actually be sold
into the pharmaceutical market.?

In this complex scenario, the technological development plays a fundamental role in better
optimizing the efficiency of the outputs of the drug development process. Nevertheless, the
development process of any drug molecule is mainly hindered by one extremely important aspect,
which is its delivery. It is well-known that physiological or pathological environments are
characterized by the presence of biological barriers to drug efficacy and bioavailability. In
particular, when a drug is delivered orally, its solubility, permeability and resistance to degradation
in adverse environments (i.e., stomach) represent the major constraints. Moreover, the efficacy of



a drug is severely modulated by biological barriers, such as the blood brain barrier (BBB) or the
intestinal mucosa when the target is represented by the brain or the intestine.

Because of the presence of these physico-chemical limitations, drug administration and delivery
represent complex issues. In addition, it is necessary that an administered drug is delivered to the
target sites at the therapeutic concentration with a sustained rate within a proper time frame, and
reducing any side effect. From this point of view, the chemical properties and stability of a drug
importantly influence the method for administration. In the book “Drug delivery: principles and
applications”, Barich and co-authors schematically represented the correlation of three different
aspects,?t namely physico-chemical properties, formulations and administration route, which
affect the efficacy of a delivered drug, as reported in figure 2.
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Figure 2 — Schematic and simplified representation of the overlap between administration method, physico-
chemical properties and formulation method resulting in drug delivery.

A step forward in the evolution from this traditional approach occurred in 2007,22 when the idea
of “regenerative pharmacology” was coined deriving from the potential overlapping between
pharmacology, engineering, and medicine. In the following paragraph, the focus will move to this
new and evolving frontier that combines medicine and pharmacology together to overcome the
important limitations of traditional drug delivery approaches.

4. Regenerative pharmacology: a new answer to clinical needs

Regenerative pharmacology builds on the same aims of regenerative medicine. Therefore, these
two disciplines are widely overlapped and can be associated as synonyms in certain cases. Indeed,
regenerative pharmacology is finalized to treat a disease through a pharmacological approach able
to re-establish the physiological functions of a tissue or an organ. This is significantly different
from any usual pharmaceutical approach, which key target is the management and the alleviation
of symptoms and pain without necessarily regenerating a physiological function. It is clear that

traditional pharmacology represents an important field that significantly helps any patient to better
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stand the symptoms of a pathology. Nevertheless, the idea of regenerative pharmacology is
different and more ambitious. In fact, it exploits therapeutic formulations showing curative effects
on the organism, trying to solve the disease at the first onset of symptoms. Undoubtedly, this
approach results in a very complex strategy that will enable novel technologies to be realized;
however, the impact of the expected outcomes corroborates the efforts spent in inducing a
revolution in the clinical field.?? To demonstrate this and to better understand the central role of
regenerative pharmacology, some of the principal elements of regenerative medicine, namely i)
Cell culture, expansion and maturation, ii) Biomaterials science, iii) Enabling technologies, and
iv) Implantation of the tissue, should be analyzed from a different perspective.

In the context of cell cultures, the role of applied pharmacology consists in modulating cell
response through specific molecules, such as growth factors, hormones, cytokines, chemokines,
and even small drugs. The importance of materials science is crucial to develop highly engineered
platforms to manipulate and properly guide cell culture development, but also, in this particular
case, to host and integrate enabling technologies to tune and manage the release kinetics of loaded
molecules. In other words, this is the role of drug carriers for targeted and controlled release. In
this scenario, even bioreactors are relevant devices for the advanced administration of drugs.
Indeed, the automation that characterizes bioreactor design can represent a powerful tool in
standardizing and controlling the evolution of an engineered tissue.?? Concerning tissue
implantation, a wide array of regenerative and pharmacological strategies is applied to properly
maintain and stimulate the construct during its integration in vivo.?®

For all the above-mentioned aspects, the role of pharmacology from a regenerative point of view
is elemental and needs to be correctly implemented in order to induce a significant improvement
in the efficacy of involved therapies. This represents a promising frontier, although new important
challenges arise in the process for the design and development of these new therapeutic strategies,
due to their overall increased complexity. To overcome these noteworthy challenges, it is
mandatory to develop highly engineered and controllable biomaterials specifically addressed to
drug release applications.

4.1 Biomaterials for regenerative pharmacology and tissue engineering

The development of biomaterials represents a highly branched field based on many disciplines, as
chemistry, materials science, and biology. This subtle interconnection allows the design of highly
functionalized biomaterials suitable for the development of drug delivery systems able to
overcome traditional barriers in biological environments, thus widening the set of releasable
molecules and enhancing their efficacy. Principally, two classes of strategies based on smart
material application can be identified for drug payload release: i) particulate platforms, ii)
scaffolding supports, or a combination of the two.

5. Particulate platforms based on nanotechnologies for drug release: general principles and
considerations

Particulate systems have been developed in order to improve and tune pharmacokinetics, as well
as to better overcome biological barriers that limit drug availability. In addition, these systems can
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be specifically functionalized to show high specificity for a target to be treated, enhancing the
efficacy of the drug treatment while reducing side effects. In regenerative medicine, these two
aspects are extremely important, since the released molecules, such as growth factors, hormones,
DNA segments, antioxidant or antitumor molecules, are generally characterized by short life in
biological environments.?*% In this scenario, the development of technologies at the micro- and
nano-scales can represent an effective approach to overcome this obstacle. Materials science and
engineering play a pivotal role in the achievement of this aim. In fact, regenerative pharmacology
and medicine are addressed to realize functional devices of few hundreds nanometers or even less,
opening the possibility to ensure higher availability, mobility and controllability of therapeutic
agents that are delivered into the human body.?

A set of general requirements for drug delivery vehicles can be defined based on the above-
mentioned properties and finalities, highlighting the most important aspects to consider for an
effective design of these devices.

Most importantly, i) the biological compatibility of a drug releasing nano-matrix should ideally
prove the absence of toxicity, considering even degradation products that are generated over time
in the organism. Moreover, to be effective, an engineered platform for advanced drug release
should ensure ii) a relevant encapsulation stability, avoiding premature release of payload and
maximizing the efficiency of the therapy in the targeted site. Additionally, a fundamental role is
represented by iii) stimuli responsiveness. In fact, this aspect can allow a more precise and
triggered release when it is effectively needed. The effectiveness of these systems is also dependent
on iv) feasibility and simplicity of the synthesis process, which is mandatory for industrial
production and final approval by regulatory commissions (e.g., Food and Drug Administration,
FDA).

5.1. Physical and chemical principles for the development of drug delivery platforms

Different typologies of carriers can be found: metallic, inorganic, organic and polymer-based
platforms. The physical nature and thus the chemical properties of a selected drug represent the
key factors for the determination of carrier composition and design.

More specifically, the development of a drug delivery platform is based on a wide set of
intermolecular interactions that occur spontaneously between the involved building units. The
interdisciplinary field of materials science generally describes these physical phenomena as
processes of self-assembly. Differently from covalent bond formation, physical interactions are
significantly weaker and may negatively affect the overall stability of the systems. Nevertheless,
when the involving variables are well understood and correctly controlled, the resulting devices
can be characterized by high tuneability, versatility and reversibility. The involved interactions are
i) hydrophobic interactions, ii) electrostatic bonds, iii) hydrogen bonds, and iv) n-x staking.

Hydrophobic effect represents the most important driving force in self-assembly processes. In
nature, proteins, peptides and other polymers, such as lipids, can show an amphiphilic nature and
their hydrophobicity can lead to microphase separation phenomena. In watery environments,
hydrophobic domains can interact and collapse, thus forming aggregates with reduced interaction
of hydrophobic domains with the polar solvent, while hydrophilic domains are exposed to it. This
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is the principle of surfactants. Differently, electrostatic bonds are based on the interaction of
opposite charged domains. Cationic molecules can assemble with anionic ones, thus forming
intermolecular aggregates. Hydrogen bonds consist on the specific electrostatic interaction
between hydrogen atoms and other elements showing marked electronegativity (e.g., O, N or F).
Hydrogen bonds occur even between soluble molecules and water and are fundamental in the self-
assembly process of DNA and proteins. n-n staking can be observed when the forming units are
composed of aromatic domains, which are able to interact with other similar domains for their
chemical and physical peculiarities resulting from their molecular orbitals.?”?8 It is important to
specify that these physical interactions can be observed simultaneously when systems composed
of different chemical domains are developed.

