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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 α-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, Mn 12600 Da) and Pluronic® F68 (F68, 80% wt PEO, Mn 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% w/v, CD content between 7 and 10% w/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 ISO 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 

µg ml-1) and ciprofloxacin (up to 40 µg ml-1) 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(ε-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 μg ml-1) 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. 
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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. 

Graphical Abstract 
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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.1,2 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/).3 

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.4–10 

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.11 

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.12 Differently, the purposes 

underpinning the philosophy of regenerative medicine are quite recent and remarkably 

challenging.13 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 

http://www.transplant-observatory.org/summary/
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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.14 

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. 

 

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.15–17 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.18 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.19 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.20 

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 
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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,21 namely physico-chemical properties, formulations and administration route, which 

affect the efficacy of a delivered drug, as reported in figure 2. 

 

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.22 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.22 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.23 

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.24,25 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.26 

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) π-π 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. π-π 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.27,28 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.29,30 Nevertheless, also 

in covalently stabilized platforms, physical interactions are extremely important for the primary 

intermolecular stabilization between the involved constituents before chemical crosslinking.31 

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.31 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.32 

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.33 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.34 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. 

 

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).35 

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.36 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.37 
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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.38 

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.
39,40 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(ε-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.41 

Briefly, they designed a di-block co-polymer based on monomethoxy poly(ethylene glycol) and 

poly(ε-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 

cancer42,43 and chronic wounds.44 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).45 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.46 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.47 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.48 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,29,49 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.50 Despite these 

relevant drawbacks, M. Peleteiro and co-workers applied a delivery platform based on 

nanocapsules for vaccine delivery.51 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.52 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,53 as peptide synthesis can be precisely controlled.54 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.55 One interesting 

application of peptide-based nanostructures is the treatment of infected tissues or organs.56 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.57 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-1 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,58 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.59 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.60 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.61 

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.62 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.63,64 Other macrocycles with a different chemical 

composition can be used for the same purpose: calixarenes,65 cucurbiturils66 and pillarenes.67 

Inclusion complexes can be formed even through the development of more convoluted molecules, 

such as dendrimers.68 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,26 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,69,70 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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Figure 4 – Schematic representation of drug nanocarriers approved for clinical use70. 

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.71,72 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.73 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.74  

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. 



17 

 

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. 

 

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.75,76 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.77 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.78 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,79–81 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(ε-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.82 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.83 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.84,85 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.85 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.86 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.87 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.88,89 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. 

Ionic 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.90 In this field, alginate, a hydrophilic and anionic 

polysaccharide, is widely used. Its peculiarity consists in forming ionic crosslinks with Ca2+, Mg2+ 

or Ba2+ 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.91 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-1) 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.92 Briefly, a hydrogel system based on carboxymethyl chitosan and alginate was 

developed through the synergistic contribution of D-glucono-δ-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.75 To 

overcome this issue, high controllability of ionic interactions on different molecular levels must 

be ensured through highly precise synthesis methods.93 

Hydrogels based π – π stacking 

π – π 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 π-electron-deficient and π-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.94,95 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).96 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 π – π 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.97 Another valuable example 

was reported by K. H. Hong and S. Song.98 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.
99 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.100 

 

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.101–104 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 

a real 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.105 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.106 Moreover, an 

important domain of drugs is light-sensitive and the irradiation for prolonged time intervals can 

cause a premature degradation of the payload.107 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).108 They modulated drug release kinetics using PEGDA molecules at 

various molecular weights (i.e., Mw 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.109 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.110 

Another interesting and recent work was performed by J. Wang and co-authors.111 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.112,113 An interesting example is 

reported in the work performed by Y. Ma and co-authors.114 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.115 

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.116 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.117 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 𝛼,𝛽-unsaturated carbonyls 

(e.g., acrylamides, acrylates) under mild conditions, resulting in high polymerization yield and 

controllability.118 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.119 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.120 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.121–123 

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.124 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.125 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.126 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.127 In their work, H. Wang and co-authors developed a peptide-based hydrogel 

system based on self-assembly and enzymatic crosslinking through phosphatase.128 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.129 

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,130 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.131,132 In 

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.133 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.134 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.135 The available extrusion design can consist of pneumatic-, piston- or screw-driven 

systems, which are schematically represented in figure 7.  

 

 

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 107 mPa s,136 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,137 while the latter might require extended time for chemical 

crosslinking causing consequent loss in resolution and shape fidelity.138 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.138 A notable example can be found in the work by L. Ouyang and co-workers.139 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.140 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 mPa s) and 

deposited through a discontinuous flow.136 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. 

 

 

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.141 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.142 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.143 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 µm) 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. 

 

 

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.144 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.145 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,146 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.  

 

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.147 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,148 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.149 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.150 

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.151 

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.152 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. 

Additionally, the scaling-up of most of these approaches can be achieved containing the costs to a 

reasonable level. However, the intrinsic limitations of conventional techniques can severely limit 
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the controllability of morphological properties. Despite this drawback, conventional methods can 

find widespread applications for tissue engineering, as reported below. 

Solvent casting and particulate leaching 

Solvent casting and particulate leaching (SC-PL) is based on the incorporation of a sacrificial 

dispersed phase (i.e., the porogen) into a continuous matrix that is usually constituted by a 

polymer.153 The porogen can be based on soluble polymers, such as gelatin and glucose 

microparticles, or inorganic salts (e.g., NaCl or KCl). The particulate-based phase is finely 

dispersed into a solution containing the polymer; then, the suspension is casted into a mold. Once 

the solvent is evaporated, a solid structure composed of the matrix encapsulating the porogen is 

obtained. The pores are formed through the selective wash-out of the porogen by simple immersion 

in water. The main limitation related to this approach consists in the eventual presence of 

contaminants such as residual traces of salts or un-vapored solvent. Consequently, potential 

harmful effects can be induced. An interesting and cutting-edge application of this technique can 

be observed in the work performed by Sola and co-workers.154 In brief, the exploitation of solvent-

casting and particulate leaching permitted to obtain 3D scaffolds mimicking the structure of the 

bone marrow niche. As materials, poly(methyl methacrylate) and a commercially available and 

highly flexible poly(urethane) were selected for their good mechanical properties and 

cytocompatibility. The simplicity that characterizes the applied technique permitted to obtain 

porosity up to 91% with excellent cell response. This recent example demonstrates the potentiality 

that SC-PL still retains nowadays. Moreover, the extremely wide spectrum of suitable materials 

makes this technique highly versatile and interesting for advanced applications in regenerative 

tissue engineering. Nevertheless, some evident limitations can be highlighted. In fact, in addition 

to the above-mentioned risk of contamination, even non-interconnected porosity can result from 

the application of this procedure, limiting scaffold maturation and the mass exchange of nutrients 

and metabolites. Hence, the precise control of all the involved variables in SC-PL process is 

required to enhance the repeatability and the morphological quality of produced scaffolds. 

Thermally induced phase separation 

Among the traditional methods for scaffold production, thermally induced phase separation (TIPS) 

stands out for its reversibility and controllability. Indeed, it exploits the effects of temperature 

variations to cause a progressive de-mixing of a polymer solution into a porous matrix. Generally, 

it allows the production of highly interconnected pore structures. Physical parameters such as 

polymer concentration and molecular weight, as well as the cooling procedure and ratio between 

solvent and non-solvent play a fundamental role in the tuneability of the process.155 For the 

resulting potentiality, this technique is continuously evolving and is still widely used for the 

production of engineered scaffolds for regenerative medicine. A recent example can be found in 

the work performed by Chen et al., in which a macroporous scaffold system composed of poly(L-

lactic acid) (PLLA) and chitosan has been developed for bone tissue regeneration.156 In addition 

to the good mechanical properties deriving from PLLA, the developed scaffold resulted to be 

suitable for implantation into critical-size rat bone defects in vivo, showing good enhancement of 

new tissue formation due to the relevant contribution of chitosan. In another work, Guo and co-

authors fabricated porous monoliths based on poly(propylene fumarate‐co‐caprolactone) with 

enhanced pores interconnectivity and biocompatibility in vitro.157 Moreover, the process for 
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scaffold production allowed a relevant controllability of mechanical properties, biomineralization 

and cell response. Nonetheless, this technique may be limited to very simple geometries, such as 

simple monoliths (e.g., cylinders and parallelepipeds) and the utilization of different mold 

morphologies can induce significant variations in the entire set of the involved physical 

parameters. 

 

Electrospinning 

This technique is used for the fabrication of fibrous micro- and nano-structures based on simple 

polymers or composites. The instrumental set-up is composed of a syringe pump, a high-voltage 

generator and a collector. A charged polymeric solution is spun from the syringe to the collector 

once the electrostatic force produced by the generator overcome the specific surface tension. The 

consequent evaporation of the solvent results in the deposition of solid fibers. The resulting 

morphologies usually provide different advantages in terms of biological response. Indeed, highly 

interconnected porosity can be obtained through the deposition of fibres. Moreover, the wide 

availability of instrumental set-ups opens the way to the possibility to tune the morphological 

properties of the resulting scaffolds towards a fine mimesis of the properties of extra-cellular 

matrix and tissues.158 In addition, specific molds can be integrated in the collector producing even 

complex geometries at the macro-scale having well-organized micro- and nano-structures. As an 

example, Xue and co-authors developed an ear-shaped electrospun scaffold composed of PCL and 

gelatin that showed remarkable mechanical properties and bioactivity in vivo.159 Another 

noteworthy work was performed by Rajzer et al. who developed electrospun scaffolds based on 

PLA and PCL and encapsulating ossein-hydroxyapatite complexes, with enhanced mineralization, 

as well as cell adhesion and differentiation.160 Hence, the potentialities of electrospinning are 

various and highly valuable. However, there are relevant limitations in the scaling-up of the entire 

process. In fact, the required time for the production of scaffolds is quite long and the overall 

process usually leads to mainly bidimensional constructs (i.e., membranes). Despite these relevant 

limitations, this technique holds the potential to fabricate unique morphologies able to finely 

modulate biological responses.161,162 Hence, electrospinning represents a valuable approach as 

such or in combination with other techniques for the production of highly bioactive scaffolds. 

6.3.2 Non-conventional methods – 3D printing 

The technological development based on CAD-CAM design induced a revolution even in the field 

of solid scaffold production. Similarly to 3D printed hydrogels, the development of 3D printed 

solid matrices allows to precisely control the morphology at different levels.  

Fused deposition modeling 

Fused deposition modeling (FDM) is one of the most popular and inexpensive approaches to 

additive manufacture solid materials. Differently from hydrogel 3D-bioprinting, a semi-molten 

matrix is deposited through extrusion from a nozzle on a support. The main involved variables are 

related to the thermoplastic polymer that is extruded. In fact, the molecular weight and the 

chemical composition of a material aimed to fused deposition modeling strongly influence the 

physical properties that must be controlled during the process, such as melting temperature, 

viscosity and printing speed. The most utilized and commercially available materials are PCL, 
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PLA and PLGA, which can be even found in composite forms with bioactive oxides (i.e., 

bioglasses or hydroxyapatite). A recent example of the relevant applicability of this approach has 

been provided by Ceretti and co-authors that fabricated multi-layered PCL-based scaffolds through 

an open source FDM-based printer and electrospinning.163 The authors demonstrated how the 

involved FDM-related parameters can be finely controlled to produce 3D printed scaffolds for 

tissue engineering with specific geometrical and physical properties. Electrospun membranes were 

then applied on the 3D printed structures to enhance cell adhesion and proliferation. As a biological 

proof, a complete colonization of the resulting constructs was achieved with human fibroblasts, 

thus making this approach a suitable strategy for cartilage and bone tissue engineering. Another 

interesting work by Rebaioli et al. evidenced the versatility of FDM for scaffold production. In 

detail, they produced 3D-printed PLA scaffolds encapsulating carbon nanotubes (CNTs) with the 

aim to replicate the mechanical and electrical properties of bone extracellular matrix.164 

Differently, Chen and colleagues developed 3D scaffolds characterized by anisotropic 

properties.165 As materials, they used a commercially available thermoplastic poly(urethane) 

blended with PLA and graphene oxide. The presence of the nanocomposites effectively enhanced 

the mechanical responses of the 3D printed scaffolds, acting as a reinforcing agent. FDM is 

continuously demonstrating to be a cutting-edge strategy to properly develop highly engineered 

scaffolds for regenerative medicine. However, a limiting aspect can be found in the maximum 

resolution obtainable from the printed filaments (i.e., between 100 and 200 µm).166 For this reason, 

this technique is often coupled to other strategies (e.g., electrospinning or gas foaming167) with the 

aim to obtain structures with features characterized at lower scales to specifically control cell 

behavior. 

Selective laser sintering 

Selective laser sintering (SLS) is a novel technology based on the precise and partial melting of 

powders through a focused and traced laser that follows a CAD-derived path translated into an 

STL file.168 The formation of scaffolds proceeds layer-by-layer. The properties of the final 

construct, such as porosity and resolution, depend on laser- and powder-related variables. In fact, 

laser power, focusing radius and scan speed, as well as powder thermal properties, thickness, and 

size distribution (i.e., the granulometry) are key parameters influencing the outcomes of the 

process. Interestingly, in addition to the precise scaffold shape that can be obtained, the resulting 

micro-structure can be characterized by discrete powder particles bound with necks, thus 

generating a micro-porosity particularly useful for tissue engineering applications. However, the 

entire process involves non-trivial heat transfer phenomena, which require extremely precise 

preliminary optimization procedures. One extremely important advantage of SLS is represented 

by the possibility to produce complex structures without the necessity of any supports, thus 

significantly reducing or completely avoiding additional finishing processes. Generally, powder 

having 50 µm mean diameter are used for different polymers, such as poly(vinyl alcohol), 

poly(carbonate)s, poly(ether ether ketone)s, PCL, PLLA and poly(ethylene). The polymeric matrix 

can be reinforced through the addition of a mineral phase (e.g., hydroxyapatite). This approach 

was exploited by XiaoHui and co-authors in their work finalized to the production of 

poly(carbonate)-based scaffolds reinforced with hydroxyapatite (HA).169 The optimized process 

allowed the development of composite constructs containing HA at 10% wt, having a porosity 

around 77% and a compressive modulus of 26 MPa. The resulting structures resulted to be 
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particularly suitable for bone tissue engineering. A different approach can be found in the work 

performed by Wu et al., in which SLS-fabricated PCL templates were impregnated with a hydrogel 

phase to obtain solid scaffold-hydrogel system based on PCL/alginate/polyacrylamide with 

improved mechanical and biological performances.170 In detail, elastic modulus was increased 

from 7 to 12.7 MPa, while the strain at break was almost doubled from 59% to 112%, when simple 

PCL sintered structures were embedded with bioartificial hydrogels based on alginate and 

polyacrylamide. Seeded and cultured cells on these substrates demonstrated excellent viability 

(94%) over 5 days. 

Hence, SLS represents an extremely important technique for the production of unique structures 

for tissue engineering with noteworthy mechanical and biological properties. However, some 

limitations can be found in the restricted field of materials with suitable resistance to heat and 

shrinkage properties, since relevant temperatures can be locally reached during fabrication. 

Additionally, the SLS apparatus is relatively expensive when compared to FDM devices and 

requires extended time for processing and post-processing. 

Stereolithography 

As in the case of hydrogels, stereolithography (SLA) can be used for the production of solid 

constructs by varying the nature of the involved photo-sensitive materials. However, the number 

of available materials for SLA is limited and mainly based on photo-curable resins. In addition, 

the domain of available materials to be implemented has been limited by potential toxicity derived 

from photo-initiators or non-crosslinked monomers,171,172 as previously discussed. To properly 

process materials with SLA, viscosity is a fundamental parameter to be considered in order to 

increase curing effectiveness. In this regard, low molecular weight resins are thus preferable. In 

fact, a low viscosity (ranging from 0.25 and 10 Pa s) allows a better cleaning of uncured domains 

after fabrication. Although oligomer-based resins are preferable, also polymeric matrices have 

been developed to produce 3D printed structures at high resolution. For example, Elomaa and co-

workers developed a bioartificial scaffold based on resins composed of gelatin methacryloyl 

(GelMA) and PCL functionalized with methacrylate end groups.173 Interestingly, resins containing 

high content of GelMA (up to 70% wt) were formulated ensuring a suitable viscosity and a relevant 

resolution of the fabricated SLA-based 3D printed scaffolds. The resulting properties of the 

developed resins allowed the fabrication of small intestine-like scaffolds with enhanced 

bioactivity. Additionally, the here-developed strategy to formulate SLA-specific bioartificial 

resins has been transferred to decellularized and methacryloyl-functionalized murine ECM thus 

widening the plethora of promising materials for advanced applications in tissue engineering. As 

exemplified, nowadays a remarkable effort is being made to produce new available materials for 

SLA to continuously improve performances in biological milieu. Important limitations can also be 

found in the maximum dimensions of scaffolds that are obtainable through this strategy. 

6.3.3 Translation of solid scaffolds to the clinics 

The clinical translation of regenerative therapies based on scaffolds goes beyond the fundaments 

of engineering by itself.152,174 As for hydrogel-based systems, regulatory procedures that involves 

specific organizations are mandatory and may have a critical impact on scaffold development. The 

already expensive and long pre-clinical process represents less than a half of the overall required 
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effort to actually translate a scaffold system into the clinics. Indeed, an extremely strict 

coordination among technical, scientific and medical requirements is fundamental to prove the real 

effectiveness of this kind of devices. In this regard, in addition to the evident and indisputable 

efficacy of a scaffold in terms of regenerative properties, a reasonable acceptance of practical 

feasibility for implantation must be provided by surgeons. It is necessary to take into account that 

the cost for the production of the final scaffold-based device must be as economical as possible, 

in order to enhance the feasibility of industrial scaling-up and hence the actual spread into the 

clinical field. The newer or the more complex is the material on which a scaffold is based, the 

longer and more arduous is the regulatory process. 

To achieve these targets, the overall costs can overcome the value of 200 million dollars. Hence, 

the complete procedure from scaffold in sketch to real clinical applications is long, extremely 

expensive, and laborious, requiring at every step a solid collaboration between specialists that 

belong to all the involved disciplines. With the aim to simplify the subsequent regulatory 

processes, clinical needs should be pragmatically included in the early stages of development of a 

scaffold-based device for regenerative medicine. However, this is not easy and represents a 

concrete issue for investigators that develop novel materials for tissue engineering. The existence 

of guidelines (e.g., FDA and ISO) can effectively contribute to this purpose, but the rapid and 

persistent technological development requires continuous updates thus making the available 

protocols poor of consistency.  
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Section 1 – Chapter 1.2 – Thesis Goal 

 

As described in the previous Chapter, tissue engineering and regenerative medicine are based on 

common principles, which lay their foundation on different and correlated disciplines. In order to 

achieve the ambitious aims to administer highly effective pharmaceutical therapies and regenerate 

tissues and organ structures, relevantly complex or combined strategies need to be developed in 

most cases. In this scenario, the design of formulations based on specific physical phenomena 

represents a valuable strategy, resulting in surprisingly effective, versatile and handle devices. In 

this Ph.D. thesis, the above-mentioned approach will be pursued with the intention to develop 

innovative bioartificial injectable supramolecular formulations based on novel polyfunctional 

polymers and cyclodextrins. These newly designed systems will be engineered for drug delivery 

and regenerative medicine applications, relying on the technical and scientific principles that 

represent the newest available knowledge in the field. Poly(urethane)s will be properly designed 

as constituents of the newly developed formulations by exploiting their LEGO-like composition, 

which derives from a finely tunable synthesis process. In detail, a library of different amphiphilic 

poly(urethane)s will be developed covering a wide range of combined macromolecular properties 

finalized to the production of self-assembled supramolecular hydrogels. On the other hand, 

cyclodextrins will be exploited for their exceptional behavior in watery environment to host 

polymeric domains into their hydrophobic cavity, thus forming molecular complexes known as 

poly(pseudo)rotaxanes (PPRs). One specific type of cyclodextrins will be utilized in this work, 

namely α-cyclodextrins. These cyclic oligomers are in fact theoretically able to interact with 

poly(ethylene oxide) and other aliphatic blocks that will mainly constitute the backbone of the 

synthesized poly(urethane)s. The poly(pseudo)rotaxanes derived from the interaction of these two 

components will then further interact between each other forming channel-like crystals. By 

exploiting the spontaneous formation of these domains, highly injectable and self-healing 

hydrogels will be developed. Additionally, α-cyclodextrins will be easily exploited to encapsulate 

hydrophobic and non-soluble drugs through a self-delivery mechanism, leading to the 

development of drug-loaded systems with improved drug bioavailability and stability. The work 

will be structured in various sections with the intent to orderly show the consecutive achievements 

of the work, as described below. 

In the first part, two poly(ether urethane)s (PEUs) based on a commercial amphiphilic triblock 

polyether (Poloxamer® 407, P407, PEO-PPO-PEO, 70% wt PEO and Mn 12600 Da) as macrodiol, 

a non-toxic aliphatic diisocyanate (1,6-hexamethylene diisocyanate) and two different chain 

extenders (i.e., N-Boc Serinol and 1,4-cyclohexanedimethanol) will be synthesized. In this section 

of the work, the interaction of these PEUs with α-cyclodextrins in pure water will be investigated. 

The formation of supramolecular complexes will be assessed through physico-chemical 

characterizations, such as X-Ray powder Diffraction, Attenuated Total Reflectance – Fourier 

Transform Infrared spectroscopy, Proton Nuclear Magnetic Resonance spectroscopy. Relying on 

the spontaneous self-assembly of these supramolecular structures, a wide library of novel 

hydrogels will be formulated and qualitatively characterized in terms of gelation kinetics and 

physical stability. Depending on the resulting properties, an accurate selection of the most 



52 

 

promising formulations will be carried out and a complete rheological characterization will be 

performed, even evaluating self-healing ability in dynamic conditions. The responsiveness and 

stability, as well as cytotoxicity of the resulting formulations in physiological-like environment 

will be studied to establish the best formulations for drug delivery applications. Finally, the most 

promising hydrogels will be selected for preliminary release studies. 

As a transitory phase of this work, a comparative study of the effects of the solvent and other co-

solutes (e.g., salts) on hydrogel gelation potential and timing will be performed to determine the 

best conditions for hydrogel formulation. To this aim, a complete rheological characterization, and 

a study for the evaluation of the hydrogel responsiveness in watery environment will also be 

performed. 

In the second part of this work, the library of PEU-based supramolecular hydrogels will be further 

enriched with the aim to develop various formulations for specific drug delivery applications. To 

this purpose, novel poly(urethane)s will be synthesized to evaluate the role of PEU constituent 

blocks and their resulting chemical features on the gelation potential and physical properties of 

supramolecular formulations. In addition to Poloxamer® 407, a different Pluronic® will also be 

used as macrodiol for PEU synthesis. More specifically, Pluronic® F68 will be utilized due to its 

higher PEO content (80% wt) and lower molecular weight (Mn 8400 Da) compared to P407. As 

co-reagents, 1,6-hexamethylene diisocyanate and N-Boc Serinol will be used. The presence of the 

above-mentioned chain extender will open the way to the possibility to evaluate the effects of Boc 

cleavage and the exposure of free functional amino groups on the resulting supramolecular 

complexes and hydrogels. The entire set of physico-chemical characterizations will be performed 

as in the previous part (X-Ray powder Diffraction, Attenuated Total Reflectance – Fourier 

Transform Infrared spectroscopy, Proton Nuclear Magnetic resonance spectroscopy) with the aim 

to evaluate the behavior of this new PEU platform when mixed in aqueous solutions with α-

cyclodextrins. An accurate comparative study between all the synthesized PEUs will be carried 

out, selecting the most promising materials for supramolecular hydrogel design. A set of 

supramolecular hydrogels containing PEUs at low concentration (i.e., less than 5% w/v) will be 

formulated and characterized through qualitative observations (gelation time in isothermal 

conditions) and rheological studies. Moreover, hydrogel responsiveness in contact with aqueous 

environments will be evaluated to assess their suitability as drug delivery platforms. In this regard, 

curcumin will be used as highly hydrophobic drug with wide therapeutic effects as antitumor, 

antioxidant and antibacterial agent. Then, the presence of α-cyclodextrins will be even exploited 

to encapsulate a high curcumin content, enhancing its availability. The differences induced by the 

presence of the drug into the hydrogel networks will be evaluated through rheological 

characterizations. Release studies will be conducted in physiological-like conditions for the most 

promising formulations. 

To further prove the huge potential of the here-developed hydrogels, two different case studies 

will be carried out. The first will consist in the encapsulation and delivery of an antibiotic molecule 

(i.e., ciprofloxacin) from extremely mild hydrogel formulations. The robustness of the investigated 

gels for this specific drug delivery application will be evaluated through the encapsulation of 

different drug contents. The second case study will combine drug delivery and regenerative 

medicine towards the design of advanced therapeutic strategies. In detail, the integration of 

supramolecular hydrogels into three-dimensional porous scaffolds will be evaluated and 
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preliminary release studies of a model molecule from the resulting hybrid devices will be 

performed. 

Besides, to further evaluate the versatility and suitability of PEU-based hydrogels as promising 

materials for regenerative medicine, a study on the development of photo-sensitive and 

supramolecular systems will be carried out. In particular, a photo-curable PEU based on P407 and 

1,6-hexamethylene diisocyanate will be synthesized with the peculiarity to be end-capped through 

2-hydroxyethyl methacrylate rather than being chain extended with other diols. The resulting 

photo-sensitive PEU will be chemically and physically characterized. Additionally, its ability to 

form supramolecular domains with α-cyclodextrins will be evaluated as for previous physical 

systems. 3D printed constructs composed of the most promising formulations will be fabricated 

and their stability in physiological-like environment will be assessed. Curcumin will also be 

encapsulated into these hydrogels and release kinetics will be tuned exploiting hydrogel photo-

sensitivity. 

Finally, a different approach will be investigated in the last part of the work. Indeed, a novel 

bioartificial mixture will be formulated by mixing a thermo- and photo-sensitive PEU, α-

cyclodextrins and gelatin methacryloyl (GelMA), in order to compose an engineered platform with 

enhanced handling and bioactivity for tissue engineering applications. Curcumin will be 

encapsulated into these hydrogels in order to evaluate their overall stability and suitability as 

versatile scaffolding systems for combined drug delivery and tissue engineering approaches. 