Moreover, even chemical crosslinks can be exploited to design highly stable platforms for drug
delivery. Indeed, the addition of covalent bonds is generally exploited to fix the structure derived
from a previous physical self-assembly, thus enhancing circulating life and minimizing the risk of
premature payload release. A wide variety of possible strategies based on covalent bonds can be
exploited to develop drug delivery platforms. Among them, disulfide-, amine-, click chemistry-
based and photo-induced crosslinking reactions are some relevant examples.?®2° Nevertheless, also
in covalently stabilized platforms, physical interactions are extremely important for the primary
intermolecular stabilization between the involved constituents before chemical crosslinking.®

5.2 Drug encapsulation strategies

Two approaches are mainly utilized for drug encapsulation: passive- and self-delivery. The former
is based on the passive integration of a drug payload into carriers assembled through hydrophobic
interactions. Examples of these systems are micelles, porous nanoparticles and polymeric
nanocapsules, which are able to firmly encapsulate non-polar drugs.®* Nevertheless, this approach
can result in a low drug loading or in an un-controlled and burst release. A possible solution to
these drawbacks can be figured out through the direct drug conjugation to the nanocarriers.
Whereas in the passive approach the encapsulated drug does not play any role in carrier assembly,
in self-delivery drug molecules are properly exploited as forming units to build nanostructures. In
this way, drug properties play a fundamental role for the tuning of release kinetics.*® As delivery
platforms are either molecular devices or molecule-based devices, further functionalities can be
applied to achieve the desired targeting approach. In this regard, it is possible to classify two
approaches: active and passive targeting.3* In the former, specific molecular sensors, such as small
proteins and antibodies are used to selectively recognize the target. Differently, in passive targeting
physical and chemical variables are exploited to reach the site of interest. For example, the vessels
generated from a growing tumor, which are particularly porous, represent the way for specifically
sized carriers to reach the neoplastic target. The most relevant nanostructures and delivery
strategies are discussed below with particular focus on polymer-based technologies.

5.3 Typologies of polymeric nanostructures for drug encapsulation and release

Because of their remarkable possibilities of functionalization, the development of polymeric
systems represents an interesting solution for the design of drug carriers, which can effectively
enhance drug solubility, stability, and efficiency. Natural or synthetic polymers can be selected to
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produce engineered platforms having different nature and properties, as illustrated in figure 3 and
discussed below.

Liposomes Polymeric micelles Polymerosomes

Polymeric capsules DNA-based structures

Nanogels Host-Guest Complexes

Figure 3 — Schematic representation of polymeric drug carriers.

Liposome-based nanocarriers have been studied from decades and are based on vesicles composed
of low molecular weight phospholipids (e.g., phosphatidylcholine-functionalized molecules).®®
Their configuration could be based on one single lipid layer or a multilamellar wall, opening to
way to the possibility to encapsulate both polar and non-polar molecules. Exceptional
biocompatibility and tunable degradation rate can be properly achieved by modifying the lamellar
nanostructure. Moreover, their chemical properties also allow the possibility for additional
functionalization. As an example, X. Sun et al. designed biomineral-binding liposomes
encapsulating icariin for the treatment of osteoporosis.®® They found that liposomes effectively
bound to biominerals and showed remarkable advantages with respect to pure drug for the
treatment of osteoporosis. Another example can be found in the work by Nam et al., which used
liposomes for the targeted delivery of vascular endothelial growth factor (VEGF), observing an
enhanced retention time, permeability, and then therapeutic effect in ischemic districts.®’
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Nevertheless, liposomes are characterized by important limitations, such as the concrete risk of
degradation through hydrolysis or oxidation, in addition to the relatively high costs for production
and scaling-up.®

Polymeric micelles and vesicles represent another type of drug carriers that can be developed in a
wide range of sizes and shapes. In this context, amphiphilic polymers, which contain both
hydrophilic and hydrophobic domains, are widely investigated forming materials of both micelles
and vesicles. The nature of the constituent hydrophilic and hydrophobic domains and their balance
are tunable parameters to modulate the properties of the resulting carriers.3%4° Strategy for drug
loading relies on the spontaneous assembly of these macromolecules in solvents. Indeed,
hydrophobic domains can assemble through weak interactions forming a stable core in which
insoluble drugs can be encapsulated. Solubility in watery environment is guaranteed by
hydrophilic blocks that constitute micelle shell. Many hydrophobic polymers can be used as
amphiphilic polymer building blocks and the most diffused are poly(e-caprolactone),
poly(hydroxybutyrate), poly(lactic acid) or poly(propylene oxide). Hydrophilic domains are
usually composed of poly(ethylene glycol) (PEG, traditionally used for low molecular weight
polymers), also known as poly(ethylene oxide) (PEO, generally utilized for high molecular weight
polymers); (PEG and PEO can be used as synonyms, since the literature reports various examples
naming PEG and PEO polymers characterized by equal molecular weight, as reported below). The
wide availability of designable polymers opens the way to the possibility to precisely tune
dimensional properties, stability and drug encapsulation capability. In terms of applications in
regenerative pharmacology, an interesting study was conducted by M. Gou and co-workers.*
Briefly, they designed a di-block co-polymer based on monomethoxy poly(ethylene glycol) and
poly(e-caprolactone) able to encapsulate curcumin as antitumor. They observed an inhibition of
cancer growth and angiogenesis directly killing cancer cells in vivo. The development of polymeric
micelles significantly enhanced the efficacy of the drug with respect to its free form. Many other
examples of micelle-based delivery systems can be found in literature for the treatment of
cancer*>® and chronic wounds.** Differently, polymeric vesicles (or polymerosomes) are more
complex entities, since they are based on bilayer walls containing a water-based solution into their
core. In this way, the soluble payload is separated from the external environment that can be
degradative for the drug. For example, P. Kulkarni and co-workers developed polymerosomes
composed of poly(lactic acid)-azobenzene-poly(ethylene glycol) able to self-assemble in watery
environment and encapsulate antitumor drugs (i.e., gemcitabine and erlotinib).* This platform was
characterized by highly responsiveness to the external environment. In fact, most of cancers
produce a hypoxic surrounding environment, which was exploited in this work to trigger vesicle
disassembly and hence drug release. The application of the developed system showed a significant
decrease of viability on pancreatic cancer cells (BxPC-3) spheroid cultures. Another interesting
example of polymerosome-based drug delivery systems has been presented by P. Wei et al.
through the development of ultrasound-sensitive polymerosomes based on poly(ethylene oxide)-
block-poly(2-(diethylamino)ethyl methacrylate)-stat-poly(methoxyethyl methacrylate) [PEO-b-
P(DEA-stat-MEMA)] co-polymer.*® PEO was selected for its high hydrophilicity,
cytocompatibilty and enhanced circulation time in vivo, while PMEMA and PDEA were aimed to
ultrasound- and pH-responsiveness, respectively. The resulting systems showed a pronounced
endosomal escape ability and a high controllability of doxorubicin hydrochloride release in vivo
due to ultrasound stimulation. Nevertheless, all the above-mentioned systems are based on
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amphiphilic polymers and hence their stability and self-assembly are strongly dependent on many
physical properties, such as polymer concentration and external temperature. In fact, the self-
association among hydrophobic domains occurs above a critical micelle concentration (CMC) and
a critical micelle temperature (CMT). Therefore, stochastic and uncontrollable variations of
environmental parameters can significantly affect the response and the stability of these systems;
for these reasons, further chemical stabilizations can be required. Indeed, through the addition of
sites for chemical crosslinking on the constituting polymers, a better integrity in structural and
chemical terms can be achieved. From a general point of view, such systems can be defined as
Polymeric nanogels, although different definitions of this term can be found in literature.*” An
interesting example of polymeric nanogels for regenerative medicine is represented by the work
of N. Kordalivand et al., which developed cationic dextran-based nanogels loaded with synthetic
long peptides containing different epitopes for T-helper cells.*® Their strategy consisted in
enhancing cell-mediated cancer immunotherapy through the effect of the loaded protein-based
vaccines against cancer. The peptides were physically loaded or chemically bound into the
nanogel-based platform. Results suggested that chemical stabilization of the therapeutic peptides
represented the best strategy for the modulation of cell response. From a general perspective,
chemical crosslinking or covalent drug tethering can represent a useful strategy for drug
stabilization and release from nanogels. Nevertheless, in some cases, a higher stability may result
in longer time and higher difficulty for total cleavage, thus enhancing toxic effects. As previously
shown, polymeric nanogels have found many applications in the biomedical field,?*4° but they are
contextually characterized by the potential risk to exhibit low responsiveness to the external
environment. Moreover, the particulate platform as such and its degradation products can be
characterized by local or systemic toxicity.

Polymeric nanocapsules constitute a delivery platform characterized by a different morphology
compared to the above-described carriers. Drugs are confined into hollow cavities of polymer
sheath through interfacial polymerization or solvent displacement method, thus protecting the
payload from degradation and reducing drug-induced systemic toxicity. However, the high
stability of the polymeric membranes can cause delayed release due to scarce permeability and
therefore the controllability of the release kinetics represents a challenging aspect.> Despite these
relevant drawbacks, M. Peleteiro and co-workers applied a delivery platform based on
nanocapsules for vaccine delivery.® In detail, three different carriers were designed utilizing
protamine, polyarginine and chitosan, to investigate their interaction with specific cells of the
immune system. Interestingly, they discovered that arginine-based systems were able to strongly
modulate the involved biological processes and were then selected for the integration of the
recombinant hepatitis B surface antigen through simple charge-mediated absorption onto the
corona of the nanocapsules. The application of these systems in vitro and in vivo in mice suggested
their potentiality for further similar applications aimed to vaccine delivery.