In conclusion, an overall analysis will be carried out in order to discuss how the developed systems 

could further evolve in the future, highlighting the open challenges to overcome in order to reach 

real clinical applications. 
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Section 2 

Supramolecular hydrogels based on properly synthesized poly(ether 

urethane)s for smart applications in drug delivery 

Outline 

This section reports a thorough study regarding the development of supramolecular hydrogels 

based on newly synthesized poly(ether urethane)s and α-cyclodextrins for drug delivery 

applications. A brief introduction is reported in Chapter 2.1, in which the basic principles 

underpinning the formation of supramolecular hydrogels as a result of the self-assembly between 

linear polymers and α-cyclodextrins are explained. Moreover, this Chapter reports a wide 

discussion on the main requirements to be fulfilled for supramolecular hydrogel development 

inspired by the most recent approaches reported in the literature (i.e., the state of the art), 

highlighting main advantages and limitations. 

Subsequently, an initial investigation on the suitability of poly(ether urethane)s to produce stable 

and responsive hydrogel networks was conducted, focusing on the importance of their chemical 

features (Chapter 2.2). An in-depth physico-chemical characterization was performed on 

complexes resulting from the self-assembly between two different poly(ether urethane)s and α-

cyclodextrins. The importance of synthesis versatility was discussed and its potential in terms of 

modulation of hydrogel behavior was evidenced by the resulting good physical properties. A wide 

set of formulations was then evaluated with the aim to define a proper domain for hydrogel 

composition in view of future applications in drug delivery. In that regard, hydrogel formulations 

based on low polymer content were selected and showed good mechanical properties and self-

healing ability. Swelling and stability tests in contact with physiological-like watery environments 

were also performed, showing a reliable hydrogel behavior, which resulted to be proper also in 

terms of cytotoxicity evaluated according to ISO 10993 standards. Drug release potential of the 

developed formulations was preliminary assessed using fluorescein isothiocyanate dextran 4 as a 

model molecule. 

Chapter 2.3 deals with the evaluation of hydrogel gelation kinetics, mechanical properties, and 

responsiveness in watery environment as a function of the solvent used for their preparation, 

namely water or phosphate buffered saline. The conducted characterizations evidenced that the 

presence of salts in solution favored the formation of supramolecular hydrogels through the 

induction of the salting-out effect, thus significantly reducing gelation time and improving 

mechanical response. To completely characterize the resulting systems and the effects induced by 

salts within hydrogel networks, swelling and stability tests in contact with various watery 

environments (phosphate buffered saline as such and added with a lipophilic molecule 

(amphotericin B) to prevent mold formation) were additionally performed to assess hydrogel 

sensitivity. 

On the basis of the previous data and findings, in Chapter 2.4 novel poly(ether urethane)s were 

synthesized relying on the versatile synthesis procedure previously exploited. Different reagents 
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were selected (i.e., two different amphiphilic macrodiols and two chain extenders) in order to better 

evaluate the effects of poly(ether urethane) building blocks on hydrogel development. In detail, a 

set of poly(ether urethane)s characterized by various configurations, such as linearity, presence of 

pendant hydrophobic groups or presence of free primary amino domains, was developed. A 

thorough physico-chemical characterization was conducted to correlate the self-assembly ability 

with the composition of the investigated poly(ether urethane)s. Then, hydrogels were formulated 

in saline solution using a single poly(ether urethane) or a blend of poly(ether urethane)s with the 

intention to enhance the final hydrogel functionality. The resulting networks were tested in 

aqueous environment and turned out to be suitable to encapsulate a relevant amount of curcumin 

by exploiting the capability of α-cyclodextrins to form inclusion complexes with this molecule. 

Release tests of such extremely sensitive and therapeutic agent (i.e., curcumin) were conducted, 

also investigating the potential protective ability of hydrogel components. 

To better validate the suitability of the here-developed polymers to design versatile platforms for 

drug delivery and regenerative medicine, two case studies are reported in Chapter 2.5 and Chapter 

2.6. In Chapter 2.5, the encapsulation of a totally different drug with respect to curcumin was 

conducted. In fact, ciprofloxacin, an antibiotic molecule, was encapsulated at two different 

concentrations within a hydrogel formulation based on one of the most promising poly(ether 

urethane)s previously selected and release studies were performed, after evaluating the general 

effects of the encapsulated drug on hydrogel network formation. In Chapter 2.6 another promising 

poly(ether urethane) exposing free primary amino groups along its polymeric chains was selected 

for the formation of supramolecular hydrogels and their encapsulation within the void volume of 

rigid and highly porous scaffolds based on poly(ε-caprolactone) and produced through particulate-

leaching technique. To enhance hydrogel encapsulation and biological potency, plasma treatment 

was conducted on porous scaffolds as well. A simple method for hydrogel encapsulation within 

solid scaffolds was developed and the properties of the resulting matrices were preliminary 

investigated through mechanical compression tests. Preliminary drug release evaluation was also 

conducted utilizing fluorescein isothiocyanate dextran 4 as a model molecule. 

The entire set of data obtained from this section was fundamental in order to properly and critically 

overview the general potential and versatility of the here-developed poly(ether urethane)s for 

subsequent applications and developments.  
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Section 2 – Chapter 2.1 – Physical hydrogels as suitable tools for 

regenerative pharmacology and tissue engineering 

1. Abstract  

The importance of physical hydrogels in biomedical applications is remarkable. Indeed, these 

systems are generally characterized by a peculiar tunability and a relevant reversibility, which 

allow the design of highly handleable and injectable devices for drug delivery. Moreover, 

depending on the chemical functionalities of their constituents (i.e., natural and synthetic 

polymers), physical hydrogels could even show an enhanced sensitivity to external stimuli, thus 

widening the possibilities for the modulation of their final properties, especially in terms of 

mechanical response and drug release kinetics. Systems characterized by a particularly organized 

physically crosslinked network are known as “supramolecular hydrogels”. The hierarchical 

organization of the forming materials of such systems confers them interesting physical properties, 

such as self-healing ability and enhanced responsiveness to external environments. In this scenario, 

thermo-sensitive hydrogels based on amphiphilic polymers are highly interesting and potential 

platforms, as they retain the ability to undergo a sol-to-gel transition at body temperature through 

the formation of micelle-based networks. Additionally, the formation of host-guest inclusion 

complexes represents another strategy to form supramolecular hydrogel systems and cyclodextrins 

plays a fundamental role in this regard. In fact, cyclodextrins can form complexes with linear 

polymers known as “poly(pseudo)rotaxanes”, which are able to produce hydrogel networks. This 

Chapter discusses the main theoretical aspects underpinning the formation of supramolecular 

hydrogels, with the aim to highlight their most important properties and features, and survey the 

related state-of-the-art through noteworthy and recent works. In this regard, the development of 

highly functional LEGO-like poly(urethane)s as valuable raw materials for the production of 

cyclodextrin-based supramolecular hydrogels with improved physical properties and enhanced 

effectiveness for drug delivery applications will also be thoroughly discussed. 

Graphical abstract 
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2. Physical hydrogels for biomedical applications: the importance of self-assembly  

Physical hydrogels that rely on highly reversible and non-covalent bonds represent a class of 

devices particularly suitable for regenerative medicine applications. As reported before, different 

interactions can be utilized to formulate hydrogel networks, such as hydrophobic coalescence, 

hydrogen bonds and electrostatic interactions.1–3 The exploitation of these phenomena in 

combination can lead to the formation of remarkably hierarchical and ordered inter- and intra-

molecular structures, resulting in supramolecular hydrogels. In this Ph.D. project, coordinated 

interactions at the supramolecular level will be exploited to obtain highly engineered physical 

hydrogels for drug delivery and tissue engineering. More specifically, the formation of thermo-

sensitive micellar structures based on amphiphilic poly(ether urethane)s will be integrated with 

cyclodextrins, leading to the formation of assembled channel-like crystals based on 

poly(pseudo)rotaxanes. To better understand this particular arrangement at the molecular and 

higher levels, the involved scientific principles will be briefly discussed in the following 

paragraphs, highlighting the most noteworthy strategies specifically addressed to drug delivery for 

regenerative pharmacology. 

3. Polymer-based supramolecular complexes for thermo-sensitive hydrogel formation 

3.1 General aspects on polymer-based thermo-sensitive supramolecular constructs 

Thermo-sensitive polymers can be defined as “smart” materials due to their ability to translate an 

external stimulus into specific supramolecular arrangements. Depending on the peculiarities of the 

involved polymers, two typologies of thermo-responsive polymeric systems can be identified, as 

previously anticipated in Section 1. A polymeric solution characterized by a lower critical solution 

temperature (LCST) shows an opposite gelling behavior and engineering applications with respect 

to a system that exhibits an upper critical solution temperature (UCST).4 Polymer solubility is the 

common feature of these two different systems. In fact, networks showing a LCST are 

characterized by a temperature above which two different phases are composed by the polymer 

and the solvent for specific temperature-driven self-assembly processes. The formation of two 

phases is achieved in an opposite manner in polymeric solutions characterized by an UCST (e.g., 

gelatin). The general behavior of these two types of hydrogels can be summarized as represented 

in figure 1. For biomedical applications, systems that show a LCST are more suitable. Indeed, the 

temperature of the body (i.e., 37 °C) can be exploited as a stimulus to induce gelation in situ, while 

preserving good handling properties as deposition can be carried out at room (i.e., 20-25 °C) or 

lower temperatures. 
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Figure 1 – Typical behavior of LCST (a) and UCST (b) gelling systems. 

LCST polymeric solutions 

Different amphiphilic polymers exhibit a temperature-dependent behavior showing a LCST upon 

solubilization in aqueous solutions. A well-known group of these materials is represented by 

Poloxamers® (ICI), also known as Pluronics® (BASF). These molecules are block copolymers 

composed of poly(ethylene oxide) (PEO)/poly(ethylene glycol) (PEG), which is hydrophilic, and 

poly(propylene oxide) (PPO), which is hydrophobic (figure 2).  

O

CH3

OO
OH

H

mn n

 

Figure 2 – Simplified molecular structure of Pluronics®/Poloxamers®. 

As previously discussed in Section 1, the mechanism that leads amphiphilic copolymer-based 

solutions to gelation can be explained through the formation of hydrophobic interactions.5 These 

intra-molecular physical bonds are then the driving force for the self-assembly of polymeric chains 

into micelles, which are characterized by an inner hydrophobic core and an outer lipophobic 

corona. The formation of micelles occurs beyond defined polymer concentrations (i.e., at 

concentration higher than the critical micellization concentration, CMC) and temperatures (i.e., at 

temperature higher than the critical micellization temperature, CMT). The determination of these 

two parameters is extremely important to evaluate the thermo-responsiveness of systems based on 

amphiphilic copolymers in solution. Figure 3 reports a schematic representation of the 

micellization process. Under specific conditions, micelle formation and packing as a consequence 

of temperature increase can induce the formation of hydrogel networks. Indeed, solutions 

containing a sufficient amount of amphiphilic polymers (i.e., above a critical gelation 

concentration, CGC) show a sol-to-gel transition at specific temperatures (i.e., above a critical 

gelation temperature, CGT). This process is reversible, since the involved self-assembly depends 

on aggregation phenomena based on the formation of hydrophobic interactions. 
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Figure 3 – Schematic representation of the micellization process. This phenomenon occurs in watery 

environments when the polymeric concentration is greater than the critical value (CMC), which depends 

on the chemical properties of the involved amphiphilic chains (i.e., molar mass, hydrophilic-hydrophobic 

balance, and distribution) in a specific range of temperatures (i.e., equal or greater than CMT). 

In an extremely important study carried out in 1984, Vadnere and co-workers systematically 

evaluated the role of the involved variables in the micellization process that leads to gelation using 

a set of nine different block copolymers.6 They observed that the logarithm of polymer 

concentration and the reciprocal of the gelation temperature (Tm) were correlated through a linear 

function. Concerning the relationship between the logarithm of molecular mass and the reciprocal 

of the temperature of phase transition, no linear correlation was found, but an important 

dependency on the mass ratio between PPO and PEO domains was hypothesized. Generally, the 

gelation process was characterized by an endothermic variation of enthalpy. The effect of 

temperature change in the polymer solution can be summarized in the equation ∆𝐺 =  ∆𝐻 − 𝑇∆𝑆, 

in which ∆𝐺 is the negative free energy, ∆𝑆 is the entropy, ∆𝐻 is the enthalpy and T is the 

temperature of the system. Previous investigations evidenced a positive ∆𝐻 in the transition from 

solution to gel.7 The authors observed that at the equilibrium of this transition (i.e., sol⇌gel, Tm), 

∆𝐺 assumed a value equal to zero, thus indicating that ∆𝑆 was also positive. Nonetheless, ∆𝑆 

should result negative, as the gelation process induces the formation of an organized network. 

Vadnere and colleagues demonstrated that ∆𝐻 and ∆𝑆 were influenced by the solvent and the entity 

of hydrophobic domains present in the system. Their study demonstrated that at temperatures 

lower than Tm water molecules surrounding the hydrophobic domains are characterized by a higher 

order. Instead, when gelation process occurs, the formed hydrophobic interactions squeeze out 

these water molecules in the domain of less ordered solvent molecules. This process explained the 

incremental variation of entropy. In a subsequent study, Attwood and co-authors deepened the 

knowledge about one of the most promising triblock polymers in terms of gelation: Pluronic® 

F127, also known as Poloxamer® 407 (P407),8 which contains PEO at 70% wt and shows a 

molecular mass Mn around 12600 Da. They observed that the dehydration of micelles was 

concurrent with temperature increase. Their study demonstrated that this phenomenon is 

accompanied by an increment of the anhydrous volume given by micelle interaction and 

aggregation. To this purpose, it was observed that the dehydration and hence the interaction 
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between PEO domains of neighboring micelles are the elemental factors for the formation of the 

hydrogel network.  

The knowledge about the above-mentioned mechanism of self-assembly has been further 

deepened during the last decades. Nowadays the availability of thermo-sensitive polymers able to 

form hydrogels is wide and the application of such systems in regenerative medicine is being 

consolidated.9 Poloxamer-based hydrogels are still utilized in the formulations of effective 

platforms for drug delivery and tissue engineering. Nonetheless, their limited stability in watery 

environments represents the major constraint in their use. Depending on different parameters, such 

as chemical properties, distribution and molecular mass of the constituent blocks, the thermo-

responsiveness of Poloxamer aqueous solutions can be finely controlled. As anticipated before, 

the development of properly synthesized amphiphilic polymers is one of the most interesting 

strategies for the design of modern thermo-sensitive devices. To this aim, PPO can be substituted 

with another hydrophobic block, resulting in wider domain of tunability of hydrogel final 

properties. Poly(ε-caprolactone) (PCL), poly (lactic-co-glycolic acid) (PLGA) and poly 

(hydroxybutyrate) (PHB) are the most used blocks to produce copolymers (figure 4). 

 

Figure 4 – Representations of other block copolymers based on a) PCL, b) PLGA, and c) PHB. 

For example, PCL has a significantly higher hydrophobicity (up to ten-fold) than PPO blocks, 

which results in copolymers able to produce hydrogels at lower temperatures and concentrations.10 

Other synthetic polymers showing a LCST can be synthesized (e.g., poly(N-isopropylacrylamide) 

(PNIMAAm)), as accurately reviewed by He et al..11 However, a further advancement in the 

production of thermo-sensitive polymers has been performed through the development of multi-

block amphiphilic copolymers through the exploitation of versatile synthesis procedures, such as 

the production of poly(urethane)s, as illustrated in the following paragraphs. 

4. Development of self-assembling polyurethanes for hydrogel design 

4.1 Polyurethanes: properties and potentiality in the biomedical field 

The invention of poly(urethane)s (PUs) is dated between 1930 and 1940 and was carried out by 

Professor Otto Bayer, who developed a synthesis process based on the reaction that occurs between 



61 
 

an alcohol and an isocyanate.12 The resulting chemical domain is also known as carbamate. In the 

following decades, this chemical reaction was widely exploited to develop various PUs that have 

found application in the industrial field for the production of coatings, solid materials or adhesives. 

The appearance of these polymers for medicine-related purposes is precisely dated in 1967, when 

a scientific paper described for the first time a PU-based elastomer that was classified as a 

“medical-grade” material.13 

In chemical terms, PUs are synthesized thorough the addition polymerization that involves a 

polyisocyanate (typically, a diisocyanate) and a polyol (usually, a diol). The reaction is generally 

carried out in the presence of a catalyst and can be schematized as reported in figure 5. Most PUs 

are characterized by a thermoplastic nature, but even thermoset polymers can be produced using 

multifunctional isocyanates and branched polyols. In the biomedical field, linear polymers 

showing a thermoplastic behavior are generally preferable, since good workability and versatility 

(e.g., solubility or responsiveness to watery environments) are required for most applications. 

 

Figure 5 – Schematic representation of urethane bond formation. 

The available diisocyanates can contain aliphatic (e.g., 1.6-hexamethylene diisocyanate or 1,4-

diisocyanatobutane) or aromatic (e.g., 4,4′-diphenylmethane diisocyanate) domains. The reactivity 

of these molecules is derived by the positive partial charge induced on the carbon atom which is 

bound to more electronegative atoms (i.e., oxygen and nitrogen). Aromatic diisocyanates are more 

reactive due to a delocalization of the negative charge on the aromatic ring, but the resulting PUs 

are less resistant to oxidation and UV light irradiation and resulting degradation products can be 

highly toxic for human health (i.e., diamines showing carcinogenic effects). The nature of the diols 

can be various and principally includes polyesters and polyethers. Polyesters are characterized by 

an enhanced susceptibility to hydrolysis, while polyethers are sensitive to oxidation. PU synthesis 

reaction can be articulated in a subsequent step that can be exploited to induce a chain extension. 

To this aim, smaller diols are utilized and are known as chain extenders (e.g., 1,4-

cyclohexanedimethanol). Even small diamines can be used for this step of reaction and in this case 

poly(urea-urethane)s are obtained. The presence of a catalyst is not compulsory, but it permits a 

better control on the reaction kinetics. Various catalysts are used in PU synthesis; for example, 

titanium tetrachloride, zinc naphthenate, butyl tin trichloride and dibutyltin dilaurate are some of 

them. 

For this peculiar and versatile synthesis process, which involves different building blocks, PUs are 

characterized by a LEGO-like composition. The presence of a macrodiol, which can be a block-

copolymer itself, is extremely determinant for the properties of the final polymers. Indeed, PUs 

are characterized by the presence of hard and soft domains. Soft segments derive from the 

macrodiol and are responsible of relevant elasticity and good mechanical properties at low 

temperatures. Differently, the presence of polarized domains into urethane groups determines the 

formation of hard regions constituted by the isocyanates and the chain extenders. These two phases 

are homogeneously distributed in most PUs and the molecular mass of the polymer plays a 
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fundamental role in this regard. A simplified representation of this arrangement is reported in 

figure 6. It has been demonstrated that the interaction between polarized domains (i.e., C=O and 

N-H groups) results in the formation of hydrogen bonds between the constituent blocks, thus 

conferring noteworthy mechanical properties to the overall polymer network.14 In fact, extremely 

high elasticity and toughness coupled with prolonged durability can be obtained through the 

synthesis of PUs. Thanks to this particular arrangement of polymer chains and the high 

predisposition to form widely diffused physical crosslinks, PUs also retain the great advantage to 

be suitable for various manufacturing processes.15 

 

Figure 6 – Simplified representation of PU chains arrangement in hard and soft phases. 

PUs are extremely important materials that have found different applications in biomedical 

engineering and medicine in general. The versatility of their synthesis process opens the way to 

the possibility to produce devices with different properties and morphologies, such as films, 

sponges, or even soluble matrices. Because of their highly interacting structures at the molecular 

level, the tunability of mechanical properties results to be excellent. In addition, the wide variety 

of available reagents (i.e., macrodiols, diisocyanates and chain extenders) allows to better control 

the interactions that occur with a specific biological environment, thus enhancing mechanical 

consistency and reducing the occurrence of unwanted phenomena (e.g., platelet adhesion). In this 

regard, the balance between hard and soft domains can be modulated to tune the chemical stability 

of the final PU-based systems. In fact, a PU characterized by a predominance of the soft phase, 

which is mainly amorphous or generally less stable than the hard one, can result in a biodegradable 

polymeric matrix. In this regard, segmented PUs generally show hydrolytic degradability, which 

can be properly tuned and engineered by means of composition and chemical properties of 

constituting blocks.16 Polyesters, such as PGA, PCL and PLA can be exploited to this aim and 

their different characteristics (e.g., hydrophobicity and molecular mass) represent other tuning 

parameters. One example of this approach is represented by the work carried out by Silvestri et 

al..17 The authors synthesized different PUs based on 1,4-diisocyanatobutane, and PCL and PEG 

as macrodiols, while a short peptide (Alanine-Alanine-Lysine, AAK) and L-lysine ethyl ester were 
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selected as chain extenders. The resulting PUs were characterized by different and controllable 

degradation rates. The further processing of these PUs by means of temperature-induced phase 

separation (TIPS) technique resulted in the production of porous scaffolds with mechanical 

properties suitable for applications for heart tissue regeneration. Finally, the chemical composition 

and the degradation products of the above-mentioned PUs resulted to be highly biocompatible. In 

another and more recent work, Boffito, Di Meglio, Mozetic and co-authors developed a highly 

engineered scaffold system based on a thermoplastic PU for the regeneration of myocardial 

tissue.18 More in detail and similarly to the previous work reported above, the PU developed in 

this work was synthesized using PCL diol (Mn  2000 Da), 1,4-butanediisocyanate and L-lysine 

ethyl ester. As a result, a PU characterized by a high molecular mass was obtained (i.e., Mn around 

80000 Da). Scaffolds were produced through a 3D-printing process based on fused deposition 

modelling and subsequently functionalized with laminin-1 or gelatin, in order to confer an 

enhanced bioactive behavior and drive the differentiation of cardiac primitive cells. Moreover, in 

vivo experiments performed through subcutaneous implantation of scaffolds in mice showed a 

good integration of PU-based scaffolds with the surrounding tissues and the formation of new 

blood vessels. 

Due to the remarkable mechanical properties that can be achieved using thermoplastic PUs, Ma 

and co-workers recently published a work in which a 3D-printed scaffold system based on a 

piperazine-functionalized poly(urethane urea) was developed.19 Through an optimized protocol of 

3D-printing, scaffolds with interconnected pores were produced. In these systems, excellent 

mechanical properties (i.e., compressive modulus of c.a. 150 MPa) were coupled with enhanced 

osteoconductivity, which was intrinsic in the composition of the engineered polymer and was 

assessed through both in vitro and in vivo experiments. 

Differently, in the case of biostable PUs, different PU-based commercial products can be found 

on the market, such as prosthesis for the cardiovascular systems (e.g., heart and blood valves). 

However, PUs are even widely used for the production of various other devices for clinical use 

(e.g., catheters, blood bags). 

Finally, the synthesis process for PU production is extremely versatile and opens the way to the 

possibility to produce polymers that are soluble in water-based solutions. Indeed, as anticipated in 

the previous section, amphiphilic PUs can be produced as thermosensitive hydrogels having a 

LCST behavior. In the following paragraph, concrete examples of PUs forming hydrogels 

addressed to regenerative medicine applications will be shown with particular attention to their 

technical innovation and functionality in this field. 

4.2 Thermo-sensitive poly(urethane)s as self-assembling molecules for drug delivery and 

tissue engineering 

The production of thermo-sensitive amphiphilic PUs was driven by the intention to improve the 

properties of the resulting hydrogels in terms of stability in aqueous environment and concomitant 

reduction of synthetic polymer content. In fact, the idea behind the polymerization of amphiphilic 

polymers is finalized to the enhancement of the hydrophobic interactions occurring between 

polymers with high molecular weight. As a result, the formation of bigger micelles and their 

aggregates is facilitated, thus increasing thermal responsiveness and the stability of formed 

polymeric networks. Moreover, in the specific case of drug delivery, it has been demonstrated that 
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the production of chain extended amphiphilic polymers through PU synthesis significantly 

improves the overall capacity of drug payload encapsulation and release kinetics, as well as 

network stability for further applications for cell culture and release.20,21 

This approach has been applied since 2003 with the work performed by Cohn and co-authors.22 

Interestingly, they followed two strategies to produce chain extended amphiphilic polymers: i) a 

bulk polymerization of Pluronic® F127/Poloxamer® 407 with 1,6-hexamethylene diisocyanate to 

produce a PU (or, more precisely, a poly(ether urethane) (PEU)), and ii) a covalent polymerization 

of PEO and PPO through the use of phosgene. The former polymer allowed the formulation of 

hydrogels with remarkably better mechanical properties through the formation of larger complexes 

with respect to native F127-based hydrogel networks. Additionally, PEU-based hydrogels at 30% 

w/v were utilized for the delivery of an anti-restenosis drug (RG-13577) up to 40 days, which 

represented a significative improvement with respect to the maximum period of 7 days obtained 

from native P407-based hydrogels. One interesting work was performed by Volkmer et al. 

demonstrating that the chain extension of a Pluronic® (P123, Mn 5800 Da, 30% wt PEO) resulted 

in better physical properties.23 Pure P123-based hydrogels are characterized by thermo-induced 

gelation around the physiological temperature (i.e., 37 °C) at concentrations greater than 15% w/v. 

In their study, the authors developed a family of chain extended PEUs based on P123, 1,4-butane 

diisocyanate, 1,6-hexamethylene diisocyanate and hydrogenated diphenylmethane diisocyanate. 

A complete characterization of the resulting hydrogels led to the selection of those based on the 

PU composed of P123 and 1,4-butane diisocyanate. The selected hydrogels were suitable for cell-

encapsulation and a further in vivo application into drill hole defects showed enhanced bone tissue 

regeneration. In another work carried out by Hsu and co-authors, different custom-made PUs were 

synthesized.24 In short, PCL diol and PLA-PEG polymers were used to perform the PU synthesis 

at a mass ratio equal to 9:1. Moreover, different lengths of PLA domains were evaluated in order 

to tune the thermo-responsiveness of the resulting systems. Isophorone diisocyanate and 

ethylenediamine were used as co-reagents. PU solutions were able to undergo a sol-gel transition 

over a specific LCST, which resulted to be tunable through the modulation of PLA segments. 

Finally, due to their remarkable physical properties, PU-based thermo-sensitive and injectable 

hydrogels resulted to be suitable for the encapsulation and proliferation of mesenchymal stem cells 

(MSCs). 

In other research activities, alternative and sophisticated synthesis procedures have been developed 

to further functionalize the resulting PUs. More specifically, Boffito and co-workers developed a 

two-step synthesis process for the production of a chain extended PEU.25 In the first step of the 

polymerization, Pluronic® F127/Poloxamer® P407 was pre-polymerized with 1,6-hexamethylene 

diisocyanate. Then, a chain extender containing a Boc-protected primary amine (N-Boc serinol) 

was added to allow a further reaction of prepolymers. As a result, a PEU at high molecular weight 

(i.e., Mn 30000 Da) was obtained. A complete physico-chemical characterization of this polymer 

highlighted its ability to form stable micelle-based complexes and hydrogels at low concentrations. 

Indeed, the critical gelation concentration turned out to be around 6% w/v, which is significantly 

lower than the one that characterizes P407-based solutions (i.e., 18% w/v). Moreover, an accurate 

and thorough rheological study showed enhanced thermal responsiveness and noteworthy 

mechanical properties (e.g., storage moduli up to 40000 Pa) of the resulting physical hydrogels 

formulated at concentrations ranging between 10 and 20% w/v. In this work, the feasibility of 

PEU-based hydrogels for biomedical application was additionally proved by swelling and 
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dissolution tests coupled with absorption tests using a model molecule (fluorescein isothiocyanate 

dextran 4, FD4). The potential of such PEU has been further demonstrated in another recent work 

performed by Boffito and co-authors through the exploitation of primary amines derived from Boc 

cleavage on the chain extender.26 In more detail, the PEU containing N-Boc serinol was subjected 

to acid treatment to expose free primary amines. The exposure of these functionalities along the 

polymer backbone opens the way to the possibility to exert a specific behavior (e.g., pH-

responsiveness) or to perform functionalization procedures through the simple and mild 

carbodiimide chemistry. In this case, the presence of free amines was addressed to confer hydrogel 

network with responsiveness to acid environments, which often characterize various pathological 

milieus (e.g., tissues with acute inflammation or tumors). Hence, thermo- and pH-responsive 

hydrogels were formulated at 15% w/v containing drug carriers as mesoporous silica nanoparticles 

coated with a self-immolative polymer able to degrade in acid environments.27 The resulting PEU-

based hydrogels showed the ability to transmit the external pH through their network. To 

demonstrate the overall responsiveness of these multifunctional hydrogels encapsulating drug-

loaded nanoparticles, in vitro release tests were performed at acid and physiological pH (i.e., pH 

equal to 5 and 7.4, respectively) using a Transwell® system to simulate the permeability of 

biological environments. As a result, a significantly higher release of payload (i.e., around two-

fold) was observed when the systems were incubated in contact with the environment at low pH 

with respect to physiological conditions. In addition, ex vivo tests were performed in mice through 

the injection of the hybrid hydrogel system, observing a fast gelation and a good integration with 

the surrounding tissues. A simple scheme of the device developed in this work is reported in figure 

7. 

 

 

Figure 7 – Schematic representation of the strategy exploited by Boffito and co-authors for the development 

and application of hybrid systems containing drug-loaded mesoporous silica nanoparticles.26 

The same protocol of PEU synthesis has been applied by the research group to produce similar 

polymers showing different properties. Another thermo-sensitive PEU has been synthesized using 

the same macrodiol and diisocyanate, but a different chain extender, which was characterized by 

a rigid aliphatic ring (i.e., 1,4-cyclohexanedimethanol).28,29 Hydrogels with high stability in 
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aqueous environment have been applied to encapsulate ion-doped and ibuprofen-bearing 

mesoporous silica nanoparticles with different compositions, demonstrating the overall feasibility 

of these hybrid hydrogel systems for antibacterial ion and anti-inflammatory drug co-release from 

inorganic particulate matrices. 

Another example that shows the relevant versatility of the resulting P407-based PEUs in terms of 

functionalization has been reported in the work performed by Laurano et al..30 Briefly, the 

synthesis process was optimized in order to enhance chain extension, using a diol containing Boc-

protected secondary amines (N-Boc diethanolamine). After Boc group cleavage reaction, the 

obtained PEU showed a relevant number of -NH units, which were then exploited to graft thiol 

groups through carbodiimide chemistry using thioglycolic acid as functionalizing molecule. The 

high yield of thioglycolic acid grafting was proved through nuclear magnetic resonance 

spectroscopy, while thermo-responsiveness was evaluated by dynamic light scattering (DLS) and 

1,6-diphenyl-1,3,5-hexatriene (DPH) assay for the evaluation of micellization temperature. 

Hence, the possibility to produce highly functionalized, water-soluble, and thermo-sensitive PEUs 

for advanced application in regenerative medicine was proved in all the above-mentioned works, 

highlighting the noteworthy versatility of the involved synthesis process. A recently published 

review article written by Kausar represents an important reference concerning functional PUs.31 

In summary, the author summarizes the typologies of functional PUs dividing them into many 

categories, such as photoactive, electroactive, pH-responsive, water-sensitive and thermo-

sensitive PUs. Although the focus of this review article is not completely addressed to the 

biomedical field, important considerations are reported from the industrial perspective. Indeed, the 

author highlights that further advancements are needed for the emerging new molecules and 

synthesis processes (e.g., scale-up proofs) to meet industrial preferences. Specifically, concerning 

the biomedical field, in the book “Polyurethane polymers: composites and nanocomposites” 

edited by Thomas et al., a similar discussion can be found in the chapter written by Hu and Tan.32 

In this chapter, the authors report on the role of PUs even in combination with other molecules or 

materials, highlighting their multifaceted potentialities. The promising approaches based on the 

application of smart PUs are remarkably versatile and effective, but further characterizations are 

needed to better understand and optimally exploit all the functionalities that derive from the 

development of such macromolecules when addressed to specific applications in medicine. In this 

regard, the role of PUs and their functionalities in combinations with other components and factors 

will be considered and discussed in the field of supramolecular hydrogels based on inclusion 

complexes. 

5. Supramolecular hydrogels based on inclusion complexes 

5.1 Cyclodextrins: a fundamental family of macro-cycles 

Between 1891 and 1892, Villiers discovered a crystalline matter isolated from the bacterial 

fermentation of starch.33 He named the obtained substance “cellobiosine” and observed that it was 

highly stable and resistant to hydrolysis. Further investigations performed by Schardinger 

described the co-presence of two similar components into this crystalline matter that were coded 

as “α-dextrin” and “β-dextrin”. Nonetheless, the structures of the discovered compounds were still 

unknown until the 1950s, when more systematic investigations were performed by Freudenberg 
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and Cramer, who described their structures and basic properties.34,35 In 1953 the first patent related 

to these molecules was registered in Germany, describing three typologies of such molecules, 

which were coded as cyclodextrins (CDs) and differed in terms of dimensions.36 This document 

even reported different chemical properties of these compounds which allow them to enhance the 

aqueous solubility of other molecules. Nonetheless, only few amounts of pure products were 

available at that time. The industrial revolution in the biotechnology field represented a great 

advancement that led to the production of pharmaceutical-grade CDs at large-scale and low price. 

The first product containing pure CDs for pharmacological purposes has been marketed in 1976 

in Japan, while nowadays there are more than 40 products which contain CDs in their 

formulations.35 

In more chemical terms, CDs are cyclic oligosaccharides composed of α(1→4)-linked D-

glucopyranose monomers and are classified by the number of constituting units. α-, β- and γ-CDs 

refer to CDs with 6, 7 and 8 glucose monomers, respectively. Although other different typologies 

of CDs exist, α-, β- and γ-CDs are the most relevant and are widely utilized in the biomedical field. 

Due to the chemical properties and conformation (i.e., chair structure) of the constituent glucose 

units, CDs are characterized by a truncated-cone shape and an inner cavity. This configuration 

strongly influences the physico-chemical behavior of CDs. In fact, the inner cavity of these 

molecules shows a hydrophobic nature, while the outer wall is hydrophilic. Due to this particular 

property, CDs can interact with other hydrophobic molecules through encapsulation phenomena, 

thus forming host-guest complexes. In this manner, the included guest molecules, which are 

generally characterized by low wettability, can be solubilized and transported in watery 

environments.34,37 It is important to highlight that the interactions occurring between CDs and 

guest molecules are not specific. Indeed, the only requirements for the formation of inclusion 

complexes (ICs) are dimensional matching and hydrophobicity. Table 1 reports the basic structure 

and main parameters of CDs.  

Additionally, CDs can be easily derivatized exploiting the reactivity of their hydroxyl groups at 

position C-6 (primary) and C-2 and C-3 (secondary). CD modification allows to further improve 

the advantages of the native molecules: i) solubility, ii) host recognition, and iii) biocompatibility. 

Because of the presence of various functionalities (3-fold the number of constituent glucoses), 

derivatizations are often statistical, but even regioselective modifications can be performed. 

Nonetheless, in the second case, the reproducibility of reaction conditions is not trivial and the 

overall yield can be low due to the further and necessary purification steps, which additionally 

increase the overall cost of production. However, native cyclodextrins are widely used for their 

versatility and cost-effective production. The intermolecular recognition that leads to the formation 

of ICs is mainly driven by physical bond formation, such as hydrophobic, dispersive and Van der 

Waals interactions. The solvent plays an important role, since the formation of host-guest 

complexes is permitted only in polar solvents and is driven by solvophobic interactions. Moreover, 

the interference of other small quantities of organic solvents can affect the stability of ICs. In fact, 

as these interactions are controlled by space filling, the more the non-polar domain of the guest 

fits with the internal cavity of CDs, the stronger the ICs will result. Thence, this process can be 

hindered by the interference of hydrophobic domains of organic solvents. 
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Table 1 – Schematic representation and main characteristics of native CDs.35 

 
 

 

CD type α-Cyclodextrin β-Cyclodextrin γ-Cyclodextrin 

n 6 7 8 

Molar mass 972.84 Da 1134.98 Da 1297.12 Da 

Height (h) 0.78 nm 0.78 nm 0.78 nm 

Inner Diameter (ID) 0.50 nm 0.62 nm 0.80 nm 

Outer Diameter 

(OD) 

1.46 nm 1.54 nm 1.75 nm 

 

 

More in detail, four different types of ICs can be found and classified. Type I ICs are based on a 

CD and a lipophilic guest molecule, mainly resulting in hydrophobic and insoluble complexes in 

water, since the hydroxyl groups of the CD are employed in the formation of the IC. Type II ICs 

are based on a cyclodextrin and an amphiphilic guest, thus forming potentially soluble ICs when 

the hydrophobic domain is relatively dominant. In this case, the solubility is guaranteed by the 

masking of the lipophilic region of the guest molecule. Type III interactions are based on the self-

assembly of a CD with a bola-amphiphile, which presents two distinct hydrophilic regions that 

make these host-guest complexes highly soluble in water-based solutions. The last typology of ICs 

is classified as type IV and it is characterized by the presence of CD derivatives and a lipophilic 

guest. 

It is possible to quantify the occurring molecular recognition with particular guest molecules 

through the determination of the binding constant K and the free energy ∆𝐺0 (Eq. 1 and 2). 

 

𝐾 =
[𝐶𝐷∙𝐺]

[𝐶𝐷][𝐺]
  Eq. 1 

 

∆𝐺0 = −𝑅𝑇 log𝐾  Eq. 2 

 

The accurate implementation of these equations is not immediate and is possible only for type II 

and type IV ICs, since the determination of K and ∆𝐺0 requires measurable concentrations of 

complexes in solution. Moreover, the molecular recognition that occurs in the formation of ICs is 
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also originated from the differentiation of the kinetics of association and dissociation (i.e., kinetic 

recognition). This kind of recognition mainly occurs in processes involving bola-amphiphiles due 

to the presence of big end-groups that hinder the association and the disassembly of host-guest 

complexes. Hence, the process of formation of ICs depends on an activation energy, which 

increases by increasing the size of end-groups. The activation free energy (∆𝐺≠) can be calculated 

through the Eyring equation, which depends on the rate constant k and also contains the constants 

of Boltzmann (kB) and Plank (h), as reported in Eq. 3. 

 

∆𝐺≠ = −𝑅𝑇 ln(
𝑘ℎ

𝑘𝐵𝑇
)   Eq. 3 

 

The description of the process in terms of energy is represented in figure 8 for the case of 

amphiphiles, as an example. 

 

Figure 8 – Schematic representation of the energy diagram of the dissociation of host-guest complexes. 

Green circles: hydrophilic end groups of amphiphile, Red line: hydrophobic backbone of amphiphile. 

∆𝑮𝒅𝒊𝒔𝒔
≠ is the activation free energy of disassembly, while ∆𝑮𝒅𝒊𝒔𝒔

𝟎 = −∆𝑮𝟎 is the free energy of dissociation. 

Relying on non-covalent bonds, CD-based host-guest complexes are characterized by a strong 

dependency on the specific physical characteristics of the involved molecules. In addition to the 

binding constant, it is possible to determine a stability constant, which depends on different 

factors. Important variables are the number (m) of guest molecules (coded as G, usually a drug) 

and the number (n) of involved CDs into the complexes (Gm/CDn). The condition of equilibrium 

is described by the following relationship: 

𝑚 𝐺 + 𝑛 𝐶𝐷 
𝐾𝑚:𝑛
↔   𝐺𝑚/𝐶𝐷𝑛 

In which 𝐾𝑚:𝑛 characterizes the stability constant of a specific inclusion complex. n and m factors 

that represent the stoichiometry of complexes, and the stability constant can be calculated through 

phase-solubility diagrams. In these diagrams, the solubility of the guest molecule is represented as 

a function of overall CD content into the environment for complexation. Hence, different shapes 

of diagrams can be obtained from the occurring interactions between the involved molecules, as 

represented in figure 9. If the diagram appears as a linear function (AL-type), first-order complexes 

are formed referring to involved CDs (n equal to 1), meanwhile first or greater order complexes 

are formed with respect to the guest (m ≥ 1). It is then possible to obtain the function that defines 

the apparent solubility (Stot) of the involved guest (Eq. 4): 
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𝑆𝑡𝑜𝑡 = 𝑆0 +𝑚[
𝐺𝑚

𝐶𝐷
] (Eq. 4) 

where S0 represents the intrinsic solubility of the guest molecule in the specific aqueous medium 

in which the complexation is occurring. 

 

 

Figure 9 – Representation of solubilization diagrams of solution based on CDs. 

Even formation of complexes based on a higher order stoichiometry is explained with a linear 

function, but the resulting slope is less than 2. More intricate cases compared to linear trend can 

be even found. Indeed, it is also possible to observe a positive deviation (AP-type diagram) from 

the linear behavior when complexes at higher orders are formed between already existing inclusion 

complexes having different molecular ratios (e.g., guest/CD molar ratio of 1:1, 1:2 or 1:3). Hence, 

it is evident that these diagrams do not properly represent and explain the kind of interactions 

occurring between host and guest components, but instead they describe the general influence of 

CDs on guest solubility. In fact, the solubility diagrams are based on guest saturated solutions, in 

which it is more probable to obtain higher order complexes rather than in diluted environments. 

Moreover, CDs retain the strong tendency to form aggregates in solution which significantly 

contribute in terms of guest solubilization through non-inclusion complexes. This remark explains 

the characteristic trend of AN-type diagrams, in which the self-assembly between CDs plays a 

relevant role at high CD concentrations. 

Differently, B-type diagrams are related to complexes characterized by low solubility. Native CDs 

(i.e., α-, β- and γ-CDs) are mainly involved in these phenomena that result is solubility diagrams 

with a plateau trend into a relatively wide range of CD concentrations. CD aggregates hinders the 

formation of smaller and more soluble complexes. In this case, at high CD concentrations the 

solubility diagrams are characterized by a progressive decline in guest solubility. 

It is important to remind that solubility diagrams are obtained in non-ideal solutions (i.e., guest 

saturated aqueous environments). Only highly diluted solutions can properly adhere to more 

sophisticated mathematical models. In most applicative cases, instead, non-ideal environments are 

common. In fact, host-guest formulations are extremely sensitive to excipients or co-solutes (e.g., 
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salts, polymers) and the ideal mathematical models are not correct. This is the case of drug 

formulations, which often require other additional elements that induce remarkable variations into 

the system. Nonetheless, the statement of mathematical and theoretical models can be generally 

useful to determine the most important variables that are involved in IC formation. In this regard, 

in silico models also represent a powerful tool. 

Additionally, CDs are functional molecules even in chemical terms. Indeed, various derivatives 

can be synthesized and the most utilized in pharmacology are methylated, hydroxypropylated, 

alkylated and acylated CDs.38,39 Such chemical modifications can be exploited to properly tune 

CD physico-chemical properties and result in enhanced delivery of specific drug molecules in 

biological environments. 

Focusing on the release of drugs from CD-based complexes, the most important factor is the simple 

dilution in the release medium. However, other more convoluted mechanisms can occur when the 

encapsulated drug or the complex interact with specific components of the biological 

environments. For example, some phenomena consist in drug-protein interaction/binding or direct 

drug release from the inclusion complex to the biological environment through competitive 

interactions (e.g., through the formation of hydrophobic interactions with an available domain in 

the extra-cellular matrix). In fact, the formation of ICs can occur with natural molecules such as 

cholesterol, vitamins or lipids that compose the membrane of cells. In particular, α-CDs can form 

ICs with the phospholipids of cell membrane, while β-CDs are mainly targeted to cholesterol. It 

has been demonstrated that native CDs, which are generally hydrophilic, show the ability to 

increase drug permeability through biological membranes and this behavior is enhanced when they 

are additionally combined with water-based carriers (e.g., hydrogels).40,41 In this regard, some 

hemolytic effects have been observed for β-CDs and their derivatives, while α-CDs and γ-CDs 

have shown neglectable toxicity at similar dosages. Additionally, native CDs in individuals having 

a physiological kidney function are generally excreted within 12 hours when administrated 

parenterally, thus preventing the organism from any accumulation phenomenon. For all the above-

mentioned properties, CDs are generally considered harmless. 

5.2 Cyclodextrins as building blocks of hydrogels through poly(pseudo)rotaxane formation 

and crystallization 

As the interactions of CDs with their substrates are not specific, it is even possible to observe the 

formation of host-guest inclusion complexes between CDs and linear polymers. The diameter of 

α-, β- and γ-CDs represents the main variable for their interaction with the hydrophobic domains 

of linear polymers. Hence, the formation of ICs only depends on the physical match between the 

two involved components. The first work reporting a study on the complexation between CDs and 

a polymer dates back to 1990, when Li, Harada and Kamachi studied the formation of ICs between 

α-CDs and PEG/PEO.42,43 In detail, they analyzed the interaction between these two components 

by varying concentrations and molecular properties. Indeed, a wide range of PEG molar masses 

was investigated in order to evaluate the resulting role in complex formation. Interestingly, the 

authors found that two consecutive processes of self-assembly are involved in these water-based 

mixtures. The first involves the formation of structures called poly(pseudo)rotaxanes (PPRs), 

which derive from the threading of α-CDs along PEG chains. The term pseudo refers to the 

presence of free end groups, which allow the reverse process of de-threading of α-CDs.44 A 
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schematic example of a PPR formed by α-CDs and a PEG chain in solution is reported in figure 

10. 

 

Figure 10 – Simple representation of a poly(pseudo)rotaxane formed by α-CDs and a PEG chain in water-

based solutions. 

The second process consists in the further coalescence of PPRs through the formation of hydrogen 

bonds between aligned α-CDs threaded along different PEG chains. The result of this phenomenon 

is the physical consumption of hydroxyl groups of α-CDs leading to the increase of their general 

hydrophobic character. Thence, the formation of turbidity and the precipitation of a white 

crystalline supramolecular matter occur.45 Figure 11 reports the schematic conformation of the 

crystalline compound based on PPRs.  

 

 

Figure 11 – Schematic representation of PPR crystallization in watery environments. Black arrows indicate 

the formation of hydrogen bonds between the outer walls of CDs. 

X-Ray powder diffraction (XRD) studies showed a different crystallographic pattern from the 

resulting supramolecular matter with respect to the one obtained from pure α-CDs and PEG. 

Indeed, the XRD patterns related of these supramolecular structures were similar to those obtained 

from smaller linear molecules (e.g., valeric acid or octanol) which aggregate into “channel-type” 

supramolecular constructs composed of PPRs. Differently, native α-CDs, as well as β- and γ-CDs, 

are characterized by a different crystalline structure that is classified as “cage-type”. PPR based 

on β- and γ-CDs can be even produced with polymers having bigger and suitable dimensions (i.e., 

cross-sectional area).46 Indeed, β- and γ-CDs can form complexes with poly(propylene glycol) 

chains and in particular γ-CDs can host two PEG chains,47 thus forming a unique typology of 
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PPRs. However, in these cases, a slower self-assembly kinetics is observed due to lower affinity 

and stability. 

Solutions that contain CDs and linear polymers forming PPRs can undergo sol-gel transitions 

under certain conditions.48 In this regard, PEG is the most important polymer for the formation of 

hydrogels through the self-assembly with α-CDs. Indeed, thanks to the relatively high affinity of 

these two components, hydrogels based on a supramolecular structure can be obtained when a 

proper balance between PPR crystallization and free polymeric domains in solution is achieved 

(i.e., domains uncovered by α-CDs, since free hydrophilic regions are necessary to retain water 

inside hydrogel networks). Hence, it is necessary that the molar mass of the involved polymer is 

high enough to avoid crystal precipitation. Moreover, higher molar masses allow the formation of 

entanglements at different levels, thus acting as stabilizing elements for hydrogel network 

formation. The channel-like nano-crystals composed of PPRs represent the physical crosslinks that 

constitutes the hydrogel structure, as schematically represented in figure 12. 

 

Figure 12 – Representation of a hydrogel network based on PEG chains and α-CD through the formation 

of PPR crystals and polymeric entanglements. 

During the process of hydrogel formation, a continuous increase of viscosity and stiffness is 

observed. The higher the molar mass of PEO chains, the slower the process of hydrogel 

development. At the end of the transient of self-assembly, stable mechanical properties are 

achieved (i.e., storage and loss moduli reach asymptotic values). In this regard, mechanical (i.e., 

rheological) properties of hydrogels are important parameters to assess their suitability for specific 

applications in medicine. Interestingly, the ratio between α-CD and PEG represents the main 

variable for the modulation of physical properties. Indeed, high α-CDs/polymer mass ratios and 

generally high contents of α-CDs cause an enhanced formation of crystallized PPRs, which induce 

a relevant increment in hydrogel stiffness (i.e., elastic modulus, G’) and affect the final 
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responsiveness of the network that is an important factor for drug delivery applications. 

Interestingly, the mechanical behavior of these hydrogels upon incremental shear stresses shows 

a thixotropic response, which is characterized by the concurrent decrease of viscosity and the 

ability to flow as a fluid. In addition to thixotropy, high reversibility characterizes these hydrogels. 

Indeed, when the application of shear stresses stops, the initial stiffness of hydrogel network can 

be partially or totally recovered, thus resulting in a self-healing behavior. These remarkable 

physical properties make PPR-based supramolecular hydrogels easily injectable through 

conventional syringes and needles. One of the earliest applications of α-CD- and PEG-based 

supramolecular hydrogels as potential platforms for drug delivery was reported by Li et al..49 The 

authors explored the use of PEG characterized by different molecular masses to design 

supramolecular hydrogels for drug delivery applications. As a result, they observed that the 

optimal molar masses to produce self-eroding hydrogels for a progressive release of drug model 

molecules (i.e., fluorescein isothiocyanate-labeled dextran of different molar masses) ranged 

between 20 and 30 kDa, probably due to a proper balance of overall supramolecular crystallinity, 

polymeric entanglements and hydrophilic free domains. Another interesting example of the 

application of supramolecular hydrogels based on PEG homopolymer and α-CDs in drug delivery 

has be reported by Higashi and co-authors.50 Briefly, they designed different hydrogels systems 

based on PEG and α-CDs and γ-CDs with the aim to perform sustained release of lysozyme in 

vitro. The resulting hydrogel networks were characterized by high responsiveness in watery 

environments, allowing an effective release of enzymatically active lysozyme. Another important 

work was carried out by Bilkova and co-workers, who developed star-PEG-based PPRs for the 

formation of pH-sensitive physical hydrogels.51 The exploitation of the acid catalysis of functional 

end-groups allowed the tunability of hydrogel responsiveness to external environment and thence 

the potential release of therapeutic molecules. The presence of PPR domains significantly delayed 

the hydrolysis of sensitive groups, thus making the overall systems suitable for peroral transport 

of prednisolone with tunable release kinetics through the digestive duct. Other interesting 

examples involving multi-armed PEG polymers can be found in the literature, since these 

polymeric systems result in supramolecular hydrogels with good mechanical properties.45 

Nonetheless, to the best of our knowledge, no recent studies concerning these specific systems in 

drug delivery have been conducted. Indeed, the use of simple PEG/PEO homopolymers in PPR 

formation is referred to as a relatively obsolete approach nowadays. On the other hand, the use of 

PEG to synthesize versatile and functional block copolymers represents an effective strategy to 

design PPR-based hydrogels with α-CDs, which are generally preferable with respect to the bigger 

β- and γ-CDs when PEG-based PPRs are formed in watery environments. In the following 

paragraphs, the evolution of novel polymers for the development of supramolecular hydrogels 

based on PPRs will be surveyed with the aim to highlight the most significant works and frontiers 

towards clinical applications. 

5.3 Supramolecular hydrogels based on copolymers containing hydrophobic blocks and their 

applications in drug delivery: the state of the art 

PPO-based copolymers (Pluroncis®/Poloxamers®) 

The introduction of hydrophobic domains into polymer backbone represents a valuable strategy to 

improve the properties of CD-based supramolecular hydrogel networks. The first application of 
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amphiphilic polymers to form such systems was carried out by Li et al. in 2001.52 In this study, a 

wide variety of Pluronic®/Poloxamer® copolymers has been investigated when mixed in solutions 

containing α-CDs. Interestingly, Pluronic® copolymers containing at least 25% wt PEO turned 

out to be able to form supramolecular hydrogels even at relatively low polymeric concentrations 

(i.e., at 13% wt). These observations highlighted that the amount of synthetic polymer required to 

observed gelation was significantly reduced in supramolecular formulations containing α-CDs at 

9.7% wt with respect to the simple polymer-based systems. Indeed, solutions based on Pluronics® 

required polymeric concentrations up to 40% wt to show a sol-gel transition upon thermal stimulus 

(generally, greater than 20% wt). A significant contribution in the understating of the role of 

hydrophobic domains in α-CDs- and Pluronic-based supramolecular networks was given by the 

work of Pradal and co-workers in 2012.53 Indeed, the authors supposed that hydrophobic 

interactions could induce a stabilizing effect on the self-assembly process that involves the 

threading of α-CDs along PEO domains. In order to validate this hypothesis, Pradal and colleagues 

carried out a complete set of rheological characterizations, in addition to small-angle X-ray 

scattering and dynamic light scattering to better investigate the mechanism of self-assembly. 