Nanostructures based on peptides represent an extremely promising strategy for the development
of drug delivery systems.® In fact, peptides can be characterized by high cytocompatibility,
tunability and sensitivity to external stimuli. For their heterogeneous composition, they also show
the ability to self-assemble, as occurs in protein synthesis and maturation. Their implementation
opens the way to the possibility to produce highly functional and engineered devices with tunable
final shape and size,>® as peptide synthesis can be precisely controlled.>* Hence, micelles, vesicle,
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fibers, tapes and ribbons can be developed as drug carriers and can be easily functionalized with
other biomolecules (e.g., antibodies) to actively target drug release. Moreover, the wide
possibilities to tune peptide synthesis process also permit to design bioactive platforms for the
treatment of various diseases or the stimulation of specific biological responses.® One interesting
application of peptide-based nanostructures is the treatment of infected tissues or organs.>® In
detail, the involved molecules are known as antimicrobial peptides and are generally characterized
by immunomodulatory activity and bactericidal power. In their work, S.L. Porter and co-authors
developed a system based on self-assembling diphenylalanine peptide nanotubes showing the
ability to selectively eradicate bacterial biofilms.%” In this study, the singular tunability of peptide-
based systems turned out to allow a fine modulation of bactericidal power and eukaryotic cell
toxicity, thus reaching a complete Staphylococcus aureus biofilm kill within 24 hours exposure at
10 mg ml* peptide concentration. The impact of these nanotechnologies can be revolutionary in
the medical field. Nevertheless, the most important drawback can be represented by the relatively
high costs for peptide synthesis,®® which can hinder industrial scaling-up. For this reason, the
spread of nanostructures based on peptides in the biomedical field is still a challenging aspect
nowadays.

Nanostructures based on Nucleic Acids can be even utilized to produce interesting drug delivery
platforms, since DNA and RNA show the ability to self-assemble into highly hierarchical
structures. In particular, the DNA shows several interesting qualities, such as predisposition to
chemical modifications, low immunogenicity, versatility, and release controllability.>® Structures
as nanotubes, dendrimers and polyhedra can be composed starting from DNA segments. In their
work, Y. Huang and co-workers developed a novel DNA-based structure known as “DNA
origami” with the enhanced ability to transport and release ruthenium polypyridyl metal complexes
for cancer treatment, reducing systemic toxicity significantly.®® Moreover, biotin was also
conjugated to these systems to further enhance drug stability, cancer toxicity and cellular
internalization. This strategy allowed the protection of other non-target organs from general side
effects in nude mice. However, as for peptide-based drug delivery structures, these platforms
require relevant expanses to be developed and produced. In addition, the tunability of
pharmacokinetics of these structures is challenging since their bioavailability can be hindered in
vivo.5!

Nanostructures based on inclusion complexes are extremely interesting systems, in which the
intimal interaction between a drug and a molecular carrier occurs and evolves at the
supramolecular level. The formation of inclusion complexes can also be defined as the formation
of host-guest structures, thus indicating self-delivery as drug encapsulation strategy. The carrier
molecule must be characterized by unique morphology and physico-chemical properties to firmly
host the involved drug. To this purpose, natural molecules, such as cyclodextrins, have been widely
studied and show a great potentiality for future applications.®? Thanks to their toroidal shape and
the intrinsic hydrophobicity that characterizes their inner cavity, cyclodextrins can encapsulate
lipophilic drugs through hydrophobic interactions. Their geometrical properties can be tuned
depending on the number of constituting monomers of glucose. The resulting host-guest
complexes show the peculiarity to be water soluble, due to the hydrophilicity that characterizes
the outer wall of these oligosaccharides. Generally, higher solubility, bioavailability, stability, and
therapeutic effect of encapsulated drugs can be obtained through this strategy, but the formation
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of complexes does not always improve drug properties in biological environments. Indeed, faster
degradation of encapsulated drugs can be observed, depending on the involved interactions
between the host and the guest molecules.®®®* Other macrocycles with a different chemical
composition can be used for the same purpose: calixarenes,®® cucurbiturils® and pillarenes.®’
Inclusion complexes can be formed even through the development of more convoluted molecules,
such as dendrimers.%® These molecules are extremely versatile for their highly complex and
heterogeneous composition, allowing even covalent conjugation of drugs or active targeting.
Nevertheless, the high complexity of dendrimers can hinder their predictability in real biological
environments, where the number of uncontrollable variables is relevant.

5.4 Nanostructures for regenerative pharmacology as products into the market

As recently reported by Patra and co-authors,?® nowadays more than 50 products based on the
above-mentioned nanostructures are effectively used in the clinical field, as schematically reported
in figure 4. Circa the 15% of these products is addressed to treat infections; the 19% for cancer
treatment through chemotherapeutic drug delivery; the 30% is addressed to the resolution of
autoimmune diseases or other physiological diseases; the 36% is aimed to the application of
nucleic acid-based formulations. Nevertheless, even though an increasing interest for the
development of novel bionanotechologies is evident due to the high number of specific
investments, an important set of issues is still affecting this multi-disciplinary field. In fact,
because of their typical high complexity, it is generally difficult to find unique and clear definitions
of the developed systems. Toxicity and safety assessments represent actual uncertainties, even
because of specific and consistent regulations have not been developed yet. The lack of definitions
and regulations is strictly related to the general variety of the emerging systems. Indeed, the
significant number of variables that are involved in the application of these systems is the main
hampering element for their development. Hence, it is common to find unforeseen results or to
observe toxicity when these platforms are applied in vivo or in clinical trials. A partial solution to
these issues has been individuated in the application of already existing regulations on
conventional drugs. However, the application of such approach is questionable,®® since the risk
to neglect relatively important aspects related to the behavior of involved nanostructures in real
biological and pathological environments is concrete. From this perspective, if the complexity of
the nanometric structures increases, the risk to negatively interfere with tissue or organs can be
enhanced. Then, a concomitant and continuous advancement of knowledge in medicine at the
molecular level and in nanotechnology is required to better set-up highly specific and controlled
strategies. Ultimately, in order to carry out accurate analyses on the therapeutic impact, toxicity
and industrial feasibility, long term studies are necessarily required. The development of specific
and continuously updated regulations is now occurring in parallel to medical and
nanotechnological progresses, thus widening the availability of optimized protocols for specific
regulations.
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Types of nanomatrices approved for Clinical Use (total of 50)

= Proteins (2)

Micelles (1)

Inorganic matrices (5)

Drug nanocrystals (15)

= Polymeric nanocapsules (17)

= Liposomes (10)

Figure 4 — Schematic representation of drug nanocarriers approved for clinical use™.

6. Scaffold and injectable matrices as devices for regenerative medicine and pharmacology:
general principles and considerations

Another strategy to induce tissue regeneration is based on the development of injectable matrices
or implantable solid scaffolds. These structures strongly interact with the surrounding biological
environment at different levels, thus enhancing regenerative processes.’>’? Their intrinsic
chemical and morphological properties are the most influential for this purpose. In addition, the
integration of additional features aimed to provide them with the ability to host and progressively
deliver therapeutic molecules, represents an extremely valuable approach to enhance and
accelerate tissue formation and growth. Nevertheless, the occurring of complex correlations
between physical properties at the micro- and macro-scales, as well as the behavior at the
molecular level, represent challenging aspects for the development of scaffolding platforms for
drug release and tissue engineering. Hence, the design of new materials and production protocols
are aimed to the achievement of the best controllability of biological response and in case release
kinetics of stimulant molecules. Injectable systems generally show the possibility to reduce
invasiveness, but may lack of mechanical qualities to sustain surrounding tissues and organs. From
the opposite side, the development of solid porous scaffolds represents a valuable solution when a
significant tissue lacuna characterizes the biological district where a therapy is needed. Although,
in this case a more invasive surgical implantation can be required.

A set of various requirements characterizing scaffold-based platforms for drug release and tissue
regeneration can be individuated. The most important aspect to consider is the biocompatibility of
the system. Firstly, this property involves the surrounding biological environment through a direct
contact. In this regard, the chemical composition is highly important. Natural materials can be used
as constituents of engineered scaffolds and represent the best choice for biocompatibility.
However, they may be defective in terms of controllability and repeatability for the intrinsic
uncertainty related to extraction procedures.” Differently, synthetic materials (i.e., synthetic
polymers or inorganic compounds (e.g., bioactive oxides and ceramics)) show the possibility to
highly control and tune their physical properties, ensuring repeatability. Nevertheless, in this case
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the integration into the organism and the biological response are more challenging with respect to
systems based on natural materials. Bioartificial systems based on the combination of natural and
synthetic materials can be also designed. The resulting devices can then show the advantages of
the single components, while reducing the isolated limitations.