Pluronic® (i.e., Pluronic F127 (70% PEO, Mn 12600 Da) and F68 (80% PEO, Mn 8400 Da), also 

known as Poloxamer 407 and 188) concentrations of 10 and 20% w/v were mixed with α-CDs in 

order to cover the theoretical PEO content between 0 and 12%, which corresponded to α-CD 

concentrations up to 10% w/v. The authors observed that slight variations (i.e., 1% w/v) in α-CD 

content induced a significant modulation in the elastic shear modulus of the resulting hydrogel 

networks, which ranged between 3 kPa and 7 MPa. The authors also hypothesized that the gelation 

mechanism depends on the mass ratio between α-CDs and Pluronics®. In fact, they supposed that 

the gelation process was influenced by the threading of α-CDs along PEO domains of Pluronic® 

molecules (i.e., the formation of PPR-based domains) and the interpenetration between polymeric 

structures (i.e., both hydrophobic and hydrophilic regions). Hence, the authors observed that the  

predominance of PPRs or micellar structures was induced at specific concentrations of α-CDs and 

amphiphilic polymer, respectively. As a consequence, PPR precipitation phenomena occurred in 

systems characterized by a high α-CD content, while at high polymer concentration (e.g., F127 at 

20% w/v, which represents a thermo-gelling condition) and low α-CD content the formation of 

inclusion complexes interferes with the formation of a micellar gel network. Nonetheless, the 

authors argued that an optimal interaction between the two components can be achieved at specific 

α-CD/Pluronic® mass ratios and figure 13 reports a simple scheme representing the resulting 

supramolecular configuration. 
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Figure 13 – Simplified representation of the supramolecular structure originated from the balanced 

interaction between thermo-sensitive amphiphilic polymers and α-CDs in watery environments. 

In this case, the formation of polymeric micelles through hydrophobic interactions could 

contribute to hydrogel network stabilization for PPR arrangement within defined temperature 

ranges. In this regard, the authors observed that the role of temperature is fundamental. Indeed, 

too low temperatures impede the development of hydrophobic interactions, while even too high 

temperatures cause the formation of a strong and rigid micelle-based network and an excessive 

molecular agitation hindering the supramolecular interaction between α-CDs and PEO domains. 

F68-based solutions showed faster gelation kinetics with respect to F127-based ones when mixed 

to α-CDs, due to the higher PEO content and the formation of smaller polymeric aggregates with 

reduced steric hindrance. Hence, this work highlighted that a crucial role in the self-assembly 

process is played by a proper balance between several factors: i) the molar mass and the 

concentration of the involved polymer, ii) the content of PEO and its distribution, iii) α-

CD/polymer ratio, and iv) the temperature of incubation. Interesting applications of 

Pluronic®/Poloxamer®-based systems for drug delivery can be found in more recent works. 

Simões and co-workers applied Pluronic® F127/Poloxamer® 407 for the production of engineered 

self-healing hydrogels for the progressive release of vancomycin.54 The overall polymeric content 

of the most promising systems turned out to be greater than 13% w/v. Another interesting work 

was carried out by Di Donato and colleagues.55 Briefly, they developed a hydrogel system based 

on the combination of Pluronic® F127/Poloxamer® 407 with α-CD and β-CD for the topical 

release of acyclovir as antiviral drug. The dual contribution of α-CDs and β-CDs resulted in the 

possibility to tune gelation properties and final hydrogel responsiveness. Lorenzo-Veiga and co-

authors recently published a work describing a hydrogel system based on Soluplus (i.e., polyvinyl 

caprolactam-polyvinyl acetate-polyethylene glycol graft copolymer (PCL-PVAcPEG)), 

Pluronic® P103 and α-CD, and addressed to the release of natamycin in ocular delivery.56 In this 

case, the role of both amphiphilic polymers was exploited to produce PPRs of mixed micelles for 

the encapsulation of natamycin, which was effectively released with increased solubility from the 

resulting PPR-based systems. 
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Additionally, even PEO-PPO non-linear copolymers can be exploited to produce supramolecular 

PPR-based hydrogels. Indeed, Poloxamines, which are star-shaped copolymers and are 

commercially known as Tetronics®, can be used to produce hydrogel systems suitable for drug 

delivery. Larraneta and Isasi described a Tetronic®-based system for the controlled delivery of 

bovine serum albumin via a hydrogel-network erosion mechanism.57 In this case, a noteworthy 

increase in terms of complexity of the resulting systems can be deduced, which was coupled with 

a not significant improvement in terms of sustained release kinetics. Indeed, release profiles were 

limited within 6 hours. Differently, in the work conducted by Del Rosario and co-authors, the use 

of Poloxamine and α-CD resulted in highly functional and stable hydrogels, which were suitable 

to treat critical bone defects in vivo through the sustained release of simvastatin in combination 

with bone morphogenic protein 2 up to 15-20 days.58 These works implicitly indicated once again 

the remarkable importance of the parameters involved in supramolecular formulation in properly 

tuning and optimizing the final behavior of such devices. 

 

PHB-based copolymers 

 

An important improvement in widening the possibilities of development of supramolecular 

networks based on amphiphilic copolymers was reported in the work carried out by Li and 

colleagues in 2006.59 Their idea consisted in the synthesis of specific amphiphilic molecules as 

newly designed components of supramolecular hydrogels. The authors developed novel 

amphiphilic triblock copolymers based on PEO (Mn 5000 Da) and poly[(R)-3-hydroxybutyrate] 

(PHB) (PEO-PHB-PEO) at various molecular masses (Mn of 1750 and 3140 Da). Thermo-

responsiveness of PEO-PHB-PEO polymers was compared to Pluronic® polyethers, evidencing 

significantly lower critical micellization concentrations (i.e., 1000-fold lower for PEO-PHB-PEO 

polymers with respect to Pluronics® as control samples) at similar temperatures (i.e., ranging 

between 22 and 25 °C). Hydrogel systems based on the two PEO-PHB-PEO polymers and α-CDs 

exhibited high stability and allowed a sustained release of a drug model molecule (i.e., Fluorescein 

isothiocyanate dextran 20, dextran-FTIC, 20 kDa). Nonetheless, in these formulations polymer 

concentration was maintained at relatively high values (i.e., 13.3% wt), which conferred high 

stability to the resulting hydrogel systems. The same research group also investigated the 

production of hydrogels based on reverse triblock copolymers with a PHB-PEO-PHB block 

configuration.60 Such block distribution provided improved stabilization through hydrophobic 

interactions, which resulted in stiffer networks. Indeed, solutions based on relatively low polymer 

concentrations (i.e., around 5% wt) and molar masses (i.e., between 5 and 7 kDa) resulted in 

hydrogels having notable elastic shear modulus ranging between 104 and 105 Pa.  

The balance between hydrophobic and hydrophilic components plays a pivotal role in determining 

the self-assembly of networks containing α-CDs and their suitability for drug encapsulation and 

release. Indeed, particularly marked hydrophobic behavior, while favoring the formation of highly 

stable and rigid hydrogels, could hinder or at least mitigate the release of hydrophobic drugs 

encapsulated into their cores. Thence, the development of properly balanced amphiphilic polymers 

that could meet the complex requirements to ensure hydrogel formation and stability through 

hydrophobic interactions and PPR formation, while simultaneously guaranteeing high drug 

encapsulation and sustained release, represents a noticeable challenge. 
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PCL-based copolymers 

 

PCL represents another hydrophobic domain used as building block of amphiphilic copolymers. 

In an important study, Xu and Li developed a promising hydrogel system based on a PEO-PCL 

polymeric solution at 13.3% wt concentration in the presence of α-CDs at 8 and 9.7% wt 

concentrations.61 Preliminary dextran-FTIC (20 kDa) release studies evidenced good stability, as 

a confirmation of the measured rheological properties.61 The use of such polymers was also 

reported by Zhu and co-workers.62 In this example, an interesting system based on the copresence 

of PEG-PCL and PEG-poly(acrylic acid) (PAA) was developed to ensure a stepwise delivery of 

doxorubicin and cisplatin. Moreover, additives such as Pluronic® copolymers were exploited to 

properly tune gelation kinetics and release profiles. The release of the encapsulated drugs was 

hypothesized to be ascribed to the progressive delivery of micelles as drug-encapsulating vehicles. 

A cytotoxic effect of the released payload was observed on human bladder carcinoma cells, 

showing an enhanced cytotoxicity for the systems based on dual-drug encapsulation. 

Triblock copolymers based on PCL have also been produced with both PEO-PCL-PEO and PCL-

PEO-PCL configuration. The former has successfully been employed for the release of 

erythropoietin from supramolecular networks to treat myocardial infraction.63,64 The latter has 

been used to produce supramolecular gel systems in different contexts for the encapsulation and 

delivery of various drugs, such as vitamin B12 and naltrexone.65 Additionally, PCL has been 

exploited to produce more complex linear polymers to optimize the interaction with α-CDs and 

DNA plasmids, thus producing an interesting dual supramolecular system for gene delivery.66 In 

detail, Li and co-workers developed a cationic polymer based on PEG, PCL and poly[2-

(dimethylamino)ethyl methacrylate] (PDMAEMA), which positive charge made it suitable for the 

formation of polyplexes with DNA plasmid. As a result, the polymer assumed a conformation 

based on a nanomatrix characterized by an inner core containing DNA plasmids and an outer 

corona formed by PEG domains. These units were then able to produce PPR-based supramolecular 

structures with α-CDs resulting in injectable hydrogels. The resulting DNA-loaded system showed 

progressive and effective release profiles, preserving the bioactivity of the payload. 

 

PLA-based copolymers 

 

Another effective hydrophobic block suitable for the production of copolymers with PEO is PLA. 

In a recent work, Poudel et al. described the design of a PEG-PLA copolymer able to form highly 

stable micelles in water-based environments.67 The presence of PEG domains was exploited to 

interact with α-CDs and form PPRs in the external corona of micelles in solution. The remarkable 

aspect of this work relies on the design of micelle-based supramolecular hydrogels. Indeed, the 

polymeric content within hydrogels was set at 1% w/v, while the contribution of α-CDs was 

investigated at different concentrations ranging from 7 to 11% w/v. As expected, the higher α-CD 

concentration, the stiffer the resulting network (i.e., higher values of G’). Nonetheless, good 

mechanical properties were observed even at the lowest α-CD concentration (i.e., 7% w/v). Indeed, 

for the above-mentioned formulation, G’ turned out to be around 3 kPa and a thixotropic response 

was observed through rheological characterizations when incremental shear stresses were applied. 

Finally, release studies of doxorubicin were performed, showing a progressive drug release up to 
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one week of incubation at 37 °C in contact with a physiological-like aqueous environment. The 

released drug showed an effective therapeutic action by exerting cytotoxicity against tumor HeLa 

cells in vitro. 

6. General discussion and conclusions 

The development of injectable hydrogels based on PPRs formed starting from properly designed 

amphiphilic polymers could actually contribute to the development of minimally invasive 

therapies directly addressed to disease sites. As recently analyzed in the review paper written by 

Domìnski and colleagues,68 the importance of PPR-based hydrogels has been progressively 

increasing in the biomedical field. However, some limitations concerning this kind of systems can 

be identified. Indeed, their physical nature induces different complications in terms of handling 

and stability. Although these platforms can be considered as highly responsive systems, fast 

dissolution kinetics or limited mechanical properties could be observed in many 

formulations.50,66,69 One solution to this issue can be found in the design of hydrogels containing 

relatively high polymer concentrations (i.e., equal, or greater than 10% w/v).54 However, in case 

of systems based on high polymer concentrations, the interactions with biological environments 

are neither trivial nor immediate.70 Indeed, the biological effects of non-ionic amphiphilic 

polymers could be various. For example, Pluronic® F127/Poloxamer® 407 could cause an 

increment of lipid content in blood, as well as swelling and vacuolization of Kupffer and 

endothelial cells in the liver. Other polymers, such as Pluronic® L81, P85 and F68 could inhibit 

the secretion of lipoproteins in the intestine. These biological effects are intrinsic in the 

amphiphilic nature of these polymeric molecules and could be reduced by designing optimized 

devices with a lower polymeric content and/or enhanced stability. To this aim, nowadays a relevant 

effort is being made in the development of highly functional, reversible, stable and responsive 

systems containing thermo-sensitive amphiphilic polymers at low concentration. Highly branched 

natural or functional polymers have been developed for this purpose and a novel frontier of 

material development has been opened.68 In this scenario, Pluronic®/Poloxamer®-based 

poly(urethane)s represent one of the newest strategies to meet the above-mentioned 

requirements.25,28–30 Indeed, better thermo-responsiveness, stability in aqueous environments and 

mechanical properties have been observed in pure PU-based thermo-sensitive hydrogels with 

respect to native Poloxamer®-based systems. These promising results were correlated with the 

attainment of a correct balance between molecular mass values and distribution (i.e., in other 

terms, the degree of polymerization and dispersity index, respectively). Additionally, even the 

resulting hydrophobic character and the presence of urethane domains have been considered as 

key factors in the resulting improvement of physical properties. Thence, the following Chapter of 

this work will investigate the application of properly synthesized Pluronic®/Poloxamer®-based 

PEUs as forming material of supramolecular hydrogels composed of PPRs. The main objective of 

the work will be the design of supramolecular hydrogels with low PEU concentration, and 

satisfactory handling properties, stability and responsiveness to external environments. The role 

of synthesis process will be discussed, and the most promising formulations will be selected for 

specific and advanced drug delivery studies.  
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Section 2 - Chapter 2.2 - Combining Poloxamer® 407-based 

poly(ether urethane)s and cyclodextrins for the formulation of 

supramolecular hydrogels in water: a proof of concept study 

1. Abstract 

The need for engineered drug delivery systems characterized by high reversibility and handling is 

an actual and challenging demand in the clinical field. To this aim, hydrogels based on physical 

interactions can effectively contribute to the fulfilment of various requirements for tissue 

engineering and regenerative pharmacology applications, such as tunability and responsiveness. 

Nonetheless, proof of concept studies are necessary to evaluate the potential of novel polymers for 

the design of physical hydrogels for drug delivery. In this Chapter, the suitability of two properly 

synthesized PEUs (�̅�𝑛 ca. 27-30 kDa) for the formulation of SM hydrogels based on inclusion 

complexes with α-CDs was evaluated. In detail, two PEUs were synthesized utilizing a 

commercially available amphiphilic triblock copolymer (i.e., Poloxamer® 407) and their 

capability to interact with α-CDs and form of PPR-based supramolecular crystals was investigated 

through X-Ray powder diffraction (XRD), Attenuated Total Reflectance – Fourier Transformed 

Infrared (ATR-FTIR) spectroscopy and Proton Nuclear Magnetic Resonance (1H-NMR) 

spectroscopy. Thence, a library of highly stable supramolecular hydrogels was obtained at various 

PEU and α-CD concentrations (i.e., ranging between 1 and 9% w/v and 9 and 10% w/v, 

respectively). Gelation kinetics and mechanical properties improved as CD content increased from 

9 to 10% w/v, while remarkable self-healing behavior (i.e., mechanical recovery greater than 80%) 

was observed for all the designed hydrogels. Two different hydrogel behaviors were found: low 

PEU containing hydrogel networks (i.e., 1-5% w/v concentration) were characterized by the 

predominance of PPR-based crystals, while high PEU containing systems (i.e., 7-9% w/v 

concentration) showed a preponderant thermo-sensitive behavior. Generally, hydrogels based on 

higher PEU contents (7-9% w/v) were characterized by non-fully developed networks at 37 °C 

and slight cytotoxicity, while residence time increased up to 7 days in physiological-like aqueous 

environment (i.e., pH 7.4, 37 °C). Differently, hydrogels based on lower PEU contents (1-5% w/v) 

were cytocompatible according to ISO 10993 standards and showed well-structured hydrogel 

networks, which turned out in the ability to maintain hydrogel shape up to 5 days when incubated 

in a watery milieu at 37 °C. PEU chemical composition affected the interaction with α-CDs and 

related effects were evaluated in hydrogel properties: the presence of pendant groups along PEU 

backbone resulted in slower gelation kinetics and inferior mechanical properties. Supramolecular 

hydrogels based on PEUs (at 1 and 5% w/v concentration) and α-CDs (at 10% w/v concentration) 

were able to release an encapsulated drug model molecule (i.e., fluorescein isothiocyanate dextran 

4, �̅�𝑛 4 kDa) through a progressive kinetics (without burst release) within 4 days. Thence, the 

feasibility of PEUs as effective constituents of α-CD-based supramolecular hydrogels was 

demonstrated in this study, thus opening the way to further applications in drug delivery for 

regenerative medicine. 
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Graphical abstract 

 

2. Introduction on the use of poly(urethane)s as PPR-forming polymers 

The use of PUs in the development of supramolecular hydrogels based on PPRs has been quite 

investigated. One of the earliest examples reporting the formation of polyrotaxanes based on PU 

molecules is dated back to 1999.1 In this work, Yamaguchi and colleagues utilized modified α- 

and β-CDs showing a permethyl functionality (PM-α-CDs and PM-β-CDs). Their strategy was 

based on performing the polyaddition of the involved reagents (aromatic diols and diisocyanates) 

in the presence of functionalized CDs in order to form inclusion complexes at high yield. This 

work represented an important demonstration of the high versatility that characterizes PU synthesis 

process. Another interesting example can be found in the work performed by Hasan et al., who 

developed a linear PEU based on PEO and 1,6-hexamethylene diisocyanate (HDI).2 The target of 

the authors of this work was the development of a water-soluble PEU based on defined units of 

PEO and HDI in order to tune its final thermo-sensitive behavior and self-assembly with α-CDs. 

Their hypothesis also relied on the idea of exploiting urethane domains to interact with α-CDs and 

hence significantly contribute to the overall integrity of PPRs. The synthesized PEU exhibited a 

molar mass around 3000 Da. The addition of α-CDs significantly affected the thermo-

responsiveness of the PEU in solution. The authors hypothesized that this behavior could be 

ascribed to the interactions occurring between the nonpolar domains of α-CDs and PEU leading 

to inclusion complex (IC) formation. They also demonstrated that the formed ICs were 

decomposed through temperature increase. At defined PEU/α-CDs ratios, hydrogel formation was 

observed and turned out to be dependent on a balanced coexistence of crystallized PPRs and 

hydrophobic interactions. The in-depth investigation through proton nuclear magnetic resonance 

spectroscopy demonstrated the dynamic state of threaded α-CDs, which were particularly 

concentrated on PEO domains. However, significant chemical shift changes were observed around 

the characteristic chemical shifts of HDI domains, thus indicating an important contribution of the 

hydrophobic domains of diisocyanates. Thence, a highly dynamic behavior was explained through 

the continuous transformation between free and complex components. Moreover, an exhaustive 
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characterization of the complexes at the solid state was performed through X-Ray powder 

diffraction, obtaining patterns that showed the typical peaks of crystallized PPRs, which formed 

an ordered supramolecular solid matter. 

In terms of applications of PU hydrogels based on PPRs in drug delivery, one remarkable example 

can be found in the work performed by Cheng and co-authors.3 In detail, an innovative stimuli-

sensitive injectable hydrogel was developed through the implementation of a linear amphiphilic 

PEU forming PPRs with α-CDs. pH- and redox-responsiveness were conferred through the 

exploitation of different chemical domains, such as dimethylolpropionic acid and di(1-

hydroxyethylene) diselenide, respectively. The intrinsic ability to self-assemble of the here-

developed PEU was exploited to form nanoparticles loading indomethacin, a hydrophobic drug, 

in watery environments. The subsequent formation of these nanostructures into a PPR-based 

hydrogel through the addition of α-CDs permitted the further integration of another molecule as 

hydrophilic drug molecule (rhodamine). The resulting hydrogels were characterized by low PEU 

concentration and high responsiveness to external stimuli, demonstrating the ability to trigger drug 

release. Moreover, enhanced reversibility and hence good injectability were also observed. The 

overall properties of these hydrogel systems represent highly promising factors for future clinical 

investigations. 

For all the above-mentioned examples and many others, in which the use of PUs in drug delivery 

is explored,4 the development of novel drug delivery systems based on highly tunable PU-based 

supramolecular hydrogels seems to be an effective, interesting and promising frontier to further 

overcome the limitations of already existing drug delivery platforms. Indeed, the possibility to 

confer relevant and multiple functions to a polymeric system could give the possibility to decrease 

the amount of synthetic polymers required for formulation fabrication, while simultaneously 

enhancing tunability, handling, stability and responsiveness to external environment. 

In the following part of the work, two custom-made PEUs were utilized to investigate the 

formation and design of supramolecular hydrogels based on PPRs. In detail, the two PEUs were 

produced through a two-step synthesis process using Poloxamer® 407 (P407, PEO-PPO-PEO, 

70% wt PEO, �̅�𝑛 12600 Da), a non-toxic hydrophobic diisocyanate (1,6-hexamethylene 

diisocyanate, HDI) and two chain extenders, specifically an aliphatic cyclic diol (1,4-

cyclohexanedimethanol) and an amino acid-derived diol (N-Boc Serinol).5–7 The peculiarity of 

these PEUs resides on their pronounced thermo-responsiveness. Indeed, these PEUs in solutions 

showed remarkably lower critical gelation concentrations (i.e., around 6% w/v) with respect to the 

native macrodiol P407 (i.e., around 18% w/v). In addition to this notable thermo-responsiveness, 

the presence of large PEO domains and HDI aliphatic regions into PEU polymer chains could 

allow these materials to spontaneously form supramolecular complexes with α-CDs. To 

investigate the nature of these interactions, X-Ray powder diffraction (XRD), Attenuated Total 

Reflectance - Fourier Transformed Infrared (ATR-FTIR) Spectroscopy and Proton Nuclear 

Magnetic Resonance (1H-NMR) Spectroscopy were performed. Then, hydrogels were formulated 

with PEU content ranging between 1 and 9% w/v and α-CDs from 7 to 10% w/v. Hydrogel 

qualitative properties (i.e., gelation time) were evaluated through tube inverting test at different 

temperatures (i.e., 25 and 37 °C). Mechanical properties and reversibility of hydrogels were 

assessed through rheological characterizations. Hydrogel responsiveness and stability in 

physiological-like environment were evaluated up to 7 days incubation at 37 °C, while cytotoxicity 

on pure hydrogel extracts was investigated according to ISO 10993 recommendations. Finally, in 



89 
 

order to evaluate the suitability of such hydrogel systems as drug delivery platforms, encapsulation 

and release studies of Fluorescein isothiocyanate-dextran 4 (FD4, �̅�𝑛 4000 Da) were performed 

utilizing formulations characterized by low PEU content (i.e., ranging between 1 and 5% w/v). 

3. Materials and Methods 

3.1 Materials 

Poloxamer® 407 (P407, �̅�𝑛 12.6 kDa, 70% PEO), 1,6-hexamethylene diisocyanate (HDI), 1,4-

cyclohexanedimethanol (CDM), N-Boc serinol (NBoc), dibutyltin dilaurate (DBTDL) and 3-

(trimethylsilyl)propionic-2,2,3,3-d 4 acid sodium salt (TSP) were obtained from Merck/Sigma-

Aldrich (Milan, Italy). α-CDs (from now on simply indicated with the acronym “CDs”) were 

obtained from TCI Chemicals Europe (Zwijndrecht, Belgium). P407 was dehydrated for 8 h at 100 

°C at low pressure (i.e., c.a. 200 mbar) and then maintained at 40 °C until use. CDM and NBoc 

were dried overnight into a desiccator at low pressure and room temperature. HDI was purified 

through distillation under vacuum. The utilized solvents were purchased from Carlo Erba Reagents 

at analytical grade (Milan, Italy). Overnight anhydrification of 1,2-dichloroethane (DCE, Carlo 

Erba Reagents, Milan, Italy) was performed by storing it over activated (overnight drying at 120 

°C, atmospheric pressure) molecular sieves (Sigma Aldrich, Milan, Italy) under N2 atmosphere. 

3.2 Synthesis of PEUs 

In this part of the work, two PEUs based on different chain extenders were synthesized through an 

optimized two-step procedure. In detail, P407 was dissolved in anhydrous DCE at 20% w/v 

concentration and equilibrated at 80 °C) Then, HDI and DBTDL were added at 2:1 molar ratio 

and 0.1% w/w concentration with respect to solubilized P407, respectively. The step of pre-

polymerization was carried out for 2.5 hours under stirring (ca. 250 rpm) at 80 °C, thus obtaining 

a pre-polymer with isocyanate end-groups. The second step of the synthesis consisted in a chain 

extension of the pre-polymer. The chain extender (CDM or NBoc) was solubilized at 60 °C in 

DCE (3% w/v) and at 1:1 molar ratio with respect to P407 and added to the pre-polymer solution. 

The reaction was carried out for 1.5 hours at 60 °C. Subsequently, the solution was cooled at room 

temperature (25 °C) and methanol was added in excess (6 ml every 16 g of theoretical PEU) to 

passivate any unreacted isocyanate domain. The solution containing the newly produced PEU was 

then precipitated in petroleum ether (4:1 v/v ratio with respect to overall DCE volume) under 

vigorous stirring. The precipitated PEU was separated from the supernatant and kept under a fume 

hood overnight. Subsequently, the dried PEU was solubilized in DCE at 20% w/v concentration 

and purified through precipitation in a diethyl ether (DEE)/methanol mixture (98/2% v/v and 5:1 

with respect to utilized DCE). PEU separation was performed through centrifugation (Hettich, 

MIKRO 220R) for 20 minutes at 6000 rpm and 0 °C. Then, the PEU was dried overnight under a 

fume hood, collected, and stored under vacuum at 3 °C. From now on, the obtained PEUs will be 

coded as NHP407 and CHP407, where P407 represents the macrodiol used for the synthesis, H 

identifies the diisocyanate, while N and C indicate NBoc and CDM, respectively. 
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3.3 Chemical characterization of PEUs 

3.3.1 Attenuated Total Reflectance – Fourier Transformed Infrared (ATR-FTIR) 

Spectroscopy 

The successful synthesis of PEUs was proved through ATR-FTIR spectroscopy, which was 

performed at room temperature on PEU powder utilizing a Perkin Elmer Spectrum 100 Instrument 

equipped with an ATR accessory with diamond crystal (UATR KRSS). Each spectrum was 

obtained from 16 scans (4 cm-1 resolution) in the spectral domain from 4000 to 600 cm-1. The 

analysis of data was conducted utilizing the Perkin Elmer Spectrum software. As control sample, 

the spectrum of P407 was obtained using the same protocol. 