For all these aspects, biocompatibility is not a trivial property to characterize and control.
Moreover, it is articulated on different levels, since it does not depend only on the chemical
properties of the bulky material itself, but it is also correlated to the components that can be
released during implantation as degradation/dissolution products. This facet introduces the ideas
of biostable and biodegradable systems. In the first case, highly stable materials are used to
compose the device (e.g., aliphatic polymers such as poly(ethylene) and poly(ether)s). In the
second one, systems are based on materials that can progressively degrade (e.g., natural polymers,
poly(ester)s and other hydrolysable polymers), thus allowing their progressive replacement with a
newly regenerated tissue. Nevertheless, the controllability of degradation rate and the toxicity of
released products represent important and challenging aspects to determine. In this regard,
morphological properties play a pivotal role. Porosity as well as pore dimension and distribution
are extremely important since they significantly modulate degradation kinetics and biological
responses. Specifically, pore size and distribution initially modulate cell adhesion and migration.
Tissue maturation depends on the mass exchange with the environment which is influenced by the
properties of porosity at its higher level (i.e., hundreds of micrometers). In fact, nutrients and
stimulating molecules are required for the correct tissue development, meanwhile metabolites need
to be adequately washed out. The continuous and proper mass exchange and cell migration depend
on the morphological properties of porosity and interconnectivity is fundamental in this regard. At
lower levels (i.e., units and fraction of micrometers), porosity influences cell adhesion and
response. In addition to morphological properties and the bulk composition of a scaffold for tissue
engineering, the chemical properties at the interface with the biological matter is equally
important. In fact, a specific functionalization of scaffold surface can be performed through the
introduction of bioactive domains, such as proteins or peptides (e.g., RGD, IKVAV and similar)
to properly control cell adhesion and behavior. Thence, a correct combination of micro-
morphology and chemical composition is required to modulate cell fate.”

In the following paragraphs, the main examples and applications of the above-mentioned devices
are reported, with particular attention to their potentialities and challenges.

6.1 Drug delivery and tissue engineering applications of injectable systems

Injectable materials have been the topic of many research works since they represent the best
promise for both drug delivery and tissue engineering. A well-developed injectable system allows
localized deposition or parenteral delivery in the site of interest. Moreover, it can also be exploited
as a proper template for the formation of a new tissue. Interestingly, a substantial resemblance
exists between scaffolds addressed to cell-based applications and the ones developed for drug
delivery. Generally, high tunability and processability characterize this kind of platforms. In the
following paragraph, a general overview of their most recent applications in regenerative medicine
is reported.
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6.2 Hydrogels

Hydrogels are three-dimensional crosslinked networks with a pronounced hydrophilic nature.
Hence, they are able to retain and exchange a relevant amount of water or biological fluids. For
this reason, hydrogels show a set of properties in common with the extra-cellular matrix (ECM)
and represent valuable candidates to mimic a physiological behavior when implanted in a
biological environment. A high number of strategies can be found in the literature to form hydrogel
networks, encompassing the use of natural or ad-hoc designed synthetic polymers, stabilized
through physical or additional chemical crosslinking. The entire set of possibilities for hydrogel
classification on the basis of various features (i.e., ionic charge, physical properties,
biodegradability, source and crosslinking method) is reported in figure 5. Within this scenario, a
subdomain of hydrogels exhibits injectability. From a general point of view, injectable gels must
meet some requirements, which depend on their highly dynamic and responsive behavior. Firstly,
their stabilization after deposition should be obtained under mild conditions, thus alleviating
potential stressing processes (e.g., harmful chemical reactions) in the surrounding environment.
Then, the time required for network formation should be as short as possible to avoid any potential
mass loss outside the site of interest. Finally, hydrogel stability and biocompatibility of
degradation products must be ensured in order to reduce the occurrence of any side effects.
Physically crosslinked hydrogels can be preferred for the possibility to avoid the use of catalysts
or potentially toxic small precursors for initiation, but the resulting mechanical properties are
significantly worse with respect to chemically crosslinked networks. In the following paragraphs,
typical crosslinking strategies are described, highlighting recent works and achievements in the
field of tissue engineering.

lonic charge

(Anionic, Cationic, Nonionic,
Amphotric)

Crosslinking

method

(Physical, Chemical)

Hydrogel
Classification

Source Biodegradability

(Natural, Synthetic, (Biostable,
Bioartificial) Biodegradable)

Figure 5 — Hydrogel classification depending on various features: ionic charge, physical properties,
biodegradability, source and crosslinking method.
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6.2.1 Physical hydrogels

Gelation Kinetics represents the most important variable for the definition of injection time
window. Physical hydrogels can be significantly affected by this aspect in their final performances,
depending on the nature of the interactions that lead to complete gelation. Potential reversibility is
one important advantage derived from the physical nature of the interactions occurring in this kind
of hydrogel networks.”"® Depending on the nature of the occurring interactions, better mechanical
properties or reversibility can be obtained. The most well-known categories of physical hydrogels
are described and discussed below.

Thermo-sensitive hydrogels

External temperature is an extremely important variable for the development and control of
physical hydrogels for drug delivery and tissue engineering. Different amphiphilic triblock
polymers with an ABA-architecture (A: hydrophilic domain and B: hydrophobic domain) exhibit
temperature-driven phase transitions upon solubilization in aqueous media. In fact, these systems
can be characterized by a lower critical solution temperature (LCST) and are able to undergo
phase-transition from sol to gel above this specific value. The temperature of human body is
around 37 °C that is generally higher than ambient temperature (i.e., between 20 and 25 °C). The
LCST value can be modulated working on the composition or the concentration of the constituting
polymer in order to be lower than the one that characterizes human body. Hence, the occurrence
of this thermal gradient can be exploited to design thermo-sensitive hydrogels able to ensure initial
injectability and subsequent gelation after deposition. Moreover, because of their amphiphilic
nature, these systems show the intrinsic possibility to increase the solubility and bioavailability of
incorporated hydrophobic drugs.”” Many applications of these systems can be found in the
literature. Commercially available polymers forming thermo-sensitive hydrogels are Pluronics®
(also known as Poloxamers®), which are triblock co-polymers with an ABA structure
(poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)). One recent work performed
by Q. Wang et al. was based on the application of two different thermo-sensitive Pluronics® (i.e.,
F127 and F68) blended with chitosan.”® The resulting bioartificial mixtures were tested for the
intranasal delivery of a HIV-1 replication inhibitor (i.e., DB213), enhancing drug bioavailability
and brain uptake significantly. The application of commercially available triblock co-polymers in
drug delivery have been widely investigated in the last decades,”®®* but nowadays the general
intention consists in synthesizing new amphiphilic polymers with the aim to enhance their physical
and biological properties. For example, P. Patel and co-workers developed new ABA and BAB
triblock co-polymers based on poly(ethylene glycol) (PEG, A-domain) and poly(e-caprolactone)
(PCL, B-domain). PCL-PEG-PCL-based systems resulted to be the most stable and were utilized
to perform in vitro release studies of diclofenac sodium, an anti-inflammatory drug.8? In the field
of tissue engineering, thermo-sensitive hydrogels based on poly(lactic acid-co-glycolic acid)
(PLGA) and poly(ethylene glycol) blocks or graft co-polymers (PLGA-b-PEG-b-PLGA, PEG-g-
PLGA, or PLGA-g-PEG) have been widely used in cartilage regeneration.®® In particular, PLGA-
PEG-PLGA co-polymers have been reported to form highly stable, biocompatible and
biodegradable thermo-sensitive hydrogels able to sustain bone marrow mesenchymal stem cell
proliferation, enhancing new cartilage formation in vivo.2*®® Another interesting study was
conducted by X. Li and co-authors. Briefly, they encapsulated bone marrow mesenchymal stem

cells and kartogenin, a chondro-inductive small drug, into PLGA-PEG-PLGA hydrogels,
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observing a relevant cartilage formation in rabbits.®> Another valuable approach for the production
of thermo-sensitive hydrogels can be identified in the formulation of mixtures based on two
enantiomeric triblock co-polymers, as reported in the work of Abebe and Fujiwara.t® In more
detail, PLA-PEG-PLA co-polymers having different PEG lengths were produced and hydrogels
based on specific stereomixtures were designed, observing good resulting mechanical properties
(i.e., storage modulus greater than 6 kPa) due to micelle self-organization and subsequent
stereocomplexation. However, although the above-mentioned systems are characterized by
extremely high versatility and reversibility, they can be affected by poor stability in watery
environment when the hydrophilic domains constitute the majority of the overall content.®” To
reduce the impact of this disadvantage, the hydrophobic content of amphiphilic polymers can be
increased, but this can negatively affect injectability, solubility and thermal reversibility.
Differently, a very recent approach consists in producing more complex polymers through the
polymerization of amphiphilic triblock chains. This can be possible thanks to the high versatility
of novel protocols for polymer design and production, such as poly(urethane) synthesis.®8 For
instance, Boffito and co-workers developed different poly(urethane)s based on Poloxamer® 407
(i.e., Pluronic® F127), an aliphatic diisocyanate and small diols as chain extenders (e.g., N-Boc
serinol or 1,4-cyclohexane dimethanol). As a result, poly(urethane)-based hydrogels showed faster
gelation kinetics with respect to Poloxamer®-based ones with the same composition. Moreover,
better mechanical properties and higher stability in physiological-like watery environment were
obtained.