3.3.2 Size Exclusion Chromatography (SEC) 

Molar mass distributions of NHP407 and CHP407 were characterized through an Agilent 

Technologies 1200 Series (California, USA) SEC supplied with a refractive index detector (RID) 

and two Waters Styragel columns (HR1 and HR4). N,N-dimethylformamide (DMF, HPLC grade, 

Carlo Erba, Milan, Italy) containing LiBr at 0.1% w/v concentration was utilized as mobile phase 

at a flow rate of 0.5 ml min-1. Registered RID and elution volume data were then exported as .CSV 

file. Number average molar mass (�̅�𝑛), weight average molar mass (�̅�𝑤) and dispersity index 

(𝐷 =  �̅�𝑤/�̅�𝑛) were calculated using Microsoft Excel (Office 365, Microsoft Corporation, USA) 

and a specific calibration curve obtained from PEO standards having peak molecular weight (�̅�𝑝) 

ranging from 982 to 205500 Da. For sample preparation, 2 mg of PEU were dissolved in 1 ml of 

DMF added with LiBr and filtered using poly(tetrafluoroethylene) (PTFE) syringe filters (0.45 

μm, LLG International, Meckenheim, Germany). 

3.4 Preparation and characterization of PEU- and CD-based inclusion complexes (ICs) 

3.4.1 Preparation of Supramolecular (SM) complexes 

The formation of ICs between PEUs and CDs was evaluated in double distilled water (ddH2O) by 

mixing their respective solutions. More in detail, concentrated solutions of PEUs were produced 

by solubilizing the required amount of polymer in ddH2O at 3 °C overnight. Subsequently, a 

transparent solution of CDs at 14% w/v concentration was prepared, added to the previously 

obtained PEU solutions and homogenized with a vortex (40 Hz for ca. 30 seconds). The final 

samples were characterized by a PEU concentration of 1% w/v and the required amount of CDs to 

theoretically cover the 100% of available PEO domains (i.e., CD at 7.6% w/v concentration). Then, 

the samples were incubated for 72 hours at room temperature (i.e., 25 °C) to form ICs. The 

resulting crystalline matter composed of PPR-based aggregates was separated through 

centrifugation (Mikro 220R, Hettich, Germany) at 4500 rpm and 10 °C for 15 minutes. The 

samples containing SM complexes were quenched and frozen through immersion in liquid 

nitrogen and freeze dried (Martin Christ ALPHA 2-4 LSC, Germany) for 24 hours. Hereafter, the 

obtained SM complexes based on PEUs will be coded as NHP407 SM_100% and CHP407 
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SM_100% to indicate that were designed to theoretically reach a complete coverage of PEO 

domains through CDs. 

3.4.2 X-Ray powder diffraction (XRD) analysis 

XRD patterns of NHP407 SM_100% and CHP407 SM_100% were obtained using an X-Ray 

diffractometer D5005 assembled with a Bragg-Brentano geometry and vertical goniometer theta - 

theta (the specimen holder is fixed while tube and detector rotate). The instrument was also 

equipped with a Ni-filtered Cu Kα (1.542 Å) radiation source set at 40 kV and 40 mA. Tests were 

performed in step scan mode within the 2θ range from 5° to 30° at increment rate of 0.1° step-1 

and scan speed of 10 s step-1. As control samples, NHP407 and CHP407 were also analyzed using 

the same protocol. 

3.4.3 Attenuated Total Reflectance – Fourier Transformed Infrared (ATR-FTIR) 

Spectroscopy 

NHP407 SM_100% and CHP407 SM_100% were also characterized through ATR-FTIR 

spectroscopy in order to further characterize their constituents and occurring SM interactions. 

Spectra were obtained at room temperature and by averaging 32 scans in the spectral range from 

4000 and 600 cm-1 at a resolution of 1 cm-1. Analyses were performed on three different batches 

of each sample and recorded spectra were averaged. Pure PEUs and CDs were also analyzed for 

comparative purposes. 

3.4.4 Proton Nuclear Magnetic Resonance (1H-NMR) Spectroscopy 

1H-NMR characterization was performed using an AVANCE III Bruker spectrometer equipped 

with an 11.75 T superconducting magnet (500 MHz 1H Larmor frequency) and a Bruker BVT-

3000 unit for temperature control. The NMR spectra were obtained at 300 K after 10 min for 

temperature stabilization at 25 °C. Each spectrum was obtained as the average of 12 scans, with 

10 s relaxation time. A sealed capillary containing 1 mM TSP in D2O was inserted in the NMR 

tube and used as reference for the zero of the chemical shift scale. 

Samples for 1H-NMR spectroscopy were obtained through solubilization of NHP407 SM_100% 

and CHP407 SM_100% in deuterium oxide (D2O, 99.8%, Sigma Aldrich, Italy) at a concentration 

of 5 mg ml-1. Analyses were additionally performed on self-assembling samples based on the 

mixture of PEU (1% w/v) and CD solutions in D2O. In this case, CDs (14% w/v) were added in 

order to cover the theoretical 50% of available PEO domains (i.e., resulting CD concentration at 

3.8% w/v in D2O) and avoid crystal formation and precipitation (acronyms for these samples are: 

NHP407 SM_50% and CHP407 SM_50%). Spectra of control samples of CD, NHP407 and 

CHP407 were also obtained according to the same protocol. MNova software (Mestrelab 

Research, S.L, Spain, www.mestrelab.com) was utilized for spectra elaboration. 

Additionally, 2D 1H-NMR spectra were obtained through Nuclear Overhauser Effect 

Spectroscopy (NOESY, 2D homonuclear correlation via dipolar coupling) and Rotating frame 

Overhauser Effect (ROESY) spectroscopy for the samples NHP407 SM_50% and CHP407 

SM_50% in order to better investigate the occurring interactions between PEUs and CDs. NOESY 
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spectra were obtained as average of 24 scans with a spectral window size f1 10 ppm and f2 10 ppm 

(mixing time 0.3 s and relaxation delay 3 s). ROESY spectra were obtained as average of 24 scans 

with a spectral window size f1 10 ppm and f2 10 ppm (continuous wave spinlock for mixing and 

relaxation delay 3 s). 

3.5 Preparation and characterization of PEU- and CD-based SM hydrogels 

3.5.1 Preparation of SM hydrogels 

SM hydrogels were prepared in ddH2O by mixing PEU and CD solutions. Briefly, PEUs were 

weighted in the required amount in Bijou sample containers (17 mm diameter, 7 ml, Carlo Erba 

Reagents, Milan, Italy) and firstly solubilized in ddH2O at 3 °C overnight. Subsequently, specific 

aliquots of a clear solution of CDs in ddH2O (14% w/v) were added to the previously prepared 

PEU solutions and the obtained mixtures were homogenized using a vortex (40 Hz, 30 seconds). 

The samples were then incubated in isothermal conditions (i.e., 25 and 37 °C) to allow gelation 

through SM structure development. Various formulations containing PEUs (1, 5, 7 and 9% w/v) 

and CDs (7, 8, 9 and 10% w/v) were produced to obtain a library of SM hydrogels to characterize.  

Hereafter, SM hydrogels will be indicated with the acronym PEU X% - CD Y%, in which PEU 

refers to the specific poly(ether urethane) that constitutes the synthetic component of the hydrogel 

(i.e., NHP407 or CHP407), while X and Y identify PEU and CD concentrations, respectively. 

3.5.2 Qualitative evaluation of gelation time in isothermal conditions and phase-separation 

Gelation kinetics of SM hydrogels was qualitatively investigated through visual inspection at room 

temperature (25 °C) and at 37 °C. In detail, at precise time steps (i.e., every 1 and 5 minutes up to 

1 hour observation and then every 10 minutes), the samples were inverted and the flowing of 

solutions containing PEUs and CDs was assessed. The condition of “gel” state was characterized 

by a “no-flow” condition after 30 seconds of vial inversion. Once the gelation process was 

completed, the samples were maintained at the gelling temperature (25 or 37 °C) and visually 

evaluated every day to assess the occurrence of phase-separation phenomena. 

3.5.3 Rheological characterization 

Rheological characterizations on PEU-based SM gels were carried out with a stress-controlled 

rheometer (MCR302, Anton Paar GmbH, Graz, Austria) equipped with a Peltier system for 

temperature control and a 25 mm parallel plate configuration. Hydrogels (PEU concentration 

between 1 and 9% w/v and CD concentrations at 9 and 10% w/v) were injected through a 5 ml 

syringe (2 mm needle, ca. 0.4 ml) on the lower plate of the rheometer previously equilibrated at 

25 °C. The normal force was imposed at 0 N and the thickness of the sample was set at 0.6 mm 

for all the characterizations. 

Strain sweep tests were carried out at 37 °C and 1 rad s-1 angular frequency by varying strain values 

from 0.01 to 500%. Samples that were analyzed through strain sweep test were analyzed again 

after 15 minutes of recovery in quiescent state and isothermal conditions (37 °C) with the aim to 

evaluate hydrogel capability to self-heal after a relevant strain has been applied (i.e., 500%). 
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Frequency sweep tests were performed within the linear viscoelastic region (strain at 0.1%) at 25, 

30 and 37°C and angular frequency from 0.1 to 100 rad s-1. 

Self-healing tests were also executed to evaluate the physical reversibility of hydrogels when a 

variable strain was cyclically applied over time at 37 °C, according to the protocol described by 

Wu and co-workers with few modifications.8 Specifically, SM hydrogels were initially subjected 

to a constant strain (0.1%, 1 Hz, recovery phase) for 120 seconds; subsequently, a complete 

breakage of hydrogel network was induced through the application of a significantly higher strain 

(100%, 1 Hz, rupture phase) for 60 seconds. The above-mentioned procedure was applied on each 

sample for three cycles and finally the starting strain (0.1%, 1 Hz, recovery phase) was applied 

again to evaluate residual mechanical properties. 

3.5.4 Swelling and stability in physiological-like conditions 

The behavior of SM hydrogels (1 ml in Bijou sample containers with 7 ml capacity and an inner 

diameter of 17 mm) in aqueous environments was evaluated through incubation at 37 °C in contact 

with phosphate buffered saline (PBS, 1 ml, pH 7.4) added with sodium azide (NaN3, 0.1% w/v, 

Sigma Aldrich, Milan, Italy). In detail, swelling and dissolution of hydrogel network were 

quantified. The hydrogels were initially weighted (Wgel_i) and acclimatized at 37 °C for 15 minutes. 

Subsequently, PBS added with NaN3 (1 ml, 37 °C) was gently poured to each sample and the 

hydrogels were then incubated at 37 °C. At specific time frames (24h, 3 days, 5 days and 7 days) 

the residual PBS was removed, and the hydrogels were weighted again (Wgel_f) to quantify their 

swelling ability (i.e., PBS absorption %) according to equation 1. The same hydrogels were freeze 

dried (Martin Christ ALPHA 2-4 LSC, Germany) and weighted again (Wdried gel_f) to measure 

network weight loss (Weight loss %) using the formula in equation 2. Reference samples were 

also prepared according to the same protocol, freeze dried and weighted (Wdried gel_i), without being 

incubated in contact with PBS. 

𝑃𝐵𝑆 𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 % =
𝑊𝑔𝑒𝑙𝑓

−𝑊𝑔𝑒𝑙𝑖

𝑊𝑔𝑒𝑙𝑓

× 100   Eq.1 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 % =
𝑊𝑑𝑟𝑖𝑒𝑑 𝑔𝑒𝑙𝑖

−𝑊𝑑𝑟𝑖𝑒𝑑 𝑔𝑒𝑙𝑓

𝑊𝑑𝑟𝑖𝑒𝑑 𝑔𝑒𝑙𝑖

× 100 Eq.2 

Additionally, the responsiveness of SM hydrogels to watery environments was evaluated through 

the calculation of the swelling ratio values at each time frame. In fact, the swelling ratio represents 

a useful parameter to highlight the ratio between water and polymer contents within the hydrogel 

systems over time. Equation 3 was applied to calculate swelling ratios of hydrogels. Control 

samples were prepared and used as reference (i.e., swelling ratio equal to 1). 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =
𝑊𝑔𝑒𝑙𝑓

−𝑊𝑑𝑟𝑖𝑒𝑑 𝑔𝑒𝑙𝑓

𝑊𝑑𝑟𝑖𝑒𝑑 𝑔𝑒𝑙𝑓

    Eq.3 

Analyses were conducted in quintuplicate and results are reported as mean ± standard deviation. 
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3.5.5 Cytotoxicity evaluation 

The evaluation of cytotoxicity was performed on various formulations containing PEUs (from 1 

to 9% w/v concentration) and CDs (9 and 10% w/v concentration). In detail, SM gels (250 mg) 

were prepared in Bijou sample containers (7 ml, 17 mm inner diameter), sterilized through UV 

light exposure (290 nm) for 30 minutes and acclimatized at 37 °C for 15 minutes. Subsequently, 

Dulbecco’s Modified Eagle Medium (37 °C, high glucose, Carlo Erba Reagents, Italy) added with 

foetal bovine serum (10% v/v, Carlo Erba Reagents, Italy) was poured in contact with SM 

hydrogels (1 ml every 100 mg of hydrogel). The samples were then incubated for 24 hours at 37 

°C and the hydrogel extracts were collected. Simultaneously, murine fibroblasts (NIH 3T3 cell 

line, ATCC, USA) were cultured utilizing the same medium (37 °C, 5% CO2) on a 96 well plate 

(20000 cell well-1, 100 μl culture medium) for 24 hours. The previously collected hydrogel extracts 

were filtered (0.22 μm, PTFE, LLG labware) and then 100 μl were administered to the cultured 

cells for 24 hours at 37 °C. Afterwards, the medium was totally renewed with fresh one (100 μl) 

added with resazurine (0.1 mg ml-1, Sigma Aldrich, Milan, Italy) and the plate was incubated for 

1 hour at 37 °C. Cell viability was estimated using a multimode plate reader (Perkin Elmer Victor 

X3) by quantifying the reduced resazurine at 595 nm (excitation at 530 nm). Control samples (i.e., 

cells that were cultured in pure medium) were also prepared and analyzed. Three independent 

experiments were conducted and results are reported as mean ± standard deviation. 

3.5.6 Release study of fluorescein isothiocyanate dextran (FD4) 

Release studies of FD4 loaded into SM hydrogels (PEU concentrations at 1 or 5% w/v, CDs 

concentration at 10% w/v) were conducted. FD4 (4 kDa, Sigma Adrich, Milan, Italy) was utilized 

as model molecule of small hydrophilic drugs and macromolecules, such as antibiotics and 

proteins, respectively. FD4 was encapsulated into SM hydrogels through solubilization in a 

solution containing CDs at 14% w/v in ddH2O. Then, the required aliquot of CD/FD4 solution was 

mixed with PEU solutions in Bijou sample containers (7 ml capacity, inner diameter 17 mm, Carlo 

Erba, Milan, Italy) obtaining a CD and FD4 concentration of 10% w/v and 1 mg ml-1, respectively, 

and final sample volume of 1 ml. Hydrogel network development was ensured through incubation 

at room temperature (25 °C) for 48 hours in the dark. Then, SM hydrogels were acclimatized at 

37 °C for 15 minutes and PBS (1 ml, 37 °C) was added as medium for FD4 release. The 

quantification of FD4 was carried out through a multimode plate reader (Perkin Elmer Victor X3) 

by evaluating the absorbance at 490 nm on a 96 well plate (200 μl per well). Hydrogels were 

prepared in quintuplicate for each investigated formulation. A calibration curve based on standard 

samples with FD4 concentration ranging from 0.05 to 1 mg ml-1 was obtained as reference for FD4 

quantification. In order to select a proper condition for FD4 quantification, a set of calibration 

curves based on standard samples prepared in PBS containing CDs at different concentrations (i.e., 

0, 1, 2.5, 5 and 10% w/v) was investigated. Data are shown as average ± standard deviation. 

3.6 Statistical analysis 

Statistical analysis was conducted through GraphPad Prism 8 for Windows 10 (GraphPad 

Software, La Jolla, CA, USA; www.graphpad.com). Two-way ANOVA analysis coupled with 
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Bonferroni multiple comparison test was performed to compare results, assessing the statistical 

significance according to Boffito et al..5 

Significance level were assigned depending on p-values: p<0.0001 Extremely significant (****), 

0.0001<p<0.001 Extremely significant (***), 0.001<p<0.01 Very significant (**), 0.01<p<0.05 

Significant (*), p≥0.05 Not significant (ns). 

4. Results 

4.1 Chemical characterization of PEUs 

ATR-FTIR spectroscopy and SEC analyses were conducted to demonstrate the successful 

synthesis of NHP407 and CHP407 PEUs. ATR-FTIR spectra of PEUs and P407 as reference are 

reported in figure 1. The presence of new bands referred to urethane domains was observed in both 

NHP407 and CHP407 spectra. In detail, the stretching vibration of free carbonyl groups (C=O) at 

1720 cm-1 and the concurrent bending of N-H and stretching and C-N domains at 1530 cm-1 were 

observed. Additionally, N-H stretching was also detected at 3350 cm-1. The absence of any 

vibration around 2200 cm-1 clearly demonstrated a total conversion of isocyanate groups. The 

presence of the typical absorption bands of P407 was also observed in PEU spectra at 2880 and 

1250 cm-1 (CH2 stretching and rocking, respectively) and at 1100 cm-1 (C-O-C stretching).  

 

Figure 1 – ATR-FTIR spectra of P407 (ochre continuous line), CHP407 (light blue dotted line) and 

NHP407 (light red long dashed line). Typical urethane vibration bands are specifically indicated through 

vertical arrows at 3350, 1720 and 1530 cm-1. 

CHP407 and NHP407 were characterized by similar number average molar masses (�̅�𝑛) which 

were quantified around 30 kDa and 27 kDa, respectively. As the typical error of SEC 

measurements is around 10%, the observed difference was not significant.9 Dispersity index 
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resulted to be 1.8 for both PEUs. The SEC profiles of both PEUs and P407 as reference (�̅�𝑛 around 

8 kDa, D = 1.2) are reported in figure 2. Moreover, the molecular mass distribution of both PEUs 

showed a residual peak resulting from polymers derived by typical P407 di-blocks10. This 

indicated the presence partially polymerized chains that were not completely removed through 

purification processes. However, the effect of such components on final hydrogel behavior can be 

considered negligible, because of their limited contribution within the entire molecular mass 

distribution. 

 

Figure 2 – SEC profiles (RID signal vs. elution time) of P407 (ochre continuous line), CHP407 (light blue 

dotted line) and NHP407 (light red dashed line). 

4.2 Characterization of SM complexes based on PEUs and CDs 

4.2.1 X-Ray powder diffraction (XRD) characterization 

XRD analyses were performed to demonstrate the formation of SM inclusion complexes between 

PEUs and CDs and characterize the potential morphology of PPR-based crystals. XRD patterns of 

P407 reported in the literature show the presence of two peaks at ca. 19°-19-3° and 23.1°-23.5°, 

which are related to the presence of PEO domains (approx. 70% w/v).11 Pure PEU spectra (figure 

3) exhibited two main peaks at 2θ equal to 19.1° and 23.2°, demonstrating the presence of P407 

typical crystalline domains. Curiously, PEU increased molar mass did not significantly interfere 

with the process of crystallization with respect to native P407. 

In the presence of CDs, it has been widely demonstrated that typical peaks of a hexagonal channel-

like crystal lattice can be found at 2θ around 7.3°-7.6°, 12.7°-13° and 19.5°-20°.11–13 XRD patterns 

of PEUs-based SM structures (figure 3) evidently showed the presence of PPR-based crystalline 

domains. In fact, a relevant peak at 2θ around 19.8°-20° was observed in both NHP407 SM_100% 

and CHP407 SM_100% spectra. Moreover, additional peaks were observed at values of 2θ around 

7.6° and 13°, thus further confirming the hexagonal channel-like morphology of PEU-based SM 

crystals. The absence of multiple reflections in these patterns demonstrated the absence of free 

crystalline domains based on pure CDs.14 In physical terms, the overall yield of collected 

crystalline mass resulted to be 58 ± 0.5% and 30 ± 0.5% for CHP407 SM_100% and NHP407 
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SM_100% (average of three measurements), respectively. In this regard, the different composition 

of PEUs could be an important factor. Indeed, CHP407 did not possess pendant groups (i.e., Boc 

domains) along its backbone that could cause steric hindrance as for NHP407. This difference 

could be the reason of the enhanced SM self-assembly that was observed for CHP407 SM_100%, 

even though CDM is notably a more rigid chain extender with respect to NBoc due to the presence 

of the cyclic monomer cyclohexane. Thence, it has been hypothesized that the steric hindrance of 

lateral pendant Boc groups most likely impeded the threading of CDs along NHP407 chains. 

 
Figure 3 – XRD patterns of PEUs and their related SM samples. a) NHP407 (light red dashed line) and 

NHP407 SM_100% (red continuous line), and b) CHP407 (light blue dashed line) and CHP407 SM_100% 

(blue continuous line). Pure PEU samples resulted in patterns very similar to the one that characterizes 

P407. This result suggested that no significant variations in chemical conformation were caused by neither 

presence of hydrophobic domains (i.e., PPO, ca. 30% wt) nor the chain extension process. Differently, the 

typical peaks of PPR-based crystals are highlighted by vertical black dashed lines (2θ equal to 7.6°, 13° 

and 19.8°) in the patterns of samples resulting from the self-assembly of PEUs and CDs. Moreover, the 

obtained spectra were characterized by the absence of peaks related to pure PEU domains and native CD-

based crystals. 

4.2.2 Attenuated Total Reflectance – Fourier Transformed Infrared (ATR-FTIR) 

spectroscopic analyses 

CHP407 SM_100% and NHP407 SM_100% samples were also characterized through ATR-FTIR 

spectroscopy. ATR-FTIR analyses of SM samples evidenced noteworthy differences with respect 

to pure PEU- and CD-based control samples. The simultaneous presence of typical absorption 

peaks of both native PEUs and CDs demonstrated the occurrence of a clear self-assembly process 

(figure 4). For example, typical peaks of CDs were detected in SM sample spectra at 1075, 1155 

and 2954 cm-1, which were due to C-O, C-O-C and -CH stretching excitations, respectively. 

Moreover, another important signal in CD spectrum appeared at 3308 cm-1 and was originated by 

the asymmetric and symmetric stretching of -OH domains. In SM samples, in which CDs were 

forming PPR-based crystals, this peak resulted to be upshifted to 3340 cm-1, thus indicating that 

the involved CDs were not disposed in the typical cage-like packing that characterizes pure CD 

powders.15–17 In fact, it could be hypothesized that CDs were packed along PEU chains and formed 

hydrogen bonds between -OH domains that belonged to adjacent outer faces of aligned molecules. 

The resulting arrangement could cause variations in the vibration of -OH domains with respect to 
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the typical cage-type conformation, by lowering the energy of the spontaneous assembly of CDs. 

Another element further confirming this hypothesis was found in the upshift of the peak related to 

urethane C=O domains, which was found at 1740 cm-1 rather than 1720 cm-1. This shift could be 

most likely caused by SM domains hindering the spontaneous crystallization of PEU chains. These 

results were in accordance with other previous studies16,17 and the discussed XRD results, thus 

further demonstrating the hypothesis on the formation of PPR-based channel-like SM crystals 

between PEUs and CDs, with an additional contribution from urethane domains. 

 

Figure 4 – ATR-FTIR spectra of CD, PEU and SM complexes. a) comparative evaluation among CD (green 

dotted line), NHP407 (light red dashed line) and NHP407 SM_100% (red continuous line), and b) 

comparative evaluation among CD (green dotted line), CHP407 (light blue dashed line) and CHP407 

SM_100% (blue continuous line). Shifts of -OH (from 3308 to 3340 cm-1) and C=O (from 1720 to 1740 cm-

1) due to the presence of SM domains are highlighted by black arrows in their respective spectra. 

4.2.3 Proton Nuclear Magnetic Resonance (1H-NMR) spectroscopy analyses 

In order to complete the physico-chemical characterization of SM samples, 1H-NMR spectroscopy 

was also carried out on NHP407 SM_100% and CHP407 SM_100% samples solubilized in D2O. 

As observed in ATR-FTIR results, the concomitant presence of the main characteristic chemical 

shifts of both CDs (ranging from 4.05 to 3.55 ppm and at 5.07 ppm) and PEUs (ranging from 1.60 

to 0.95 ppm and at 3.75 ppm) confirmed that the obtained crystalline matter was based on 

complexes between CDs and PEUs, as reported in figure 5. 

Moreover, 1H-NMR spectroscopy was performed on self-assembling samples (i.e., NHP407 

SM_50% and CHP407 SM_50%) with the aim to better understand the interactions occurring 

between PEUs and CDs in solution. However, no significant variation in chemical shifts were 

observed for the specific domains of CDs that could be involved in the formation of PPRs, in 

opposition with already published results regarding similar PEUs with significantly lower molar 

mass (i.e., �̅�𝑛 around 3.1 kDa).2 Indeed, only non-relevant variations in the chemical shifts related 

to the inner protons of CDs (i.e., H3 and H5) were observed in NHP407 SM_50% and CHP407 

SM_50%, as indicated in figure 6a. Additionally, potential variations of the main peak of PEO 

were not detectable do to highly broad and non-uniform peaks, in accordance with the results 

reported by Hasan and colleagues.2 
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Figure 5 – 1H-NMR spectra of CDs (light green), NHP407 (light red), CHP407 (light blue), NHP407 

SM_100% (red) and CHP407 SM_100% (blue). The appearance of the chemical shifts related to both CDs 

and PEUs in NHP407 SM_100% and CHP407 SM_100% spectra demonstrates the co-presence of both 

components in the obtained SM crystals. 

 

Moreover, a potentially lower stability of SM structures based on PEUs and CDs in mild conditions 

(i.e., relatively low CD concentration) could be supposed, as a consequence of the high molecular 

complexity and molar mass of PEUs. Thence, it could be hypothesized that the majority of CDs 

of NHP407 SM_50% and CHP407 SM_50% samples were in the free form and the amount of 

CDs forming PPRs was too restricted to result in significant variations of the involved chemical 

shifts in the NMR spectra. 