lonic hydrogels

One important physical interaction utilized for the production of physical hydrogels is represented
by ionic crosslinking. Essentially, charged polymers are mixed with counter-ions, which can be
represented by other polymers or smaller ionized molecules or ions. The presence of net charges
allows the formation of an interacting network, which is significantly sensitive to external factors.
In fact, pH variations, ion diffusion and temperature modulate mechanical properties of the
hydrogels and thus also their injectability.®® In this field, alginate, a hydrophilic and anionic
polysaccharide, is widely used. Its peculiarity consists in forming ionic crosslinks with Ca?*, Mg?*
or Ba?* in solution. In their interesting work, N.N. Ferreira and co-authors developed an alginate-
based hydrogel to improve the therapeutic effect of bevacizumab (BVZ) as anti-angiogenic drug
for cancer treatment.® They proved the conformational stability of BVZ, which is a protein-based
anti-VEGF drug, once encapsulated into calcium-alginate hydrogels. Moreover, the developed
system containing BVZ (3 mg ml) was easily syringable and showed enhanced therapeutic effect
in vivo and high stability in cancer-related environments (i.e., low pH). Another typology of
hydrogels based on ionic forces is represented by polyelectrolyte-based complexes. Charged
natural and synthetic polymers can be mixed together to produce intermolecular and then
supramolecular structures, thus forming hydrogel networks. The main weak point of this strategy
is represented by the Kinetics of interaction between the oppositely charged components, since
inhomogeneous mixtures can be obtained due to the presence of aggregates. A recent work
produced by X. Lv and co-workers described an interesting system composed of polyelectrolyte-
based complexes.®? Briefly, a hydrogel system based on carboxymethyl chitosan and alginate was
developed through the synergistic contribution of D-glucono-6-lactone as donor of protons and
chitosan oligosaccharides as building blocks and wound healing agents. Interestingly, upon
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addition of chitosan oligosaccharides into the system two-step gelation process was observed,
which resulted in gels with outstanding mechanical properties (i.e., elastic modulus about 1 MPa).
The application of these systems in wound treatment in vivo demonstrated accelerated healing
processes due to enhanced deposition of ECM and angiogenetic phenomena. Nevertheless,
ionically crosslinked hydrogels can show issues related to the stability of their network. In fact,
the external environment can negatively affect their stability by changing the local milieu through
the diffusion of ions and water. Moreover, their versatility is limited in restricted time frames, as
these systems are characterized by fast gelation kinetics which may impede injectability.” To
overcome this issue, high controllability of ionic interactions on different molecular levels must
be ensured through highly precise synthesis methods.®®

Hydrogels based = — = stacking

7 — 7 stacking interactions are formed between aromatic molecules, as described before. When
these functionalities are introduced as lateral or terminal groups in polymers, they can interact
through the mutual affinity of n-electron-deficient and n-electron-rich regions. Their possibility to
relatively arrange in two different ways (i.e., plane-to-plane and edge-to-plane) increases the
probability of interaction and thus physical crosslinking formation. Due to their peculiarities,
aromatic amino acids (i.e., tyrosine, phenylalanine and tryptophan) are widely used to form
hydrogels.®*% As such, the nature of these systems is based on natural oligomers or polymers (i.e.,
peptides and proteins), but also purely synthetic polymers can be produced showing the same side
chains. For example, H. Cui and co-authors developed an highly functional and self-assembling
system based on polylactide—poly(ethylene glycol)—polylactide (PLA-PEG-PLA) functionalized
with carboxyl-capped tetra-aniline (CTA).%® The resulting CTA-PLA-PEG-PLA-CTA-based
aqueous solutions showed gelation properties that depended on different interactions, such as
hydrogen bonding, stereo-complexation and © — © stacking. Additionally, these hydrogels were
injected subcutaneously and enhanced the proliferation of different cell phenotypes (i.e.,
cardiomyocytes, fibroblasts, and osteoblasts), appearing as highly promising scaffolding platforms
for tissue regeneration. However, from a general point of view, these systems can suffer from
different interferences that occur in vivo, since in real biological milieu the presence of aromatic
molecules is not negligible. For this reason, the integrity of the above-described hydrogel systems
can be compromised.

Host-guest interaction-based hydrogels

As previously described, the physical interactions that occur between two complementary
molecules can result in the formation of inclusion complexes. Host molecules are generally
characterized by a macrocyclic morphology and mainly are crown ethers, cucurbiturils,
pillararenes and cyclodextrins. These interactions are based on both the physical and chemical
matching between the host and the guest molecules. Generally, it is possible to determine specific
constant of associations describing the general affinity between host and guest molecules. This
peculiar interaction at the supramolecular level can confer to resulting hydrogels remarkable
mechanical properties, enhanced reversibility, and good stability in water-based biological
environments. Three different approaches can be exploited to produce supramolecular hydrogels:
i) supramolecular interaction of linear polymer monomers as host and guest components, ii)
complementary blending of host and guest polymer solutions, and iii) polymerization of reactive
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and previously assembled host-guest inclusion complexes. In their recent study, Y. Takashima and
co-authors developed a supramolecular hydrogel system based on the third strategy and using
cyclodextrins as host molecule and dodecyl acetate as guest component, obtaining outstanding
mechanical properties (e.g., strain at rupture of approx. 1000%) that can be considered promising
for most biomedical applications. Nevertheless, this study needs further biological characterization
to prove specific biocompatibility for tissue engineering applications.®” Another valuable example
was reported by K. H. Hong and S. Song.*® In their work, they developed a hydrogel system based
on the strong interaction between cyclodextrin and adamantane. Cyclodextrin were grafted to a
thermo-sensitive polymer (i.e., poly(organophosphazene)), while adamantane was bounded to
Arg-Gly-Asp peptide (i.e., RGD bioactive motif for focal adhesion formation). The interaction
between these two components was highly controllable and effective to form a stable hydrogel
system. The incorporation of mesenchymal stem cells into these systems was successful.
Moreover, cell survival and differentiation turned out to be controllable in vitro and in vivo through
the modulation of host-guest complexes. Furthermore, these macrocycles can even interact with
linear polymers characterized by a backbone based on monomers suitable for the formation of
host-guest complexes.®® In this case, the gelation process is carried out through the formation of a
highly hierarchical supramolecular structure, in which the general stabilization is ensured through
hydrogen bonds between the outer surfaces of threaded macrocycles along polymer chains.
Nonetheless, this strategy is based on non-specific interactions. As such, the overall stability of
host-guest interactions and hence the cohesion of the hydrogel can be weakened by the potential
interference with other molecular moieties.%

Finally, the definition “physical hydrogels” denotes an extremely wide set of design strategies to
answer to many clinical needs. Among the different investigated approaches, many disadvantages
can be individuated. The main drawback is the potential instability of the systems that is correlated
to the intrinsic reversibility of physical interactions. A general solution for this issue can be
identified in the development of systems based on the synergistic contribution of different kinds
of physical crosslinks. This is a widely comprehensive attitude, which can be correlated to the idea
of mimicking the self-assembling processes that occur in nature.!°:-1% However, the exploitation
of multiple physical principles to stabilize hydrogel networks can cause a significant increase in
the overall complexity of the systems, thus weakening their predictability upon implantation into
areal biological milieu. For these reasons, physical hydrogels can find a better and more consistent
feasibility for drug delivery applications. In this case the physical integrity of the system is
generally not addressed to be protracted for long periods. In fact, this property is a fundamental
requirement for matrices properly designed for cell adhesion and tissue maturation. As for
nanostructured platforms, the design of physical hydrogels should be driven by the extremely
challenging intention to establish an effective compromise between simplicity, functionality and
predictability.

6.2.2 Chemical hydrogels

The development of hydrogels through chemical crosslinking can answer to the need of increasing
hydrogel stability for prolonged applications in the perspective of tissue growth. Nowadays, the
possibility to synthesize specific polymers or modify the natural ones is widening the entire set of
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available strategies for hydrogel design and tunability in chemical and physical terms. A general
overview of the available chemical crosslinking processes to produce stable hydrogels is reported
below, in order to highlight the differences with respect to physical crosslink-based approaches.

Hydrogels produced through radical polymerization

Radical polymerization represents a valuable strategy to quickly develop hydrogel networks.'% In
order to perform this kind of reactions, monomers characterized by reactive double bonds are
necessary. Acrylamide, acrylic acid, 2-hydroxyethyl methacrylate are highly diffused monomers,
but even polymers such as poly(ethylene glycol), poly(vinyl alcohol) and Pluronics® end-capped
with double bond (i.e., acrylate or methacrylate groups) containing molecules can be produced or
purchased. Moreover, natural polymers (e.g., hyaluronic acid, alginate, pullulan and gelatin) can
be properly modified though the grafting of acrylate groups to perform radical polymerization.
Nonetheless, the presence of reactive double bonds does not represent the only condition required
for the formation of covalent crosslinking and/or polymerization. Indeed, an external stimulus
provided through light exposure and the presence of specific catalysts are even necessary. Light-
initiated crosslinking can be considered an interesting approach to initially manipulate hydrogel
morphology and then stabilize it after injection in vivo. One of the most used sources is UV light.
However, any biological environment can be sensitive to UV light exposure and formation of free
radicals. Indeed, DNA damage and oxidative stress occur in these conditions.!® Moreover, an
important domain of drugs is light-sensitive and the irradiation for prolonged time intervals can
cause a premature degradation of the payload.’?” A slight modulation of this negative effect can
be obtained through a fine optimization of the crosslinking parameters. On the other hand, it is
possible to use initiators able to be activated when irradiated with visible light, thus mitigating the
potential DNA damage. Concerning advanced drug delivery applications, a recent study was
conducted by K. McAvoy et al. that developed poly(ethylene glycol) diacrylate (PEGDA)
hydrogels with tunable porosity for the release of different drugs (i.e., ovalbumin and
triamcinolone acetonide).’® They modulated drug release kinetics using PEGDA molecules at
various molecular weights (i.e., My 250 and 700 Da). As a result, prolonged release kinetics were
observed in systems characterized by a higher crosslink density (i.e., PEGDA at lower molecular
weight) and encapsulating ovalbumin, which is the molecule with the highest molecular weight
analyzed in this study. Additionally, the studied PEGDA-based hydrogels showed high
cytocompatibility above a period of seven days, when tested with retinal epithelial cells. Hence,
the overall characteristics elevated these systems as promising devices for the treatment of age-
related macular degeneration and diabetic retinopathy. Concerning other strategies for tissue
regeneration, one remarkably interesting example can be found in the work performed by X. Zhang
and co-authors.'® In their study, anisotropic scaffolds for heart valve tissue engineering were
developed using PEGDA at different molecular weights (i.e., Mw 3.4 and 20 kDa) and a
photolithographic patterning method. Moreover, a pronounced bioactivity was obtained through
the addition of specific peptides for cell adhesion (i.e., RGDS) and collagenase-driven degradation
(i.e., GGGPQGIWGQGK). In this study, the combined importance of morphological properties
and bioactive domains resulted in controllable effects on the behavior of encapsulated cells and
hence on the maturation of novel tissue. More complex polymeric systems can be even found for
the development of multi-responsive hydrogels stabilized through photo-crosslinking. For
example, photo- and thermo-responsive micelles based on block co-polymers have been stabilized
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through radical polymerization in order to confer enhanced capability for drug encapsulation.t*

Another interesting and recent work was performed by J. Wang and co-authors.!* Through the
mixing of alginate and polyacrylamide, they obtained hydrogels with remarkable mechanical
properties derived from the co-presence of ionic and covalent crosslinks. Alginate was stabilized
using trivalent cations, which are able to form stronger interactions than divalent ones. The
combination and the proper modulation of this double crosslinking were the key points to obtain
super-tough hydrogels with promising properties for tissue engineering. In fact, the systems
characterized by the higher rate of covalent crosslinking were characterized by better mechanical
properties than the ones having low content of crosslinker (i.e., N,N’-methylenebis(acrylamide)),
differently from what usually occurs in double network systems.

Hydrogels based on carbon-nitrogen double bonds

Imines can be produced in physiological environment through the spontaneous reaction of ketones
and aldehydes with available free amines. Moreover, these chemical domains are characterized by
a simple synthesis procedure and the involved reactions are reversible. For this peculiarity, it is
possible to design highly versatile and injectable hydrogels. The involved chemical groups are
widely diffused in natural molecules and polymers, such as peptides, proteins, and
polysaccharides, but even synthetic polymers can be designed.*2'® An interesting example is
reported in the work performed by Y. Ma and co-authors.'!* Briefly, they developed an injectable
hydrogel system based on xanthan gum functionalized with aldehyde groups and
phosphatidylethanolamine liposomes, which served as particulate cross-linkers. The resulting
properties of this hydrogel were configured with fast gelation (within 5 minutes) and a high
responsiveness to heat, pH and other biomolecules (e.g., histidine). Moreover, its biodegradation
can be driven by enzymes that are present in vivo. Injectability and self-healing properties were
guaranteed by the intrinsic reversibility of the involved interactions and bonds. High viability of
encapsulated cells was maintained for two days and indicated a promising suitability of these
systems for regenerative therapies through cell delivery in biological environments. Another kind
of available chemical domains containing double carbon-nitrogen bonds is represented by oximes,
as result of hydrazide- or hydroxyamine-based polymers reacting with aldehyde-based molecules.
Chemical modification of natural polymers can be achieved exploiting the chemistry of
carbodiimides, thus widening the plethora of available materials for hydrogel design.'?®
Nonetheless, it is also possible to find other cutting-edge strategies for the functionalization of
traditional polymers. A recent work conducted by H. Sanchez-Moran and co-authors can be
considered as a valuable example.!® The research group developed an interesting synthesis
method to graft aldehyde and alkoxyamine moieties to sodium alginate backbone. The mixing of
the developed counterparts in aqueous solutions resulted in oxime-crosslinked alginate-based
hydrogels with highly tunable physical properties. The synergistic contribution of alginate-specific
ionic crosslinking conferred further reversibility and processability to the resulting hydrogels. The
possibility to control geometry and modulate mechanical response, in addition to the remarkable
biological properties for 3D cell cultures, marked the developed systems as good candidates for
effective applications in regenerative medicine. Another sophisticated example showing the here-
discussed covalent strategy for hydrogel stabilization can be observed in the study developed by
R. Mateen and colleagues.!!’ In detail, modified dextran was produced by the introduction of
aldehyde and hydrazide groups with the aim to produce an injectable and biodegradable platform.
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Moreover, inclusion complexes formed through cyclodextrins were exploited to encapsulate and
stabilize dexamethasone. In addition, cyclodextrins were chemically modified to show hydrazide
domains, which served to covalently bond them to the hydrogel network. In this way, cyclodextrins
were utilized for drug encapsulation and hydrogel stabilization, both of which representing
powerful parameters for the tuneability of drug release and hydrogel dissolution Kinetics.

Hydrogels produced through Michael addition reaction

Michael addition reactions exploit the interaction between nucleophiles and electron-deficient
olephins to synthesize polymers with highly different structures (e.g., linear, branched and so
forth). In this reactions, thiols are widely used in combination with a,S-unsaturated carbonyls
(e.g., acrylamides, acrylates) under mild conditions, resulting in high polymerization yield and
controllability.}® Both natural and synthetic monomers or polymers can be used to develop
hydrogel systems. In a recent study, R. Li and colleagues developed an in situ gelling system based
on thiol-functionalized hyaluronan and maleilated collagen.'® Depending on the formulation and
the degree of functionalization of the involved natural polymers, gelation kinetics and mechanical
properties were highly tunable. Their suitability for regenerative medicine applications was proved
by the good behavior they showed as cell culture supports for prolonged time. A similar strategy
was developed by H. Hu and co-workers.*?° Briefly, they developed a system based on thiolated
hyaluronan and maleilated chitosan. Because of the chemical functionalities of the involved
polymers, a double crosslinking was obtained. In fact, chitosan behaves as a polycation, while
hyaluronan as a polyanion, thus forming polyelectrolyte-based complexes. In conjunction to
covalent crosslinking obtained through Michael addition reaction, the resulting hydrogel systems
showed very fast gelation kinetics (i.e., within 4 minutes) and an effective antibacterial behavior
was obtained due to the presence of chitosan. As an indicator of the continuously increasing
interest and feasibility of this synthesis process, it is possible to find in literature an elevated
number of works focused on the development of new materials and systems for the production of
functional and bioactive hydrogels.t?-12

Hydrogels based on thiol-alkene reaction

This kind of chemistry is based on the click conjunction of thiols and double bond-based domains
through the mediation of radical formations. Similarly to Michael addition reactions, thiol-ene
click chemistry occurs under mild condition and is insensitive to oxygen. However, the presence
of a photo-initiator sensitive to visible or UV light is needed. For this reason, considering the
photo-sensitiveness of certain molecules (e.g., aromatic proteins and drugs) and the toxicity
against cells that UV light might cause, it is necessary to opportunely modulate the irradiation
process in order to minimize these side effects.*?* Generally, high controllability of hydrogel
properties can be achieved by using this mechanism of reaction. In this regard, W. M. Gramlich
and colleagues performed a study on the synthesis and photopatterning of hyaluronic acid-based
hydrogels.!? In detail, they attached norbornene groups to hyaluronic acid though a specific
synthesis protocol. Hydrogel formulation consisted in the mixing of norbornene-functionalized
hyaluronic acid and dithiothreitol, that acted as crosslinker and was exploited to finely tune the
mechanical response of the resulting hydrogels. Indeed, the elastic modulus of the developed
hydrogels ranged from 1 to 70 kPa. Moreover, the highly controlled technique for crosslinking
allowed a defined patterning of multiple peptides, opening the way to the possibility to design
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remarkably complex and functional hydrogels. One interesting example is reported in the work
carried out by R. F. Pereira and co-authors.*?® Briefly, they developed a cell-instructive hydrogel
system based on pectin for skin regeneration. Keratinocyte and dermal fibroblast behaviors were
modulated by the presence of bioactive peptides, whereas mechanical properties and degradation
profiles were tuned through crosslinking rate. As a result, the developed hydrogels were able to
support the generation of physiological skin in vitro, thus representing promising devices for the
realization of tissue models or for the treatment of severe skin wounds.

This method for crosslinking is still under investigation, with the aim to further elucidate all its
potentiality for the production of highly stable and reversible hydrogels. Nevertheless, a crucial
point can be identified in the challenging realization of predictable hydrogel systems that are
intrinsically complex on both chemical and morphological aspects.