Nonetheless, the peaks related to PEU HDI domains (chemical shifts ranging between 1.55 and 

1.30 ppm) resulted to be broaden in 1H-NMR spectra of the complexed samples (Figure 6b and 

6c). This result could be an indication of occurring interactions between CDs and urethane 

domains, as previously supposed in the discussion of ATR-FTIR spectra of similar samples. 

Ultimately, because of the relevant complexity of the involved systems, the implementation of 

NMR shift titration analyses to obtain constants of association between PEUs and CDs was not 

possible. 
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Figure 6 – a) 1H-NMR spectra of NHP407 SM_50%, CHP407 SM_50% and CDs for comparative purposes. 

The insert on top reports the overlapped 1H-NMR spectra within the chemical shift range from 3.81 to 4.40 

ppm in order to highlight the presence of only unimportant variations of the shifts related to CD inner 

protons (i.e., H3 and H5) in NHP407 SM_50% and CHP407 SM_50% in comparison to CDs as such. b) 
1H-NMR spectra of NHP407 (light red), NHP407 SM_50% (red) and CDs (green) in the chemical shift 

range from 1.70 to 0.95 ppm. The insert on top reports overlapped 1H-NMR spectra in the chemical shift 

range from 1.25 to 1.55 ppm to highlight the broadening of signals referred to HDI domains in NHP407 

SM_50% with respect to native NHP407. c) 1H-NMR spectra of CHP407 (light blue), CHP407 SM_50% 

(blue) and CDs (green) in the chemical shift range from 1.70 to 0.95 ppm. The insert on top reports 

overlapped 1H-NMR spectra in the chemical shift range from 1.25 to 1.55 ppm to highlight the broadening 

of signals referred to HDI domains in CHP407 SM_50% with respect to native CHP407. 

 

Additionally, NOESY and ROESY 1H-1H-NMR characterizations were performed on a sample 

containing CHP407 at 1% w/v and CDs in order to cover the 50% of total EO domains (i.e., 3.8% 

w/v). These conditions for sample preparation are consistent with the 1H-NMR characterization 

reported in figure 6, in which the formation of PPRs in solution has been investigated. The 

following figure 7a and b show the results obtained through NOESY characterization, while figure 
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7c and d contain the results obtained through ROESY characterization. However, under these 

specific conditions of analysis the expected interactions between PEO domains and CDs were 

neglectable. In fact, no correlation peaks were identified between chemical shifts around 3.6 ppm 

(EO) and 3.9-3.75 ppm (H3 and H5 internal protons of CDs). These observations further suggested 

and consolidated the fact that nontrivial interactions occurred between PEUs and CDs. In fact, it 

is likely that the self-assembly of PEU chains into micelles and wider aggregates can hinder the 

formation of PPRs in solution at low CD concentrations (i.e., 3.8% w/v). Hence, higher CD 

contents may be required to clearly appreciate PEU-CD interaction. However, in these conditions 

the precipitation of PPR-based channel-like crystals most likely occurs. In conclusion, because of 

the complexity of PEU polymer chains, an in-depth characterization analytically explaining the 

phenomena underpinning PPR formation was notably complex. Nonetheless, XRD measurements 

demonstrated that the physical nature of these supramolecular networks was based on PPR-based 

channel-like crystals, which turned out to be stabilized by the intermolecular interactions (e.g., 

hydrophobic interactions) that generally occur into PEU-based networks. 

 

 
Figure 7 – a) and b) represent NOESY 2D spectra of CHP405 SM_50%, while c) and d) report ROESY 1H-
1H-NMR spectra of the same sample. No relevant cross-peaks were observed between the protons of the 

inner CD cavity (H3 and H5, between 4.1 and 3.8 ppm) and the signal related to EO domains (3.72 ppm), 

thus indicating that remarkably complex phenomena were involved in the formation of SM networks based 

on PPRs. 

4.3 Supramolecular hydrogel characterization 

4.3.1 SM hydrogel formulation and gelation kinetics 

Hydrogel gelation ability and kinetics were evaluated on mixtures based on PEUs and CDs at 

various concentrations, as reported in table 1. Mixtures based on P407 were also produced as 

control samples. Gelation time test was performed at 25 and 37 °C with the aim to evaluate the 

role of temperature on gel development and its relationship with hydrogel formulation. 

A complete gelation was observed for formulations composed of CDs at 9 and 10% w/v even at 

remarkably low PEU contents (i.e., 1 and 3% w/v). This observation resulted to be quite 
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interesting, as previous studies reported that aqueous PEU solutions at low polymer concentration 

(i.e., less than 5% w/v) did not exhibit a sol-to-gel transition even upon relevant thermal stimuli.5 

This peculiarity thus demonstrated that CDs were the main factor to induce the physical gelation 

of PEU-CD mixtures characterized by low PEU concentrations. Moreover, this result represented 

an important achievement in terms of hydrogel design. Indeed, the development of hydrogels 

containing a low content of synthetic polymers could be considered an important feature to 

minimize the response of biological environments to material implantation, and to reduce the entity 

of potential side effects. Interestingly, hydrogel systems containing PEU up to 5% w/v showed 

significantly faster gelation kinetics at 25 °C with respect to 37 °C, regardless of CD content. 

These properties could be correlated with the already known thermo-responsiveness of PEU 

solutions. Indeed, PEUs in aqueous environments were characterized by the ability to form highly 

stable supramolecular structures based on micelles and their aggregates upon thermal stimulus. 

This arrangement of PEU chains into organized structures could work as a hindering factor to CD 

threading along PEU chains. In fact, samples containing PEUs and CDs were contradistinguished 

by a slower appearance of turbidity (indicative of the formation of PPR-based SM crystals) when 

incubated at 37 °C rather than 25 °C. Differently, formulations containing PEUs at higher 

concentrations (i.e., 7 and 9% w/v) were characterized by faster gelation times when incubated at 

37 °C with respect to 25 °C. This opposite behavior could be correlated with a more relevant 

contribution of temperature-driven gelation in the overall sol-to-gel transition of the samples. 

Indeed, solutions characterized by a PEU content higher than a critical concentration (i.e., the 

critical gelation concentration (CGC), that was found to be around 5% w/v for solutions based on 

PEUs showing similar composition5) were able to undergo sol-to-gel transition upon thermal 

stimulus. Thence, a significant increase of physical crosslinking based on hydrophobic interactions 

represented the main factor for the gelation processes that characterized such formulations (i.e., 

PEU content of 7 and 9% w/v). In addition, these systems showed a slight formation of turbidity, 

thus indicating a weak self-assembly of SM structures. This evidence supported the hypothesis 

that such formulations exhibited unfavorable conditions for PPR formation (i.e., at 37 °C) and the 

main role in the gelation process was assigned to PEU thermo-responsiveness. 

Gelation time generally decreased with increasing CD content in SM hydrogels as a consequence 

of the enhanced SM interactions that can occur at higher CD concentrations (i.e., 9 and 10% w/v). 

Indeed, solutions with CD concentrations of 7 and 8% w/v were characterized by remarkably slow 

gelation kinetics, which turned out to be typically over 3 days incubation. Differently, sample 

containing higher CD contents of 9 and 10% w/v showed fast turbidity appearance and hydrogel 

formation within few hours of incubation. 

At equivalent PEU and CD contents, SM hydrogels based on CHP407 were characterized by faster 

gelation kinetics with respect to systems composed of NHP407. Some exceptions were observed 

for samples containing PEUs below 5% w/v and CDs at 9% w/v when incubated at 37 °C. This 

peculiar response could be correlated with the different molecular conformation of the PEUs. 

Indeed, CHP407 polymer chains were characterized by the absence of pendant groups, which 

instead were present in NHP407 (i.e., Boc domains). Hence, this conformational difference 

probably made CD threading and packing along CHP407 chains enhanced and faster even at 37 

°C, which represented an adverse condition for the threading process due to the presence of 

micelles and micelle-based aggregates in the samples. Moreover, CHP407-based solutions were 

probably characterized by a slightly lower thermo-responsiveness and slower micelle formation 
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kinetics because of the higher chain rigidity due to the presence of aliphatic rings (i.e., 

cyclohexane) of CDM. Hence, at higher PEU contents (i.e., 7 and 9% w/v) CHP407 polymeric 

structures were facilitated in the interaction with CDs even at 37 °C, as demonstrated by the faster 

gelation kinetics of CHP407-based hydrogels with respect to NHP407-based ones. For example, 

in unfavorable conditions (i.e., 37 °C), CHP407 7% - CD 9% underwent sol-gel transition in 12 

minutes, while NHP407 7% - CD 9% sample required 33 minutes of incubation. These 

observations were in complete accordance with the higher yield of SM crystalline matter obtained 

from CHP407 SM_100% (58 ± 0.5%) with respect to NHP407 SM_100% (30 ± 0.5%), as 

previously discussed. Differently, NHP407-based hydrogels showed faster gelation kinetics at 37 

°C at PEU concentration below 5% w/v and CD content at 9% w/v. No simple explanation can be 

given to such behavior, which could be probably ascribed to a particular balance between PEU/CD 

mass ratio and overall PEU concentration, as well as to hydrophobicity and chain rigidity. In such 

adverse environment for PPR formation (i.e., at 37 °C), better conditions for gelation could 

probably occur in NHP407-based systems due to a likely higher chain mobility with respect to 

those composed of CHP407. 

At polymeric content below 5% w/v, P407-based solutions were characterized by faster gelation 

with respect to PEU-based formulations at 37 °C. This behavior could be ascribed to the higher 

molar mass and molecular complexity of PEUs compared to native P407, thus inducing a delay in 

the overall SM gelation process. These results are in accordance with the marked thermo-

responsiveness of solutions based on PEUs when compared to systems composed of P407,5 since 

the formation of highly stable micelle-based aggregates could hinder and retard PPR formation 

and hence gelation process based on SM crystals. An opposite response was observed at 37 °C and 

higher polymer contents (i.e., 7 and 9% w/v). Indeed, PEU-based solutions were characterized by 

faster temperature-driven gelation kinetics due to a relevant increase of viscosity compared to 

P407-based ones. In this regard, CGC for P407-based aqueous systems was quantified around 18% 

w/v, which is ca. three-fold greater than CGC of solutions based on PEUs (i.e., ca. 6%).5 

Differently, at a significantly lower temperature (i.e., 25 °C) than the critical gelation temperature 

of PEU solutions at 7 and 9% w/v  concentration,5 systems based on P407 generally showed 

remarkably faster gelation processes with respect to formulations composed of PEUs. Nonetheless, 

in order to obtain highly stable P407-based SM systems with good mechanical response, high 

polymer concentrations are required (i.e., greater than 10% w/v), as demonstrated in previous 

works.12,18,19 Indeed, phase-separation phenomena were frequent in P407-based systems, while in 

PEU-based solutions the precipitation of SM crystals was quite rare. Only after prolonged 

incubation (i.e., up to 5 days) at 37 °C, hydrogels containing PEU at concentration between 5 and 

9% w/v and CDs at 7% w/v were subjected to an evident precipitation of the SM crystalline phase. 

A different response was observed for PEU 1% - CD 8% samples, which did not undergo SM 

gelation and were characterized by phase-separation phenomena at both 25 and 37 °C.  

Beyond the above-mentioned exceptions, most PEU-based SM samples that were characterized 

by sol-gel transition did not exhibit phase-separation phenomena up to 4 weeks incubation time at 

any investigated temperature (i.e., 25 or 37 °C). 

Hereafter, SM gels were produced through incubation at 25 °C with the aim to design suitable 

protocols for hydrogel practical preparation in different scenarios and laboratories. 
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Table 1 – Gelation kinetics of the formulated SM hydrogels at different concentrations of synthetic polymers 

(CHP407, NHP407 and P407 at 1, 3, 5, 7 and 9% w/v) and CDs (7, 8, 9 and 10% w/v). ON: overnight 

gelation; x: non-gelling solutions; (*): phase separation occurrence within 5 days incubation. 

 

4.3.2 Rheological characterization of SM hydrogels 

Based on the results obtained from tube inverting test, a complete rheological characterization was 

performed on a selection of SM hydrogels consisting in PEU at 1, 5, 7 and 9% w/v concentration 

and CD content of 9 and 10% w/v. These formulations were selected for their relatively quick 

gelation kinetics. 

Strain sweep tests were carried out to identify the region of viscoelastic linearity (LVE) of the 

hydrogels and investigate their mechanical resistance upon applied deformation. In the range of 

deformations within the LVE domain, all SM hydrogels exhibited constant mechanical properties 

(i.e., storage modulus G’ and loss modulus G”), with G’ that resulted higher than G”, thus 

indicating that all hydrogels were in a “gel” condition at the imposed temperature of 37 °C and 

angular frequency (i.e., 1 rad s-1). When a critical value of strain was reached (γL), the mechanical 

properties started to vary. In detail, G’ initially decreased, indicating the occurrence of cracks into 

the hydrogel network, and then, upon the complete rupture of the sample, become lower than G”, 

as typical of viscoelastic fluids. From a general perspective, superior mechanical properties were 

observed for samples based on PEUs at 1 and 5% w/v concentrations and CDs at 10% w/v with 

respect to those based on lower CD content (i.e., 9% w/v). Indeed, higher values of G’ within the 

LVE domain (i.e., G’LVE) were observed, as indicated in table 2. This behavior could be probably 

due to the development of a better assembled SM hydrogel network based on crystals of PPRs at 

low PEU content and higher CD concentrations. In these conditions, the interactions between CDs 

and PEUs were probably enhanced, as previously hypothesized from gelation time test results. The 

increment of PEU content within the hydrogels did not generally induce significant improvements 

in terms of mechanical properties and this feature was shared by both families of formulations 

containing CDs at 9 or 10% w/v concentration. This behavior was in accordance with previously 

discussed observations on tube inverting test results. Indeed, this response could represent another 
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confirmation that temperature-driven gelation plays the main role in the sol-gel transition of 

formulations at high PEU content, over the formation of SM structures based on PPRs. In fact, in 

these testing conditions, an interesting pyramidal trend was observed for G’LVE values as a function 

of PEU content at a specific CD concentration (i.e., 9 or 10% w/v). This behavior suggested a 

reciprocal effect of PPR- or micelle- based gelation mechanisms. The former resulted to be 

predominant at low PEU concentrations (1 and 5% w/v), while the latter at higher PEU contents 

(7 and 9% w/v). γL values improved with increasing PEU concentration within the SM hydrogel 

systems. For example, for hydrogels based on CHP407 containing CDs at 10% concentration, γL 

increased from 0.7 to 7.3% with increasing PEU content from 1 to 9% w/v, thus indicating a 

toughening role of PEUs within the hydrogels. Hydrogel resistance to applied strains was 

comparable between systems based on CHP407 or NHP407 at equal concentrations (e.g., NHP407 

1% - CD 10% and CHP407 1% - CD 10% showed γL of 0.4 and 0.7%, respectively). 

Simultaneously, a non-clear dependence of γL over CD concentration within SM hydrogels was 

observed (e.g., NHP407 5% - CD 9% and NHP407 5% - CD 10% were characterized by γL of 0.7 

and 0.3%, respectively). In these terms, no significant differences were thus observed, but a partial 

embrittlement due to a relevant increment of hydrogel stiffness could be supposed. 

Additionally, strain sweep tests were even performed to evaluate an eventual self-healing ability 

of the here-developed SM systems by repeating the test on the same hydrogel sample after a 

recovery of 15 minutes in quiescent state at 37 °C. Interestingly, a hydrogel network recovery 

greater than 80% of the initial G’LVE was quantified for all the tested SM systems and no significant 

differences were observed between systems based on CHP407 and NHP407. To better clarify the 

self-healing behavior of these SM networks, a wide set of G’ and G” curves as a function of 

incremental strain for CHP407- and NHP407-based hydrogels is reported in figure 8, as obtained 

through measurements before and after network recovery (i.e., quiescent state for 15 minutes at 37 

°C). 

 

Table 2 – Storage (G’LVE) and loss moduli (G”LVE) within the LVE domain, and recovery (%) of G’ (G’ 

recovery after complete gel rupture and 15 minutes of recovery in quiescence at 37 °C), as obtained through 

strain sweep tests. 
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Figure 8 – Trends of G’ (continuous lines) and G” (long dashed lines) as a function of applied incremental 

strain for a) NHP407 1% - CD 9%, b) NHP407 5% - CD 9%, c) NHP407 9% - CD 9%, d) NHP407 1% - 

CD 10%, e) NHP407 5% - CD 10%, f) NHP407 9% - CD 10%, g) CHP407 1% - CD 9%, h) CHP407 5% 

- CD 9%, i) CHP407 9% - CD 9%, j) CHP407 1% - CD 10%, k) CHP407 5% - CD 10%, and l) CHP407 

9% - CD 10%. Curves of NHP407-based hydrogels are represented in red, while those of CHP407 

formulations are reported in blue. For each sample, the trends of G’ (black short dashed lines) and G” 

(dark grey dash-dotted lines) after complete rupture and 15 minutes of recovery in quiescence at 37 °C are 

also reported for comparative purposes with starting values. 
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The attainment of fully developed SM gels was also demonstrated through frequency sweep tests. 

As an emblematic example of the broad complete set of frequency sweep tests, figure 9 reports the 

entire characterization of hydrogels composed of CHP407 and CDs at 10% (i.e., CHP407 1% - 

CD 10%, CHP407 5% - CD 10% and CHP407 9% - CD 10%). Generally, all the formulations 

containing PEU concentrations below 7% w/v showed G’ higher than G” within the entire domain 

of investigated frequencies, suggesting that all the SM systems were characterized by a gel state 

within the range of tested temperatures (i.e., 25, 30 and 37 °C). Although a slight dependency of 

the moduli over frequency was found, SM systems containing a low amount of PEUs were 

characterized by a marked gel state, thus indicating the formation of a highly organized PPR-based 

network. Differently, in agreement with previous observations, hydrogel systems containing PEU 

at 9% w/v showed an evident dependency of G’ and G” over frequency due to the thermo-sensitive 

nature of the prevalent micelle-based network. As a matter of fact, this behavior was similar to the 

one observed for purely PEU-based thermo-sensitive hydrogels.5 Cross-over points between G’ 

and G” were found at 25 and 30 °C, thus indicating a biphasic nature of these systems, which were 

then simultaneously composed of both sol and gel domains. Differently, at 37 °C these hydrogels 

resulted to mainly be in gel phase, but the mechanical properties (i.e., G’ and G”) showed a relevant 

dependence on frequency. Nevertheless, also SM domains based on PPRs relevantly contributed 

to the overall mechanical response. In fact, hydrogels containing PEUs at a concentration of 9% 

w/v showed G’ values around 104 Pa at 100 rad s-1 and 37 °C, while for purely PEU-based 

hydrogels a concentration of synthetic polymer around 15% w/v was necessary to reach similar 

values.5,6 In agreement with strain sweep test results, mechanical properties improved by 

increasing CD concentration within the hydrogels at each temperature. As an example, at 100 rad 

s-1 and 37 °C NHP407 1% - CD 9% and NHP407 1% - CD 10% were characterized by G’ values 

of 1150 and 3260 Pa, respectively. By comparing NHP407- with CHP407-based systems, 

hydrogels composed of CHP407 were characterized by better mechanical properties, in agreement 

with previous hypothesis on the enhanced formation of PPRs between CHP407 and CDs due to 

chemical composition of the polymer chains. Although the contribution of SM crystals based on 

PEUs and CDs resulted to be highly relevant for hydrogel development, a slight thermo-responsive 

behavior was observed for all the hydrogel formulations. In fact, an improvement of mechanical 

properties was observed when the temperature increased from 25 to 37 °C (e.g., G’ at 100 rad s-1 

of CHP407 1% - CD 10% improved from 1920 to 3970 Pa when the temperature increased from 

25 to 37 °C). This thermo-responsiveness could be ascribed to the well-known behavior PEU 

amphiphilic chains, which maintained their ability to form hydrophobic interactions through their 

free domains with increasing temperature. Table 3 reports the G’ values at 100 rad s-1 for the entire 

set of SM hydrogels as measured at 25, 30 and 37 °C. From a general perspective, formulations 

with intermediate PEU concentrations (i.e., 5 and 7% w/v) turned out to show the best mechanical 

properties, irrespective of CD content. This peculiarity could be probably due to a balanced and 

synergistic dual contribution of both PPR-based crystals and hydrophobic interactions among free 

PEU chains in gel network formation and development. 
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Table 3 – Storage modulus values of NHP407- and CHP407-based hydrogels measured at 100 rad s-1 

through frequency sweep tests performed at 25, 30 and 37 °C 

 

 
Figure 9 – G’ (blue continuous lines) and G” (light blue dashed lines) curves of a) CHP407 1% - CD 10%, 

b) CHP407 5% - CD 10%, and c) CHP407 9% - CD 10% as a function of angular frequency at 25, 30 and 

37 °C. 

Additionally, self-healing ability was evaluated through specific strain tests performed on SM 

hydrogels. The obtained results confirmed the ability of SM networks to restore their starting 

mechanical properties. Indeed, a minimum recovery of 80% of G’ after complete network rupture 

at high strain (i.e., 100%) was observed at every cycle within 30 seconds of restoration at low 

strain (i.e., 0.1%). Table 4 reports the percentage of restored of G’ (%) after 3 breakage cycles for 

the most representative formulations within the investigated PEU concentration range (i.e., 1, 5 
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and 9% w/v). Additionally, the trends of G’ and G” of the most representative SM hydrogels are 

reported in figure 10 as a function of time as measured through strain tests. 

 

 
Figure 10 – Trends of G’ (continuous lines) and G” (long dashed lines) as a function of time upon low and 

high strains (i.e., 0.1 and 100%, respectively) application for a) NHP407 1% - CD 9%, b) NHP407 5% - 

CD 9%, c) NHP407 9% - CD 9%, d) NHP407 1% - CD 10%, e) NHP407 5% - CD 10%, f) NHP407 9% - 

CD 10%, g) CHP407 1% - CD 9%, h) CHP407 5% - CD 9%, i) CHP407 9% - CD 9%, j) CHP407 1% - 
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CD 10%, k) CHP407 5% - CD 10%, and l) CHP407 9% - CD 10%. G’ and G’’ trends for NHP407-based 

hydrogels are figured in red, while those of CHP407-based formulations are represented in blue. 

 

An interesting response was observed for hydrogels containing PEUs at 9% concentration. Indeed, 

after each cycle of hydrogel rupture, G’ trends indicated a hardening effect during the first 30 

seconds of recovery phase at low strain (i.e., 0.1%). This response could be caused by a continuous 

adaptation of micellar-based networks as a consequence of applied deformations, in accordance 

with already published observations for purely PEU-based thermo-sensitive gels.5,6 

Table 4 – Percentage of recovered storage modulus (G’recovery) after three rupture cycles with respect to 

starting G’ values (i.e., average of recorded G’ within the interval from 600 to 660 seconds of strain test). 

 

The evaluation of gelation kinetics and the characterization of mechanical properties of SM 

hydrogels evidenced the presence of three main categories of systems based on PEUs and CDs. In 

detail, low, medium and high PEU containing hydrogels were distinguished. The two boundary 

conditions were characterized by the predominant behavior determined by PPR structures (i.e., 1% 

w/v, low PEU containing hydrogels) and PEU-based thermo-responsive micellar aggregates (i.e., 

9% w/v, high PEU containing hydrogels), while the condition in between represented a mixed 

behavior of both of them (i.e., 5% w/v, medium PEU containing hydrogels). 

According to such findings, hydrogels with a PEU concentration of 1, 5, and 9% w/v were selected 

as representative of the above-mentioned categories of SM hydrogels (i.e., low, medium and high 

PEU content, respectively) for further investigations and characterizations in terms of 

responsiveness (swelling) and stability (dissolution) in aqueous environments. 

4.3.3 Responsiveness and stability in aqueous environment 

The determination of responsiveness and stability is essential when hydrogel systems are 

addressed to drug and/or gene delivery. Indeed, the evaluation of mass exchange that occurs 

between the external aqueous milieu and the hydrogel represents an important factor for the 

definition of the potential release kinetics of encapsulated drugs. Hence, swelling and dissolution 

response of SM hydrogels were evaluated in physiological-simulated conditions by incubating 

samples in contact with PBS (pH 7.4) at 37 °C. Interestingly, all SM hydrogels showed good 

stability in these conditions and concentration-dependent swelling and dissolution responses were 

observed. Indeed, as reported in figure 11, even the SM systems containing the lowest PEU 

concentration (1% w/v) showed the ability to maintain their shape and wet mass up to 5 days of 
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incubation in contact with PBS, while they were completely solubilized at the time step of 7 days. 

This behavior was deducible from weight loss trends. Indeed, although the wet mass was 

maintained almost constant and only slight de-swelling phenomena were quantified (maximum 

negative swelling values around -8%), the dry weight loss resulted to be relevant (greater than 

50%). For these reasons, a significant release of mostly non-assembled and less stable components 

(i.e., free PEU molecules/aggregates and CDs) occurred during incubation in physiological-like 

conditions, as demonstrated by weight loss data. Thence, as the wet weight resulted to be almost 

constant, a concomitant and noteworthy absorption of fluids from external PBS-based aqueous 

environment was taking place. Similarly, even hydrogels containing PEU at 5% concentration 

were characterized by good responsiveness. Nonetheless, a lower stability was observed for these 

samples, which showed a significantly higher wet weight loss with respect to the samples at lower 

PEU content (i.e., 1% w/v). This datum suggested a prevalence of erosion and dissolution 

phenomena over fluid absorption. These results even indicated that SM gels designed at lower 

PEU/CD ratio were potentially able to form more stable networks due to an enhanced formation 

of SM structures composed of PPRs. Differently, SM hydrogels containing PEUs at 9% w/v 

showed a behavior similar to pure thermo-sensitive systems, in agreement with our previous 

hypotheses. In addition, such hydrogels showed the longest residence time in aqueous 

environment: after 7 days incubation, hydrogel samples were characterized by a dry weight loss 

around 50%. However, considering the relevant differences in terms of concentration, the dry 

weight loss of samples at 9% PEU concentration was comparable with that of hydrogels containing 

significantly lower PEU amounts (i.e., 1 and 5% w/v). This result suggested that higher PEU 

contents were correlated with an enhanced hydrogel network dissolution. Hence, although a 

dependence of dissolution behavior on PEU content have been identified, a non-trivial 

composition-related response was observed in contact with aqueous environment. In fact, systems 

containing PEUs at 1 and 9% w/v concentrations showed higher stability in wet conditions, thus 

suggesting a stabilizing contribution of the involved structures forming the hydrogel network (i.e., 

PPR- or micelle-based systems, respectively). Differently, hydrogels at medium PEU 

concentration (i.e., 5% w/v) exhibited a more relevant weight loss in wet conditions probably as a 

consequence of their hybrid nature between a fully PPR- or micelle-based network. The increment 

of CD concentration from 9 to 10% w/v resulted in a further stabilizing element leading to better 

organized SM networks, showing a more evident impact on samples based on PEU at 1 and 5% 

w/v concentrations. 