Hydrogels produced through enzymatically catalyzed reactions

Natural factors that can be found in biological environments can be exploited to form hydrogel
networks as well. Thanks to their high selectivity and mild conditions, enzymes, as phosphatases,
peroxidases, trans-glutaminase, oxidases and tyrosinase are extremely interesting biomolecules to
induce gelation in situ. This approach retains particular effectiveness and safety due to the potential
absence of toxic synthetic catalysts or external UV irradiation, thus minimizing the overall
invasiveness.'?’” In their work, H. Wang and co-authors developed a peptide-based hydrogel
system based on self-assembly and enzymatic crosslinking through phosphatase.'?® The
application of this system as vaccine adjuvants resulted highly promising. In fact, the response of
immune system was enhanced through the release of an encapsulated model protein (i.e.,
ovalbumin). Additionally, the developed gels favored the maturation of dendritic cells, promoting
the condensation of produced antigens into lymphatic nodes and hence hindering tumor
development. As such, these hydrogels demonstrated to be eligible solutions for immunotherapy-
related strategies. The main drawback of enzymatic-crosslinked hydrogels relies in the unknown
variability of enzyme availability in situ. Therefore, the use of an external supplemented enzyme
can represent a valuable solution to better control hydrogel behavior, but this may limit hydrogel
versatility and injectability.?®

Hence, the development of chemical hydrogels includes various strategies, aiming to confer higher
stability and better mechanical properties with respect to systems purely based on physical
interactions. Nevertheless, as discussed above, their processability could be hindered by the quick
occurrence of chemical reactions. It is also necessary to develop systems characterized by an
extremely high controllability coupled with good handling. In this regard, combining the
contributions of both chemical and physical interactions could efficiently answer to the most
important requirements for effective hydrogel applications. Indeed, the controllability of hydrogel
architecture and physical properties plays an elemental and extremely important role, which will
be discussed hereafter. The main properties of physical and chemical hydrogels are summarized
below (figure 6), thus highlighting the important correlation between these two crosslinking
strategies in order to properly improve and engineer overall hydrogel functionality.
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Figure 6 — Summary of the main properties (i.e., pros and cons) related to physical and chemical hydrogels
as injectable matrices.

6.2.3 3D printing: the importance of hydrogel architecture

In its infancy, hydrogel design was characterized by structural homogeneity and isotropic
response,**® which fell later under debate due to the increasing awareness regarding the importance
of a more specific control of morphological properties to properly mimic tissue behavior.'3%132 |n
order to better control the architecture of hydrogel systems with respect to simple injection or
molding, highly effective technologies have been developed, such as inkjet, micro-extrusion and
light-based methods. The entire set of these techniques can be generally coded as “three-
dimensional (3D) printing”, also known as “rapid prototyping” or “additive manufacturing”. All
these terms identify a computer-assisted technique that permits the “layer by layer” development
of highly complex morphologies based on different injectable matrices even based on living
materials (i.e., cell encapsulating matrices). The exploitation of a CAD-CAM procedure allows a
significative improvement in design, flexibility, rapidity, and cost reduction.**® The characterizing
high resolution of this approach allows the production of constructs in different shapes and sizes,
that allow an effective replication of tissues and organ-like districts. In fact, a better mimesis of
the native morphology and physical properties can ensure a better integration for either hydrogels
aimed to the maturation of specific tissues or drug delivery systems. The water-based nature of
hydrogels is particularly suitable for 3D printing approaches, relying on the remarkable tunability
of their chemical composition, bioactivity, and physical response.®** Hence, hydrogel design for
specific 3D printing applications currently represents one of the most interesting and important
challenges in regenerative medicine. In the following paragraphs, a general overview of hydrogel
systems for cutting-edge 3D printing applications will be showed, highlighting the prevailing
advantages and the concurrent limitations.

Extrusion-based and inkjet 3D printing

This technique is characterized by high simplicity and predictability for a wide set of already
available hydrogel-based inks. The resonance into the market of this approach is remarkably
strong. Indeed, many examples of commercially available extrusion-based 3D printer can be
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found.™® The available extrusion design can consist of pneumatic-, piston- or screw-driven
systems, which are schematically represented in figure 7.
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Figure 7 — Schematic representation of extrusion-based strategies for hydrogel 3D-printing.

One of the most important parameters for this technique is viscosity. In fact, its tunability
determines printing performances and required time. Generally, the optimal viscosity of injectable
systems for this application ranges between 30 and 6 x 10’ mPa s,*® which also permits the
encapsulation of cells at high concentrations with good viability. However, the tight dependence
of the printing process on this physical property also implies limited resolution and printing speed.
A widely used approach is based on the extrusion of a liquid matrix that is stabilized after the
deposition process. To this aim, photo-sensitive polymer-based systems allow a facilitated
deposition at the liquid state and then an effective stabilization through photo-induced
polymerization. Other strategies can be based on thermal or chemical crosslinking. Nonetheless,
despite the remarkable versatility and high reversibility, the former may lack of stability in water-
based biological environments,**" while the latter might require extended time for chemical
crosslinking causing consequent loss in resolution and shape fidelity.!®® To this aim, the
exploitation of concurrent physical interactions can solve the relevant limitations in primary
stability and resolution immediately after deposition. In fact, specific intermolecular interactions
that produce supramolecular self-assembly phenomena can result in highly self-healing and
thixotropic properties, which allow the direct deposition of matrices at the gel state while reducing
shear stresses.'®® A notable example can be found in the work by L. Ouyang and co-workers.®° In
detail, they developed a printable matrix based on a modified polysaccharide in order to exploit a
dual-crosslinking strategy. Indeed, they functionalized hyaluronic acid with cyclodextrins and
adamantane, thus producing two counterparts able to form supramolecular crosslinks based on
host-guest complexes. Moreover, they integrated methacrylated hyaluronic acid in their final
system with the scope to form photo-induced covalent bonds between the constituting macromers.
As a result, the novel material showed finely tunable mechanical properties and responsiveness.
Additionally, the authors optimized the printing process obtaining complex structures at high
morphological resolution. The constructs resulted to be optimal for cell encapsulation and thus
bioprinting. The same approach was employed by L. Li and co-authors for the production of
biomimetic hydrogel-based constructs for cartilage tissue engineering.** In this case, a double-
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crosslinking was achieved through the exploitation of self-assembling peptides and photo-
crosslinkable hyaluronic acid or multi-armed poly(ethylene glycol). The authors developed
hydrogel networks with remarkable stiffness and compression limit (i.e., 200 kPa and >70%,
respectively) in conjunction with self-healing ability. From a biological point of view, the here-
mentioned systems enhanced the viability of encapsulated cells for several weeks. Additionally, a
study conducted in vivo highlighted the remarkable regenerative potential of these hydrogels
through histological evaluation.

Differently, inkjet bioprinting is based on inks characterized by low viscosity (i.e., <10 mPas) and
deposited through a discontinuous flow.**® This peculiarity allows high velocity for fabrication
and notably low costs, but implies limited cell density and scarce vertical printing ability. Three
groups of inkjet printing methods can be defined, namely continuous-inkjet, electro-hydrodynamic
and drop-on-demand bioprinting. More specifically, the approach consisting in drop-on-demand
printing is one of the most used and it is based on other two principles: thermal and piezoelectric
inkjet printing, as summarized in figure 8.
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Figure 8 — Schematic representation of inkjet-based strategies for 3D-printing.

An interesting work carried out by Gao et al. showed the potentiality of this technique through the
development of highly engineered materials.}** More specifically, they developed acrylated
peptides that were blended with poly(ethylene glycol) diacrylate as photo-sensitive matrix. Human
bone marrow-derived mesenchymal stem cells were encapsulated and showed high viability (i.e.,
90%) due to the optimized printing and UV-curing processes. The bioactivity of printed constructs
allowed a relevant deposition of extra-cellular matrix and minerals, thus making these systems
eligible for cartilage and bone tissue regeneration. Moreover, the resulting physical properties were
able to guarantee a controlled development of engineered tissues without inducing any
hypertrophic phenomena. Another study based on drop-on-demand technique has been recently
published by Part and co-workers.!*? Briefly, they produced an organized three-dimensional
papillary structure based on the ordered deposition of 3D microstructures containing fibroblasts
into a pre-patterned collagen support. As a result, after different days of maturation in
physiological conditions, the research group observed that the printed spheres were re-arranged
through a modulated self-arrangement of fibroblasts.
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In conclusion, 3D printing based on extrusion and inkjet systems can represent simple and rapid
methods to produce engineered constructs for regenerative medicine. The most noteworthy facet
of this technique is represented by the possibility to directly print cell-encapsulating matrices. As
reported before, nowadays many research activities are focused on the development of novel
materials as inks with the aim to improve morphological resolution and complexity, which
represent the main challenges for extrusion-based 3D printing. Nonetheless, good physical
properties and processability must be coupled with biocompatibility and bioactivity of developed
systems at the end stage of their entire production. Generally, the complete and effective matching
of the above-mentioned targets is not elementary.