Additionally, the determination of swelling ratio allowed a better understanding of the behavior of 

SM hydrogels when incubated in contact with watery environments. Indeed, this parameter 

considers the mutual contribution of water and polymer contents simultaneously and summarizes 

hydrogel network responsiveness when in contact with watery environments. As reported in figure 

12, all formulations showed a marked responsiveness. Hydrogels containing PEUs at low 

concentration (1% w/v) were characterized by the highest values of swelling ratio. This result 

suggested that hydrogels containing PEU at 1% w/v concentration were not only more stable than 

SM networks with higher PEU amounts (i.e., 5 and 9% w/v), but they were also more responsive 

showing a more relevant mass exchange with the external milieu. Such behavior could be related 

to the enhanced formation of PPR-based SM structures at low PEU/CD mass ratio, in accordance 

with the previous hypothesis. Differently, hydrogels based on PEUs at higher concentrations (i.e., 

5 and 9% w/v) showed less pronounced responsiveness in terms of swelling ratio and a 
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simultaneous less stability, as evident from PBS absorption and hydrogel weight loss data reported 

in figure 11. Thence, these results further confirmed the importance of finely modulating PEU/CD 

mass ratio to favor the formation of hydrogels with better responsiveness and superior stability. 

 

Figure 11 – Bar diagrams reporting the swelling (a and b figures related to CD content at 9 and 10% w/v, 

respectively) and weight loss (c and d figures related to CD content at 9 and 10% w/v, respectively) 

percentages for hydrogel systems based on CHP407 (blue) and NHP407 (red). 
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Figure 12 – Bar diagrams showing the swelling ratio (a and b figures related to CD content at 9 and 10% 

w/v, respectively) values of hydrogel systems based on CHP407 (blue) and NHP407 (red). 

4.3.4 Cytotoxicity tests 

SM hydrogel biocompatibility was evaluated on sample extracts according to ISO rules (figure 

13). The evaluation of cytotoxicity suggested that the content of CDs did not represent an 

important parameter negatively affecting the biocompatibility of SM hydrogels. Instead, SM 

hydrogel cytotoxicity resulted to be dependent on the concentration of PEUs. In fact, hydrogel 

formulations containing PEUs at 1 and 5% concentrations did not show any cytotoxic effect. In 

that regard, the slight improvement in cell viability for the formulations containing PEUs at 1% 

w/v could be due to the presence of a relevant amount of free CDs within hydrogel extracts.20,21 

Moreover, this observation can be considered intrinsically correlated to resazurine-based tests, 

which provide a combined information between cell number and activity. Differently, systems 

composed of PEUs at 9% w/v concentration (NHP407 9% - CD 9% and CHP407 9% - CD 9%) 

showed slight cytotoxicity (i.e., around 55% cell viability). As discussed above, this response 

could find explanation in the nature of SM systems containing a high PEU content (i.e., 9% w/v) 

that exhibited an unstable hydrogel network resulting from a not proper PEU/CD mass ratio. In 

fact, as previously hypothesized, SM systems containing PEU at high concentration (9% w/v) 

could be associated to a behavior characterized by a prevalent thermo-sensitivity that partially 

hindered the formation of PPR-based SM crystals. In addition, as demonstrated through 

rheological tests, these samples were characterized by a non-fully developed gel state (G’ strongly 

depended over frequency even at 37 °C) suggesting that CDs did not adequately stabilize the 

polymeric network of these formulations. Hence, these properties could play a fundamental role 

in terms of stability of less stable and potentially cytotoxic entities (i.e., PEU micelle/aggregates22) 

in conditions in which hydrogel dynamic response is enhanced, as indicated by the ISO 10993 

guidelines. For these reasons, the observed cytotoxicity could be originated by the relatively higher 

weight loss with respect to samples containing lower PEU amounts (i.e., 1 and 5% w/v 

concentration). Nevertheless, it has been proved that thermo-sensitive hydrogels purely based on 

PEUs at higher concentration compared to the here-developed systems (e.g., 15% w/v) did not 

show any cytotoxic response. Indeed, the enhanced thermo-responsiveness due to higher PEU 
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content led to hydrogels characterized by high stability and low dissolution rates in watery 

environments.5 Hence, even a probable contribution in cytotoxicity due a residual presence of the 

catalyst used for PEU synthesis (i.e., DBTDL) could be excluded. 

 

Figure 13 – Bar diagrams reporting cytotoxicity evaluation according to ISO 10993 guidelines for a) 

NHP407- (red) and b) CHP407-based (blue) hydrogels. 

On the basis of these observations and considerations, the hydrogels containing PEUs at the 

concentration of 9% w/v were no longer investigated and characterized in this work. Moreover, 

the SM systems containing CD at 10% w/v concentration were selected for further investigations 

for their faster gelation, better stability and superior mechanical properties. In addition, a higher 

amount of CDs within SM hydrogels potentially allows the design of systems able to encapsulate 

higher drug contents, reducing the potential risk of interference with the development of PPR-

based SM networks. 

4.3.5 Evaluation of the release kinetics of FD4 model molecule from SM hydrogels 

The selection of FD4 as model molecule to perform studies on release kinetics was driven by its 

molecular properties. Indeed, it represents an intermediate condition between small drugs (e.g., 

antibiotics and anti-inflammatory molecules) and biomacromolecules (e.g., peptide sequences, 

growth factors and proteins). Figure 14 shows the effects of CD presence into the samples (at 

concentration ranging from 0 to 10% w/v) on the trend of FD4 calibration curves. Indeed, some 

interactions between CDs and FD4 aromatic domains cannot be completely excluded and some 

variations in terms of FD4 spectrometric response could be envisaged. Nonetheless, the 

contribution of CDs was not relevant within the range of considered CD concentrations (i.e., up to 

10% w/v). Moreover, the spectrometric properties of FD4/CD-based solutions were comparable 

within a wide range of FD4 concentrations (i.e., up to 0.6 mg ml-1). Thence, even considering the 

relevant stability of the SM hydrogels observed from the previously discussed swelling and 

stability tests, the calibration curve obtained from standards with CD content at 0% w/v was 

selected for the quantification of released FD4. As reported in figure 15, all the investigated 

systems were characterized by the ability to release the 100% of theoretical payload within 4 days. 

Interestingly, the release of FD4 was concomitant with the progressive hydrogel dissolution in 

external milieu due to complete medium refreshes performed at each release medium collection. 

Additionally, the presence of FD4 could also interfere with the development of SM hydrogels 
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through the presence of aromatic pendant groups, which could attract CDs by means of 

hydrophobic interactions.  

 

Figure 14 – Calibration curves of FD4 obtained using FD4 standard samples containing CDs at different 

concentrations: a) 0%, b) 1%, c) 2.5%, d) 5% and e) 10% w/v. The parameters obtained from linear 

regression are also reported. f) entire set of registered absorbance values highlighting the relevant data 

similarity within the FD4 range up to 0.5-0.6 mg ml-1. 
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Moreover, although FD4 notably is a highly hydrophilic molecule (water solubility over 50 mg 

ml-1), it was progressively released from hydrogels without any burst release. In fact, 20% of total 

payload was released within the first 6 hours of incubation. Systems based on different PEUs (i.e., 

NHP407 and CHP407) did not show significant differences in release profiles. SM samples at 1% 

w/v PEU concentration showed a faster FD4 release within the first 6 hours of observation with 

respect to hydrogel samples at 5% w/v PEU concentration. Then, the profiles become almost 

completely overlapped and hydrogels containing PEU at 5% w/v concentration sustained the 

release of FD4 for a longer period, probably due to their intrinsic higher density deriving from the 

higher PEU content. Interestingly, these results showed release kinetics comparable to those 

reported in other previous works for similar hydrogel systems designed at higher polymer 

concentrations (i.e., greater than 10% w/v).12,18,23–25 Finally, the here-designed PEUs demonstrated 

to be suitable for the development of stable hydrogel networks at low polymeric concentration 

(i.e., 1% w/v), without negatively affecting the overall physical properties. 

 

Figure 15 – Release profiles of FD4 from SM systems composed of NHP407 (a, red) and CHP407 (b, blue) 

at 1% (dashed lines) and 5% (continuous lines) w/v concentration and CD at 10% w/v content. 

5. Conclusions 

In the present Chapter, the suitability of newly synthesized amphiphilic PEUs as constituents of 

smart supramolecular hydrogels based on CDs has been demonstrated. An initial thorough 

physico-chemical characterization proved NHP407 and CHP407 capability to interact with CDs 

in solution forming PPRs. Their molecular complexity made notably difficult the determination of 

specific parameters, such as their constant associations with CDs. Nonetheless, the effects of self-

assembly resulted in the clear formation of a crystalline matter, which was characterized by highly 

ordered PPR-based crystalline domains, as showed through XRD measurements. Thence, a wide 

library of SM hydrogels based on these PEUs was developed and characterized in physical and 

mechanical terms. Fast gelation kinetics and good SM network stability (i.e., absence of phase-

separation phenomena) were observed for PEU-based hydrogels containing sufficient PEU and 

CD amounts (i.e., greater than 1 and 9% w/v, respectively). Rheological characterizations 

highlighted notable values of storage modulus even at low PEU content (i.e., greater than 1 kPa at 

1% w/v PEU concentration) and self-healing behavior of all the SM hydrogels. In this scenario, 
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the balance between PEU and CD mass contents (i.e., PEU/CD mass ratio) turned out to be an 

important factor for the explanation of the different behaviors that were observed. Indeed, low 

PEU/CD ratios resulted in completely developed and highly stable hydrogel networks, while at 

higher ratios (i.e., higher PEU content) SM hydrogels were probably characterized by a lower PPR 

formation and crystallization yield due to PEU-based structures (i.e., micelles and their bigger 

aggregates) hindering PEU-CD interactions. In particular, SM hydrogels containing PEU at 9% 

w/v concentration in bi-distilled water were characterized by a predominant thermo-sensitive 

behavior resulting in non-fully developed and poorly stable gel networks. In fact, a slight 

cytotoxicity was observed for these SM gels which could be ascribed to their enhanced dissolution 

in watery media. Differently, the formulations designed at lower PEU concentrations (i.e., 1 and 

5% w/v) generally resulted to be more stable and cytocompatible. Hence, such formulations were 

selected for preliminary release studies of FD4 (1 ml SM hydrogels containing FD4 at 1 mg ml-1 

concentration in contact with PBS (1 ml) at 37 °C), demonstrating the ability of the developed 

systems to allow a progressive and sustained release of their payload. 

The entire set of these results established for the first time that even remarkably low concentrations 

of PEUs (i.e., less than 5% w/v) could form stable PPR-based hydrogels, as demonstrated through 

swelling and stability tests and preliminary release studies. For these reasons, further investigations 

were focused on the tunability of hydrogel properties by utilizing other solvents for hydrogel 

preparation (i.e., PBS instead of ddH2O, Chapter 2.3). Moreover, relying on a solid and repeatable 

synthesis process, novel PEUs (e.g., composed of different macrodiols and/or exposing pendant 

functional groups, such as primary amines) were prepared in order to better understand the effects 

of their chemical and physical features on the formation of PEU-based PPRs as constituting units 

of SM networks (Chapter 2.4). As a result, new possibilities in the design of efficient drug-

encapsulating hydrogels were investigated.  
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Section 2 – Chapter 2.3 – Investigation on hydrogel formulation, 

properties, and responsiveness in different aqueous media 

1. Abstract 

The watery environment in which SM hydrogels are developed represents an important parameter 

for the fine tuning and engineering of their final properties. For this reason, in the present Chapter 

CHP407 and NHP407 poly(ether urethane)s were investigated as forming materials of SM 

hydrogels in phosphate buffered saline (PBS, pH 7.4) at low PEU contents (1 and 5% w/v) and 

10% w/v CD concentration. These newly designed SM hydrogels were then compared with similar 

systems formulated in double distilled water (ddH2O) and already characterized in the previous 

Chapter (Chapter 2.2). Salting-out effects were observed through the qualitative evaluation of 

gelation kinetics in isothermal conditions (i.e., 25 °C). In this regard, gelation time resulted to be 

significantly reduced for PBS-based samples with respect to ddH2O-based ones. Rheological 

characterization highlighted that the use of PBS induced a further improvement by increasing the 

storage modulus of SM hydrogels containing PEUs at 1% w/v concentration, while no significant 

differences were observed for samples composed of PEUs at 5% w/v concentration. Self-healing 

behavior resulted to be independent from the presence of ions in solutions and relevant values of 

mechanical properties recovery (over 83% recovery in storage modulus) were observed. The 

responsiveness and stability of SM hydrogels were evaluated through swelling and stability tests, 

revealing that the systems prepared in bi-distilled water were characterized by an initial higher 

responsiveness and dissolution (within 24 hours incubation at 37 °C in contact with PBS). 

Nonetheless, for longer incubation time (i.e., 120 hours) no significant differences were observed 

between samples prepared in either ddH2O or PBS, suggesting a progressive diffusion of ions into 

SM hydrogels based on ddH2O from the external environment and a concomitant occurrence of a 

late salting-out effect over time. Hence, in this chapter the huge versatility and potential of PEU-

based SM networks as remarkably tunable hydrogel devices were further proved, opening the way 

to the possibility to finely modulate their residence time and payload release kinetics according to 

therapeutic requirements. 

Graphical Abstract 
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2. Introduction 

Nowadays it is well known that the behavior of thermo-sensitive polymers is also dependent on 

other and various external factors in addition to temperature. Indeed, although temperature 

represents the most important variable on phase transition of amphiphilic polymer-based solutions, 

other stimuli can act on hydrogel networks and modulate their thermal and mechanical properties.1 

An important reference in this regard is represented by the Hofmeister series, which describes the 

specific interactions that occur between ions and natural or synthetic polymers.2 Generally, a 

superior and pronounced effect has been observed for anions with respect to cations. The anionic 

species can be in fact classified into specific series, referring to a set of physical parameters that 

can influence the overall properties of solubilized macromolecules. One of the most important 

factors is the effect on water solubility. Indeed, two opposite ion actions can be found in solutions 

containing natural or synthetic marcomolecules: the salting-in and the salting-out effects. The 

former induces a general increase in solubility, while the latter causes a decrease in solubility 

depending on the size, charge, and hydration parameters of the involved ions. As an example, 

small anions, such as chloride anion (Cl-), show enhanced hydration in water and induce a salting-

out effect resulting in the dehydration of polymeric domains. An opposite behavior is observed in 

the presence of perchlorate anion (ClO4
-), which is able to induce salting-in effects, thus increasing 

the solubility of involved macromolecules. The effects of these ions have been investigated in the 

literature even in terms of property modulation of polymer-based hydrogels. For instance, Khamari 

and co-workers evaluated the specific ion effects of chloride and perchlorate ions on hydrogels 

based on Poloxamer® 407.3 The authors observed that the addition of salts to P407-based solutions 

influenced aggregation and gelation ability of the involved polymeric structures, as observed even 

for other triblock co-polymers.4,5 

Additionally, it has been demonstrated that the presence of salts can affect the formation of 

poly(pseudo)rotaxanes in watery environments containing PEG/PEO- and PPG-based polymers 

and cyclodextrins (α-, β- and γ-CDs).6 Indeed, from a general perspective, the process of threading 

of CDs along polymer chains depends on the interactions occurring between the hydrophobic 

cavities of CDs and the repeating groups of the involved polymers. These interactions are strongly 

related to the concurrent presence of water molecules, which compose the polar solvent that is 

necessary for the self-assembly process. Moreover, the formation of hydrogen bonds between 

adjacent cyclodextrins that are packed onto polymer chains induces a further expulsion of water 

molecules. In this scenario, the concurrent presence of salts can significantly affect the interactions 

occurring among the involved entities, since chemical and thermodynamic properties (i.e., 

solubility, hydration energy and surface tension) strongly depend on the kind and quantity of 

involved ions. 

Thence, the use of electrolytes in solutions can represent an effective strategy to improve gelation 

and mechanical properties of hydrogel systems based on supramolecular networks composed of 

cyclodextrins and amphiphilic polymers, such as the PEU-based SM hydrogels designed and 

characterized in the previous Chapter. In addition, the use of saline solutions also allows the 

formulation of systems in potentially isotonic or buffered conditions with respect to external 

biological environments. In this Chapter, the role of salts in the formation and responsiveness of 

PEU-based SM systems was evaluated using Phosphate Buffered Saline (PBS, pH 7.4) to develop 

SM hydrogels based on NHP407 or CHP407 and CDs (PEU at 1 and 5% w/v concentration and 

CDs at 10% w/v concentration). Comparative studies between purely water- and PBS-based 
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systems were initially performed through the qualitative evaluation of gelation kinetics in 

isothermal conditions (i.e., at 25 °C). Additionally, the effects of salts on hydrogel mechanical 

properties were assessed through rheological characterizations. Finally, swelling and stability tests 

(at 37 °C) were performed on hydrogels based on ddH2O or PBS solution in contact with pure PBS 

or PBS added with a hydrophobic antimycotic molecule (i.e., Amphotericin B) with the aim to 

also observe potential effects of lipophilic species in the external environments of hydrogel 

behavior in watery media. 

3. Materials and Methods 

3.1 Materials 

In this study, NHP407 and CHP407 PEUs were synthesized as reported before in Section 2 – 

Chapter 2.2 – Materials and methods – Synthesis of poly(ether urethane)s. Phosphate buffered 

saline (PBS, disodium hydrogen phosphate and potassium dihydrogen phosphate at 0.01 M, 

potassium chloride 0.0027 M and sodium chloride at 0.137 M concentrations, pH 7.4 at 25 °C) 

and amphotericin B were purchased from Sigma Aldrich (Milan, Italy). α-CDs (from now on 

abbreviated with the acronym “CDs”) were obtained from TCI Chemicals Europe (Zwijndrecht, 

Belgium). 

3.2 Preparation of SM hydrogels 

SM hydrogels based on PEUs (i.e., NHP407 and CHP407) and CDs were prepared according to 

the protocol reported in Section 2 – Chapter 2.2 – Materials and methods – Preparation of SM 

hydrogels with slight modifications. Briefly, PEU-based hydrogels were prepared utilizing ddH2O 

or PBS as solvents. Then, hydrogel SM gelation was carried out in isothermal conditions (i.e., at 

25 °C). SM systems will be identified with the acronyms PEU X% - CD Y% H2O and PEU X% - 

CD Y% PBS (X and Y indicate PEU and CD contents) for ddH2O- and PBS-based networks, 

respectively. 

3.4 Qualitative evaluation of gelation time in isothermal conditions 

Gelation time evaluation of SM systems prepared in ddH2O or PBS was carried out as indicated 

in Section 2 – Chapter 2.2 – Materials and methods – Qualitative evaluation of gelation time in 

isothermal conditions. 

3.5 Rheological characterization 

Rheological characterizations were performed on SM hydrogel systems based on ddH2O and PBS 

as indicated in Section 2 – Chapter 2.2 – Materials and methods – Rheological characterization. 
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3.6 Swelling and stability test in physiological like conditions 

Swelling and stability tests were performed on ddH2O- and PBS-based SM hydrogel systems as 

indicated in Section 2 – Chapter 2.2 – Materials and methods – Swelling and stability in 

physiological-like conditions with slight modifications. SM hydrogels (1 ml) were prepared in 

Bijou sample containers (7 ml capacity and an inner diameter of 17 mm) and their swelling and 

stability were evaluated through incubation at 37 °C in contact with PBS (1 ml, pH 7.4) or PBS 

added with amphotericin B (1 ml, 2.5 μg ml-1 amphotericin B concentration) previously 

equilibrated at 37 °C. Fluid absorption (%), Weight loss (%) and swelling ratio were calculated at 

different time steps (i.e., 24h and 5 days incubation) through equations 1, 2 and 3 reported in 

Section 2 – Chapter 2.2 – Materials and methods –  Swelling and stability in physiological-like 

conditions. Analyses were conducted in quintuplicate and results are reported as mean ± standard 

deviation. 

3.7 Statistical analysis 

Statistical analysis was conducted as indicated in Section 2 – Chapter 2.2 – Materials and methods 

– Statistical analysis. 

4. Results and discussion 

4.1 Gelation time evaluation 

Gelation time evaluation was conducted to assess the effects of dissolved ions on the overall 

gelation process of SM hydrogels. As reported in table 1, SM hydrogel systems containing PEUs 

at 5% w/v concentration in PBS were characterized by significantly faster gelation kinetics 

compared to similar samples prepared in ddH2O. As an example, the gelation time of CHP407 5% 

- CD 10% PBS resulted to be around 1 hour and 30 minutes, while the same formulation prepared 

in pure water (i.e., ddH2O) formed a stable and static hydrogel network after 4 hours incubation in 

the same isothermal conditions (i.e., at 25 °C). Additionally, CHP407-based SM hydrogels 

maintained their tendency to more quickly complete the sol-to-gel transition compared to 

NHP407-based ones. In addition, differences in gelation time between NHP407 and CHP407 

become more relevant when hydrogels were prepared in PBS instead of ddH2O. In fact, the 

gelation time of NHP407 5% - CD 10% PBS formulation resulted to be 1 hour longer than for 

CHP407 5% - CD 10% PBS, while the difference for the same samples formulated in pure water 

resulted to be around 10 minutes. Such different response of the two PEUs could be correlated 

with their different chemical composition. Indeed, pendant Boc groups present in NHP407 

backbone could represent an additional variable influencing the interaction of the polymer chains 

with water molecules and ions. More in detail, they probably hindered or at least delayed the 

overall stabilization of NHP407 network in PBS (i.e., salting-out effect) with respect to CHP407-

based systems. 
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Table 1 – Gelation time of NHP407- and CHP407-based hydrogels formulated in PBS and ddH2O. ON: 

overnight gelation. 

 

4.2 Rheological characterization 

A complete rheological characterization was performed on CHP407-based samples with the aim 

to assess the general influences of the salting-out effect over PEU-based SM networks. Strain 

sweep test were performed to evaluate any variation in mechanical properties (i.e., G’ and G”) and 

critical strain (γL) within the LVE region. Figure 1 reports the measured G’ and G” trends before 

and after self-healing for 15 minutes in quiescent state at 37 °C. Interestingly, hydrogel formulation 

using PBS as aqueous medium resulted in better mechanical properties by increasing storage and 

loss moduli for samples containing PEU at 1% w/v concentration. 

 
Figure 1 – Trends of G and G” before rupture (blue continuous and light blue dashed lines, respectively) 

and after recovery in quiescent state (black dotted lines and grey dash-dotted lines, respectively) as a 

function of applied strain for a) CHP407 1% - CD 10% H2O, b) CHP407 5% - CD 10% H2O, c) CHP407 

1% - CD 10% PBS, and d) CHP407 5% - CD 10% PBS at 37 °C. 
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In detail, G’LVE resulted to be around 4.5 kPa and 2.7 kPa for CHP407 1% - CD 10% PBS and 

CHP407 1% - CD 10% H2O (i.e., 70% G’ increase due to salting-out effect), respectively. 

Differently, for higher PEU concentrations (5% w/v) no significant differences were observed in 

terms of G’LVE values (G’LVE values for CHP407 5% - CD 10% PBS and CHP407 5% - CD 10% 

H2O were measured around 15700 and 16200 Pa, respectively). Moreover, no changes in self-

healing ability were observed for SM systems uniquely differing for the solvent used during their 

preparation (e.g., G’LVE recovery values for CHP407 5% - CD 10% PBS and CHP407 5% - CD 

10% H2O resulted to be around 87% and 90%, respectively). Nonetheless, slightly lower γL values 

were observed for the sample containing CHP407 at 1% w/v concentration and formulated in PBS 

with respect to its counterpart prepared in ddH2O (i.e., 0.3% and 0.7% for CHP407 1% - CD 10% 

PBS and CHP407 1% - CD 10% H2O, respectively). This observation is in agreement with the 

higher values of G’LVE characterizing PBS-based hydrogels, since a higher rigidity of hydrogel 

network could be generally correlated to enhanced fragility and hence lower critical strain values 

before rupture. Frequency sweep tests were also performed with the aim to assess the influence of 

dissolved ions in terms of mechanical properties measured as a function of applied angular 

frequencies at different temperatures (i.e., 25, 30 and 37 °C). The registered G’ and G” profiles 

are reported in figure 2.  

 

Figure 2 -  G’ (continuous lines) and G” (dashed lines) trends of PBS- (in blue, a, b and c)  for CHP407 

1% - CD 10% PBS and d, e, and f) for CHP407 5% - CD 10% PBS) and ddH2O-based gels (in green, a, b 

and c) for CHP407 1% - CD 10% H2O and d, e, and f) for CHP407 5% - CD 10% H2O) as a function of 

angular frequency at different temperatures (i.e., 25, 30 and 37 °C). 