Stereolithography-based 3D printing

This printing technique uses a light beam guided through digital micro-mirrors to precisely
polymerize photo-sensitive materials.}* In detail, the printing process proceeds step-by-step, each
step consisting in the deposition of a fresh coat on the top of the construct in development, which
is gradually lowered, and its photo-polymerization according to a CAD file. The additive
procedure ends with a construct that contains non-crosslinked domains to be removed and in
certain cases a further polymerization of the green-product can be performed to improve the
adhesion between consecutive layers. Hence, being a nozzle-free technique, it does not require an
intrinsic injectability of the involved hydrogels, ensuring the highest morphological resolution
(e.g., up to 5 um) and printing speed together with good viability of encapsulated cells. In fact, no
pressure is required to shape the matrix and therefore no shear stresses are applied to cells. For
these reasons, there are only slight limitations in terms of bioink viscosity: a low viscosity is
preferable to more efficiently remove non-crosslinked material in the post-processing step. On the
other hand, too low viscosity could result in sedimentation phenomena of encapsulated cells. A
schematic illustration of stereolithography-based 3D printing is represented in figure 9.

Light

. Hydrogel design
Projector

Bioink / /) \ N
Support

Figure 9 — Simple representation of stereolithography process for the realization of 3D-printed hydrogel
matrices.

Nevertheless, the necessity to cure the matrix through light exposure can induce cytotoxic effects
when the hydrogel system contains photo-initiators that are activated by wavelengths in the UV
domain. A recently published study carried out by Zhu and co-workers showed an engineered and
optimized strategy to print 3D structures based on methacrylated gelatin and poly(ethylene glycol)
diacrylate using an UV source, reducing the negative effects of the curing step.'** Furthermore, an
additional electromagnetic stimulation in the visible domain (i.e., red light) was used after scaffold
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photo-crosslinking to stimulate seeded neural stem cells with the aim to induce a therapeutic effect
for degenerative nerval diseases. The treatment resulted to exert a tunable effect on cultured cells.
Indeed, cell growth and differentiation were modulated through light exposure. In another study,
Creff et al. developed a 3D scaffold mimicking intestinal epithelium morphology.4> The authors
described an entire fabrication procedure that combines scaffold production based on
poly(ethylene glycol) diacrylate and construct maturation through cell culture. As a result, they
were able to produce a valuable in vitro model to produce organoid-like systems particularly aimed
to drug screening. The continuous development of new optical technologies opened the way to the
possibility to use modern and less invasive light sources, such as Bessel Beam,**® which was
recently exploited to produce highly precise structures based on different natural and synthetic
materials, preserving cell viability in the printed constructs. As for other here-mentioned
techniques, the main limit of this approach consists in the widespread utilization of UV-sensitive
materials. Hence, a concrete need of novel photo-sensitive systems sensitive to less cytotoxic light
sources (i.e., visible light) is nourishing the research activities nowadays. Finally, this technology
is characterized by the main limitation to print one single cell culture each time.

Laser-assisted 3D printing

This method is based on the deposition of a matrix known as donor-slide onto a receiver-slide
through the application of a focused laser beam. A simplified scheme of laser-assisted system is
reported in the figure 10.
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Figure 10 — Simplified representation of a laser-assisted 3D printer.

The donor-slide is generally composed by different layers. The first one that directly interacts with
the pulsed laser is based on transparent glass, coupled with a subsequent thin metal sheet on which
the bioink is applied. The incidence of the laser beam produces a localized vaporization between
the metal and the bioink sheets. This phenomenon allows the precise deposition of bioink droplets
on the receiver-slide. As for stereolithography-based 3D printing, this technique is not intrinsically
based on injectable bioinks. However, some limitations in viscosity exist, as it should be lower
than 300 mPa s. In a recent work, Kérourédan et al. applied laser-assisted deposition to print
collagen encapsulating endothelial cells and VEGF directly into bone defects in vivo.**” This
technique allowed the printing of different patterns in order to evaluate the best design to enhance
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vascularization for bone regeneration. The authors highlighted the high potential for direct printing
in situ. An additional and noteworthy work has been conducted by Sorkio and co-authors,'*® who
developed a set of different corneal structures with two cell types (i.e., human adipose and
pluripotent stem cells) using laminin and collagen as bioinks. As a result, they proved that laser-
assisted bioprinting was a feasible approach for the production of highly complex and organized
structures, such as corneal tissue. However, although this technique has great potentiality to
effectively produce engineered constructs for regenerative medicine, the entire technology consists
in relevantly expensive processes and scarce scalability, which limit its translation into the clinical
field.

The here-described printing techniques for hydrogel matrices are characterized by different and
complementary properties. Nowadays, the characteristic novelty of these approaches is limiting
their potentiality, since their common main goal is still remote from their actual applicability,
which is the total replacement of the autograft-based gold standard. One relevant limitation is also
represented by the mismatch between the technological level and the availability of processable
and reliable bioinks. This last aspect, indeed, represents the main frontier in the interdisciplinary
field of biomaterials and would represent a substantial improvement towards the applicability of
these techniques in the clinical environment. The continuous development of optimized
bioprinting set-ups will improve the overall efficiency reducing the related high costs that
contradistinguish inkjet- and laser-based bioprinting technologies. Another aim of the current
research activities in this field is addressed to the scale-up of these techniques, in order to better
answer to clinical needs. It is then clear that a common effort in the research field is being done to
achieve a concrete applicability of these techniques as such or in smart combinations to properly
control the biological development of tissue engineered constructs. Despite these transitional and
noteworthy limitations, techniques based on rapid prototyping represent a valuable solution for the
most important clinical needs in which regenerative medicine is involved.

6.2.4 Injectable hydrogels for the clinics

As previously shown, the available strategies to develop smart hydrogels are various and highly
promising. Nonetheless, limiting the focus on drug delivery systems, which do not include
biological components (i.e., cells), the number of available products for the clinics is remarkably
limited.*® This outcome is due to the notable set of limiting and challenging obstacles that
researchers must overcome to achieve clinical application. In fact, many difficulties are affecting
the overall development of hydrogel systems, starting from fabrication, scaling-up, storage and
finishing with regulatory intricacy and costs. By the fact that hydrogels are mainly composed by
water, final sterilization represents an important and articulated issue, since every component and
process need to be validated. The dehydration of hydrogels can represent a potential alternative,
but this may affect hydrogel behavior and drug activity. Hence, storage conditions are fundamental
to protect the final functions and effectiveness of hydrogel-based delivery systems. Moreover,
being systems based on a combination of components, regulatory approval procedures involve
different aspects and can require up to 10 years to be completed, doubling the time with respect to
scaffolding systems that do not contain drug payloads.
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According to the data available at the end of the first semester of 2020 (www.clinicaltrials.gov),
the number of registered clinical trials on hydrogels was around 481 studies, with 77 of them
focused on tissue engineering. This represents an important indicator of the general interest in
these systems. However, the available solutions are mostly related to simple tissues or organs (e.g.,
skin, bladder, and blood vessels). In fact, the development of more complex structures based on
hydrogels faces more difficulties to overcome, such as the reproduction of highly specific
morphological and mechanical properties, along with biological responses of incorporated cells
and hosting tissues into a real organism. Nevertheless, an increasing number of clinical studies
concerning hydrogels for more advanced tissue regeneration can be found in the last decade.'®
Hence, the development of injectable hydrogels in conjunction with novel production techniques
(i.e., rapid prototyping) still represents a valuable strategy for the improvement of healthcare with
the help of up-to-date regulations.®

6.3 Solid scaffold in tissue engineering

The necessity to reproduce the complexity of physical and mechanical properties of natural tissues
has led to the continuous development of three-dimensional constructs based on solid materials,
such as polymers, metals and inorganic matrices. In this regard, both conventional techniques or
novel approaches based on additive manufacturing can produce highly promising and valuable
supports for regenerative medicine. From a technical perspective, each strategy is finalized to
control and tune the morphological properties (e.g., porosity, pore distribution and shape) to
address the resulting product to specific applications. The continuous cross-talk between physical
and chemical facets of scaffolds represents the complex ensemble of variables to be engineered to
properly control biological response and hence tissue maturation. Then, there are different
requirements to be fulfilled to properly develop scaffolds for tissue engineering: form, function,
formation and fixation.'® Form is intended as the property to fully fill a tissue defect in order to
properly exert its role. Function is referred to the ability of a scaffold to overcome initial
mechanical and physical needs until the newly formed tissue is matured; this maturation properly
represents the formation requisite. The overall ensemble of these properties has to be combined
with the fixation demand that is related to the feasibility for surgeons to properly implant the device
into the human body. Partially, these requirements are shared with hydrogels finalized to tissue
maturation, but in case of solid scaffolds they are even more important. In fact, solid scaffolds are
usually finalized to applications that include more relevant and highly incisive biomechanical
facets (e.g., bone tissue engineering), that require higher stability after implantation. In the
following paragraphs, a short overview on the available strategies for solid scaffold production
aimed to regenerative medicine applications will be shown, reporting the most relevant and up-to-
date examples.

6.3.1 Conventional methods for scaffold production

Conventional methods rely on solid technologies and are usually characterized by simplicity.
Additiona