These data were in complete accordance with strain sweep test results. Indeed, irrespective of the 

testing temperature, a slight improvement of elastic and viscous moduli (i.e., higher values of G’ 

and G”, respectively) was observed for SM hydrogels containing PEU at 1% w/v concentration 

and prepared in PBS compared to the reference samples formulated in ddH2O. Differently, at 

higher PEU content (i.e., 5% w/v concentration) no significant differences were observed. These 

consistent results between strain sweep and frequency sweep tests further confirmed the enhanced 

formation of SM networks based on crystallized PPRs within hydrogels characterized by a low 
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PEU/CD mass ratio (i.e., SM systems at 1% w/v PEU concentration). Indeed, it is likely that in 

these conditions the stabilizing effect of dissolved ions (i.e., salting-out effect) more evidently 

contributed to the formation of PPR-based SM networks, thus increasing the mechanical properties 

of the resulting hydrogels and reducing their gelation time. The salting-out effect could be 

supposed to act on the formation of PEU complexes (i.e., micelles and micelle-based aggregates) 

and even on the threading and packing of CDs along PEU chains and thus on the formation of 

PPR-based crystals. Although a negligible contribution of salting-out effect on mechanical 

properties was observed on SM hydrogels containing PEU at 5% w/v concentration, a significantly 

faster gelation kinetics was observed for these systems formulated in PBS compared to their 

counterpart prepared in ddH2O (see previous paragraph). This curious behavior could be ascribed 

to the relevant contribution of not well-organized domains of free PEU chains and the weaker 

character in terms of PPR self-assembly of systems prepared at such PEU concentration, as 

previously hypothesized. Indeed, it is likely that a better stabilization on PEU network in solution 

could occur in the presence of dissolved ions, thus improving gelation kinetics. Nonetheless, the 

main impediment to the formation of PPR-based SM networks could derive from the intrinsic 

presence of notable PEU aggregates in these systems, resulting in the absence of improvements in 

mechanical properties for PEU 5% - CD 10% PBS systems compared to PEU 5% - CD 10% 

ddH2O. Figure 3 reports G’ and G” trends as a function of time in response to different strains (i.e., 

recovery phase at 0.1% strain and rupture phase at 100% strain), highlighting the self-healing 

behavior of the here-investigated SM hydrogels. In this case, solubilized ions did not affect the 

overall mechanical reversibility of SM hydrogels. Nonetheless, slight differences were observed 

in terms of recovery of starting mechanical properties. Indeed, CHP407 1% - CD 10% H2O showed 

an almost total recovery of G’ after three rupture cycles (i.e., 97%), while the sample CHP407 1% 

- CD 10% PBS was characterized by a lower self-healing (i.e., 89%). These results were in 

accordance with the previous consideration on the improvement of mechanical properties resulting 

from the contribution of salting-out effect. Indeed, SM samples formulated in PBS exhibited 

higher G’ values, indicating a higher rigidity (i.e., enhanced fragility) and, as a consequence, a less 

pronounced reversibility of the network after cyclic rupture. The variation of the recovery values 

with respect to the measured through strain sweep tests could be related to the relevant differences 

in the testing conditions (i.e., different strain values and recovery conditions). In fact, strain tests 

were performed by cyclically applying constant strains for defined time intervals (i.e., 0.1 and 

100% for 120 and 60 seconds, respectively), while strain sweep tests were conducted at 

incremental strain values until rupture followed by a prolonged recovery phase in quiescent state 

(i.e., 0% strain for 15 minutes at 37 °C). No significant differences were observed for samples 

containing PEU at 5% w/v concentration (around 83% recovery for both ddH2O and PBS-based 

systems), probably due to an enhanced damping role exerted by the PEU that resulted in 

amorphous domains, as previously hypothesized. 

Thence, the entire set of rheological characterizations suggested that the use of PBS as watery 

medium for the development of SM networks based on PPRs could contribute in improving 

gelation kinetics and mechanical properties, without negatively affecting the overall reversibility 

of hydrogel systems. 
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Figure 3 -  G’ (continuous lines) and G” (dashed lines) trends of PBS- (in blue, a) CHP407 1% - CD 10% 

PBS, and b) CHP407 5% - CD 10% PBS) and ddH2O-based gels (i.e., in green, a) CHP407 1% - CD 10% 

H2O and b) CHP407 5% - CD 10% H2O) as a function of time in response of low (recovery phase) and 

high (rupture phase) strains (i.e., 0.1% and 100%, respectively) at 37 °C. 

4.3 Swelling and stability tests 

The evaluation of swelling, dissolution and swelling ratio of SM hydrogels prepared using 

different solvents (i.e., ddH2O and PBS) in contact with pure PBS and PBS added with 

Amphotericin B (i.e., AMPBS) was elemental in order to characterize the general responsiveness 

of SM networks in a watery milieu. Figure 4 reports the entire set of data describing hydrogel 

behavior in contact with the selected aqueous environments. SM hydrogels based in ddH2O 

showed higher responsiveness and hence enhanced weight loss with respect to PBS-based samples 

when incubated in contact with the same external environment at 37 °C. As an example, the system 

NHP407 1% - CD 10% formulated in ddH2O (i.e., NHP407 1% - CD 10% H2O) showed a weight 

loss of 26.6 ± 0.5 % while the equivalent hydrogel based on PBS (i.e., NHP407 1% - CD 10% 

PBS) was characterized by values around 19.2 ± 0.6 % after 24 hours of incubation in contact with 

pure PBS at 37 °C (significant difference, p value < 0.0001). In these conditions, significant 

differences were observed even in terms of swelling ratio, while comparable values of fluid 

absorption were quantified. In this regard, it is likely that the presence of dissolved ions in hydrogel 

networks could act as a further stabilizing factor when the systems were in contact with the same 

saline solution (i.e., PBS) with respect to the ones based on pure water (i.e., ddH2O). Differently, 

after 120 hours of incubation at 37 °C, the behavior of ddH2O- and PBS-based hydrogels was 

comparable in general terms. Interestingly, these data suggest that the marked dissolution of the 

hydrogels prepared in ddH2O was limited to the first hours of incubation. Indeed, it is likely that 

during the incubation process a continuous diffusion of PBS ions into ddH2O hydrogel networks 

was occurring, thus inducing a late salting-out effect. The contribution of amphotericin B was 

generally negligible, as reported in figure 4, thus further indicating that the here-developed SM 

networks were stable even in the presence of highly hydrophobic molecules (i.e., amphotericin B), 

which could negatively affect the integrity of hydrogel network through their potentially relevant 

affinity with the inner cavity of CDs. NHP407 and CHP407-based hydrogels showed the same 
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behavior in terms of responsiveness in contact with different water-based external environments, 

in complete accordance with the data discussed in the previous chapter (Section 2 – Chapter 2.2 – 

Results – Swelling and stability in physiological-like conditions). The different composition of 

PEUs probably plays a more relevant role in determining hydrogel gelation kinetics and 

mechanical properties rather than in influencing network responsiveness to aqueous environments. 

Thence, it can be deduced that the production of SM hydrogels in PBS solutions could further 

contribute to enhancing their typical stability and progressive erosion in watery environments. 

 

Figure 4 – Bar diagrams in vertical disposition for: a, d and g) PEU X% - CD 10% H2O compared with 

PEU X% - CD 10% PBS in contact with PBS; b, e and h) PEU X% - CD 10% H2O in contact with PBS and 

AMPBS; c, f and i) PEU X% - CD 10% PBS in contact with PBS and AMPBS. In horizontal disposition, 

fluid absorption (%) (a, b and c), weight loss (%) (c, d and e) and swelling ratio (g, h and i) are reported 

for the above-mentioned hydrogel systems. 

5. Conclusions 

The continuous research for new strategies to effectively tune final properties of drug eluting 

systems is of key importance to facilitate their effective use in regenerative pharmacology for 

modern medicine. To this aim, the design of novel and engineered molecules by exploiting PEU 

synthesis process is a promising solution for the development of responsive hydrogels devices. 

The study reported in this chapter represents an elemental passage within this context, as it aimed 

to evaluate the feasibility of exploiting different watery environments for hydrogel preparation as 
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tuning factors for their properties. Indeed, the ability of the here-developed SM hydrogels to 

consistently respond to various and remarkably different solvents (i.e., ddH2O and PBS) in terms 

of self-assembly could broaden the domain of hydrogel designs, allowing a fine modulation of 

final responsiveness and mechanical properties. It is likely that the chemical heterogeneity of PEUs 

substantially contributed to the achievement of tunable networks, which were even characterized 

by a consistent behavior and good repeatability within the entire set of performed 

characterizations. Moreover, the possibility to develop solid hydrogel devices in a wide range of 

different environments could even broaden the possibilities for the ad-hoc design of drug-loaded 

systems. Indeed, the internal milieu of hydrogel systems is fundamental for drug solubilization, 

stabilization and storage before any release process.7 Thence, the observed stability and robustness 

of the formulated PEU-based hydrogel devices as such and in contact with various environments 

represent reinforcing elements of the rationale underpinning the development of SM hydrogels for 

specific and critical drug delivery applications. On the basis of these observations, the next Chapter 

will be focused on the specific design of functional hydrogels for the encapsulation and delivery 

of highly hydrophobic and scarcely bioavailable drugs, such as curcumin. 
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Section 2 – Chapter 2.4 – Application of polyurethane-based 

supramolecular hydrogels for curcumin encapsulation and release 

1. Abstract 

The development of novel drugs represents a highly complex and expensive process. In addition, 

the therapeutic potential of a drug not only depends on its intrinsic properties, but also on its 

delivery strategies. Indeed, notably functional drugs can be characterized by low bioavailability 

and fast degradation kinetics in real biological environments, which hinder their overall 

effectiveness. This is the case of highly hydrophobic and chemical sensitive drugs, such as 

curcumin, which has been studied from decades and is considered a potential remedy for various 

diseases. Indeed, curcumin exerts antitumoral, anti-inflammatory, antioxidative, antimicrobial 

effects as well as highly regenerative potential on various tissues. Nonetheless, curcumin is not 

practically soluble in water-based solutions and undergoes quick degradation phenomena. In this 

regard, one modern approach to overcome the previously listed issues consists in developing novel 

systems (e.g., nanocarriers and smart hydrogels) able to enhance the therapeutic effect of highly 

cost-effective and promising drugs, which are generally not easily administrable. In this section of 

the work, novel PEUs were synthesized to this aim. In detail, SM hydrogels were designed utilizing 

already existing and newly synthesized functional PEUs in combination with CDs for the 

encapsulation and release of high amounts of curcumin. PEU based on Poloxamer 407 (70% wt 

PEO, �̅�𝑛 12600 Da) and Pluronic F68 (80% wt PEO, �̅�𝑛 8400 Da) were synthesized utilizing two 

different chain extenders (1,4-cyclohexanedimethanol and N-Boc serinol). A variety of five PEUs 

was produced showing specific chemical properties (i.e., molar mass, linear structure, presence of 

pendant hydrophobic or primary amino groups) with the aim to study their effects on final hydrogel 

devices, thus further widening the possibilities for system engineering. Physico-chemical 

characterizations on PEU-CD complexes were conducted through X-ray powder diffraction, 

Attenuated Total Reflectance – Fourier Transformed Infrared spectroscopy and Proton Nuclear 

Magnetic Resonance spectroscopy. The formation of PPR-based crystals was found to be 

dependent on the chemical structure of PEUs. A set of hypotheses on the importance of chain 

length and distribution of hydrophobic domains was made in this regard. P407-based PEUs 

showed better physico-chemical properties to produce stable hydrogels. Moreover, pendant 

hydrophobic moieties or primary amino groups resulted to be other important variables for the 

modulation of the self-assembly yield. SM hydrogels were developed at PEU content ranging 

between 1 and 5% w/v and CDs at 10% w/v concentration. On the basis of physico-chemical 

characterizations and gelation ability, a set of PEUs and specific PEU blends was selected for the 

production of SM hydrogels with the aim to enhance functionality and tunability of the resulting 

SM gel platform. A complete rheological characterization was conducted to confirm overall 

stability and responsiveness of SM hydrogels. In this regard, the investigated hydrogel systems 

showed good mechanical properties (e.g., elastic modulus greater than 104 Pa) and resulted to be 

self-healing, showing a recovery of mechanical properties over 80% after complete network 

breakage. An evident ability to exchange mass with the external milieu while maintaining hydrogel 

shape was observed by incubating the gels in contact with a physiological-like watery environment 

(i.e., pH 7.4, 37 °C). Then, curcumin was encapsulated at high concentration (i.e., 80 μg ml-1) 
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within SM systems and in vitro delivery studies showed progressive release profiles of the entire 

amount of the drug. Korsmeyer-Peppas drug release model was implemented as a tool to better 

explain the mechanism of curcumin delivery from the here-developed highly organized SM 

hydrogels, thus highlighting a principal role of SM network features for curcumin release kinetics. 

Graphical abstract 

 

 

2. Introduction 

2.1 Curcumin: its therapeutic effects and issues 

Curcumin represents the most important curcuminoid of Curcuma Longa, a turmeric. Historically, 

curcuminoids were discovered in 1815 by Vogel and Pelletier1–3 and various constituents of 

Curcuma Longa were identified: curcumin I at 77%, curcumin II at 17%, curcumin III at 3% and 

cyclocurcumin at 3% w/w. The chemical structure, properties and synthesis of curcumin were 

investigated in 1913 by Lampe and Milobedzka.4 In structural terms, this molecule can exist in the 

enol and keto tautomeric forms, as represented in figure 1. These domains, in addition to the 

particular structure of curcumin, result in highly evident anticancer,5–7 antiviral,8 antibacterial,9–11 

anti-inflammatory,12 antioxidant12,13 and antidiabetic14 properties. Moreover, other advantages 

make this family of molecules notably interesting and important, such as their negligible chemical 

hazard, biological tolerability15 and cost-effectiveness.16 For these relevant reasons, curcumin has 

been studied for decades to develop highly effective therapies in traditional medicine. More in 

detail, curcumin can interact with a wide variety of protein-based complexes (e.g., nuclear, 
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transcription and growth factors, enzymes, inflammatory cytokines, receptors, kinases and 

apoptotic regulators).1 Hence, curcumin is characterized by the relevant ability to interact with 

many cellular pathways related to various severe and chronic diseases.17 In fact, recent studies 

have highlighted the use of curcumin even for the treatment of neurological disorders.18 Moreover, 

in addition to the all above-mentioned properties, curcumin is also characterized by a relevantly 

effective regenerative function for various tissues (e.g., cartilage and cardiac tissue).19,20 

Interestingly, in most of these applications the therapeutic window of curcumin is characterized 

by very low required concentrations (i.e., in the order of micromolar).21 

 

 

Figure 1 – Representation of the reversible structures of curcumin (i.e., enol and keto curcumin). 

Generally, the assumption of curcumin can be considered safe. Indeed, various organizations (e.g., 

WHO Expert Committee on food additives) indicate an adequate daily intake up to 3 mg kg-1.22 

Nonetheless, such drug even retains great limitations. Indeed, due to its marked hydrophobicity 

and pronounced tendency to form highly stable crystals through lipophilic and aromatic 

interactions, its bioavailability is generally extremely low if administrated through conventional 

methodologies.23 Indeed, curcumin is insoluble in water at neutral or acidic pH. Slight solubility 

of curcumin can be achieved in alkaline environments, but in these conditions enhanced hydrolytic 

degradation kinetics are observed.24–26 The main degradation products of curcumin are ferulic acid, 

feruloyl methane and vanillin, which however retain a therapeutic potential. Thence, the low 

solubility in combination with the relevant sensibility to degradation make curcumin extremely 

difficult to administer at specific doses. In this regard, the role of active methylene domains and 

β-diketone moieties is crucial in terms of chemical stability and availability in biological 

environments. For instance, many studies have evidenced that curcumin shows extremely low or 

even undetectable concentration in extraintestinal tissue and blood due to poor absorption, 

chemical instability, rapid metabolism, and systemic elimination.23 Several investigations on 

animals demonstrated that oral administration of curcumin results in relevant excretion through 

the faeces (up to 90%).27 In the past, a great effort has been made to overcome these important 

issues related to curcumin application as therapeutic agent aiming at maximally exploiting the 

notable therapeutic effects of such drug. One possible solution relies in the use of curcumin 

synthetic analogues (e.g., demethoxycurcumin and bidemethoxycurcumin) with enhanced stability 

and bioavailability. Nonetheless, a relevant and concrete frontier for the effective exploitation of 

the therapeutic potential of curcumin as such is being pursued by biomedical engineering through 

its particular facet concerning bionanotechnology. Indeed, the wide use of liposomes, polymer-

based micelles and hydrogels only partially represents the wide set of strategies available for the 

production of engineered carriers for curcumin.2,13,28–30 In this scenario, the role of specific natural 

and synthetic macromolecules, such as proteins, polysaccharides and amphiphilic polymers,13 is 
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crucial to produce water-soluble curcumin-based complexes. Cyclodextrins (CDs) represent one 

of the most important categories of molecules to this aim. 

2.2 Pharmaceutical formulations based on cyclodextrins for curcumin release 

CDs (α-, β- and γ-CDs) can form soluble inclusion complexes through the self-assembly of host-

guest structures based on the encapsulation of hydrophobic molecules, as previously documented 

in Section 2 – Chapter 2.1 – Cyclodextrins: a fundamental family of macro-cycles. For this 

peculiarity, CDs are widely used in the pharmaceutical field as excipients (i.e., solubilizing and 

stabilizing agents).31,32 Indeed, CDs can exert a protective action on highly hydrolysable 

molecules; they even show a photo-protective behavior on photo-sensitive molecules, such as 

curcumin. In this regard, a wide set of relevant studies evaluating the ability of CDs to form 

specific complexes with curcumin has been conducted.33–35 More in detail, Tønnesen and co-

workers investigated the effects of CDs as solubilizing agents of curcumin.33 Interestingly, they 

observed that water solubility of curcumin was improved by a factor greater than 104 in adverse 

conditions (i.e., pH 5). Moreover, the chemical stability of curcumin was significantly improved 

even in alkaline environments (up to 500-fold increase), thus suggesting that the interaction with 

CDs could protect curcumin molecules from hydrolytic degradation in water-based solutions. 

Nonetheless, an enhanced photo-induced decomposition of such drug was observed in organic 

solvents. The dimension of CD cavity also influences the overall stabilizing effect of the resulting 

complexes depending on the specific parameters of association. β- and γ-CDs and their derivatives 

have been demonstrated to be the most suitable for the formation of specific and highly stable 

inclusion complexes at various curcumin/CD molecular ratios (e.g., 1:1 or 1:2).34 Differently, α-

CDs result in complexes with a weaker stability due to their lower affinity with curcumin. 

Nonetheless, they have found remarkably interesting applications in this regard. Indeed, although 

α-CD-based complexes with curcumin result from a more intricated and less controllable process 

of aggregation, a relatively high versatility of the corresponding supramolecular structures has 

been observed in various applications.36–39 As an example, in the work performed by Gerola and 

co-workers α-CD turned out to be suitable for the formation of inclusion complexes with curcumin 

showing an overall enhanced solubility of the resulting supramolecular structures due to the 

intrinsic higher solubility of α-CDs with respect to β-CDs.38 In biological terms, the work carried 

out by Li and co-authors reports interesting results regarding the intestinal absorption of curcumin 

complexed with α-CDs.40 Compared with β- and γ-CDs, the complexes composed of α-CDs 

allowed a better absorption without showing significant toxicity. Moreover, α-CDs-based 

complexes promoted the permeation of curcumin through paracellular and transcellular pathways. 

Another noteworthy example is represented by the work performed by Jana et al., who described 

the specific interaction occurring between α-CD-curcumin complexes with tubulin surface of 

cancer cells.37 Interestingly, the authors reported a dual beneficial contribution of both α-CDs and 

curcumin. Indeed, curcumin did not represent the only therapeutic agent, but even a central role of 

α-CDs was found in the interaction with intracellular tubulin and microtubules, thus further acting 

as additional inhibitor of cancer cell replication. The highly engineered supramolecular system 

that was described in this work resulted in relevant toxic effect on lung cancer cells (A549) with 

no significant negative action on healthy lung fibroblasts (W138). Moreover, the activation of 

protein-based functional biomolecules, such as tumor suppressor protein p53 and cyclin-dependent 
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kinase inhibitor 1 p21, was observed, thus hindering the formation of three-dimensional spheroids 

based on cancer cells. 

All the above-mentioned aspects are extremely important and can be even extended to composite 

systems based on nano-matrices and injectable hydrogel networks, in order to enhance local 

release of highly therapeutic drugs with prolonged bioavailability. 

2.3 Supramolecular hydrogels for curcumin encapsulation and release 

To date, various examples of curcumin-loaded hydrogels can be found in the literature. The 

exploitation of supramolecular architectures could represent a powerful strategy to design highly 

stable, reversible and functional hydrogels able to encapsulate a high amount of hydrophobic 

drugs, such as curcumin. As a recent example, Khan and co-authors conducted a study on a self-

assembled and thermosensitive hydrogel system based on β-CDs, PEO and difunctional Pluronic® 

F127 for the controlled release of curcumin.41 Interestingly, the authors designed a PPR-based SM 

hydrogel exploiting PEO domains and β-CDs. The further addition of a Pluronic® F127 solution 

encapsulating curcumin into its micelle core resulted in highly thermo-sensitive systems 

characterized by a LCST. In vitro delivery studies evidenced the release of active and bioavailable 

curcumin over time, showing a toxic effect against cancer cells. In another work, Zhou and 

colleagues designed a supramolecular hydrogel based on methoxy poly(ethylene glycol)-block-

poly(ε-caprolactone) (MPEG-PCL) micelles encapsulating curcumin and assembling a 

supramolecular network through crystalline PPRs composed of α-CDs.42 The use MPEG-PCL 

micelles increased curcumin water solubility up to 1.87 mg ml-1 (i.e., at least 1.87 x 106 higher 

than simple curcumin). The resulting hydrogels showed a relevant release of curcumin up to 4.5 

hours and their application in ex vivo experiments resulted in high permeability of the released 

drug. Additionally, in vivo tests showed a higher effectiveness of curcumin-loaded hydrogels 

compared to dexamethasone ointments against croton oil-induced ear edema, thus resulting in 

notably promising formulations for the effective treatment of skin inflammation. Another recent 

study by Li et al. reported the design of a supramolecular network based on liposomes 

encapsulating curcumin.43 The stabilization of liposome-based hydrogels was performed by 

coating the liposomes with a chitosan-based thiomer. In vitro studies and in vivo applications of 

such systems containing curcumin at 200 μM concentration showed an effective inhibition of 

breast cancer progression, while no cytotoxicity was observed for healthy cells. 

Thence, the application of curcumin to actively constitute (i.e., self-delivery) highly engineered 

supramolecular hydrogels represents an open field, in which novel and promising strategies for the 

treatment of many diseases can be developed. The advantages related to the use curcumin can be 

found in its cost-effectiveness and low toxicity, in addition to the already known and evident 

therapeutic effects. In this scenario, this Ph.D. work proceeded in the development of PEU-based 

SM hydrogels containing high dosages of curcumin for local injection and treatment of various 

diseases, such as cancer and chronic infection. The potential that contradistinguishes the synthesis 

procedure of PEUs represented a powerful tool to be exploited, aiming at enhancing the final 

functionality of therapeutic hydrogel-based devices while reducing their content in constituents of 

synthetic origin. In fact, the previously characterized mechanical reversibility and the related easy 

handling of PEU-based SM hydrogels generally represent highly important features for the 
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development of proper devices for smart drug delivery. Hence, to further extend the domain of 

possibilities for hydrogel design, novel amphiphilic macromolecules were synthesized utilizing 

Poloxamer® 407 (P407) and Pluronic® F68 (80% wt PEO, �̅�𝑛 8400 Da). As co-reagents, 1,6-

hexamethylene diisocyanate (HDI) was used as diisocyanate and two different chain extenders 

(i.e., 1,4-cyclohexanedimethanol (CDM) and N-Boc Serinol (NBoc)) were used to produce three 

novel PEUs. Additionally, two properly synthesized NBoc-based polymers were treated in acid 

environment to expose free primary amines along PEU backbone and hence improve their 

functionality. In fact, amino-based amphiphilic polymers show an additional responsiveness to the 

external pH that characterizes the milieu of acute inflammations and various cancers.44 This feature 

could be highly important in order to tune cargo release kinetics of smart hydrogels.45 Moreover, 

the presence of free amines along PEU backbone can be even exploited to perform other chemical 

modifications through carbodiimide chemistry, as accurately reported by Laurano et al. for similar 

PEUs.46 Herein, the formation of PPRs based on the newly synthesized PEUs and α-CDs was first 

evaluated through X-Ray powder diffraction (XRD), Attenuated Total Reflectance – Fourier 

Transformed Infrared (ATR-FTIR) and Proton Nuclear Magnetic Resonance (1H-NMR) 

spectroscopies. On the basis of the results discussed in the previous Chapters, novel 

supramolecular hydrogels were then formulated in phosphate buffered saline (PBS, pH 7.4 at 25 

°C) at low PEU concentration (i.e., between 1 and 5% w/v concentration) and α-CDs at 10% w/v 

concentration. The entire set of SM hydrogels was characterized in terms of gelation kinetics 

through qualitative visual inspections (i.e., tube inverting test) and mechanical properties through 

rheological characterizations. Biocompatibility of SM hydrogels was evaluated on pure extracts 

according to ISO 10993 guidelines. Then, the suitability of PEU-based SM hydrogels for drug 

delivery applications was evaluated through the encapsulation of a high amount of curcumin (i.e., 

80 μg ml-1) that was made possible by the simultaneous copresence of PEUs and α-CDs.39 Finally, 

release tests of curcumin were performed in physiological-like environment (pH 7.4, 37 °C) and 

the resulting set of curcumin delivery profiles was studied through the implementation of the 

Korsmeyer-Peppas model. 

3. Materials and methods 

3.1 Materials 

Poloxamer® 407 (P407) and Pluronic® F68 (F68), HDI, NBoc, CDM, dibutyltin dilaurate 

(DBTDL), 3-(trimethylsilyl)propionic-2,2,3,3-d 4 acid sodium salt (TSP), trifluoroacetic acid 

(TFA), amphotericin B and curcumin (from Curcuma Longa) were purchased from Merck/Sigma 

Aldrich (Milan, Italy). All the utilized solvents were purchased from Carlo Erba Reagents (Milan, 

Italy). P407 and F68 were dehydrated before use at 100 °C for 8 hours at low pressure (ca. 150 

mbar) and subsequently maintained at 40 °C. CDM and NBoc were dried using a desiccator under 

partial vacuum (i.e., ca. 1 mbar) at room temperature. HDI was distilled under vacuum before use. 

1,2-dichloroethane (DCE) was utilized as solvent for PEU synthesis after anhydrification over 

activated molecular sieves (Merck/Sigma Aldrich, Milan, Italy) under inert atmosphere (i.e., N2) 

before use. α-CDs (hereafter indicated as “CDs”) were obtained from TCI Chemical Europe 

(Zwijndrecht, Belgium) and used as supplied. 
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3.2 Synthesis of PEUs 

The synthesis of PEUs was carried out as reported in Section 2 – Chapter 2.2 – Materials and 

methods – Synthesis of PEUs. The obtained PEUs were coded depending on their reagents as 

CHP407, NHP407 and NHF68, where “P407” and “F68” indicate the amphiphilic triblock 

copolymer used as macrodiol, while “C”, “N” and “H” refer to CDM, NBoc and HDI, respectively. 

3.3 De-protection of N-Boc Serinol-based PEUs 

The reaction for Boc-domain cleavage was conducted on NHP407 and NHF68 through acid 

treatment as reported by Boffito et al..47 In detail, 10 g of PEU were solubilized in chloroform 

(CF) at room temperature for 2.5 hours under stirring (250 rpm). After complete solubilization, 

trifluoroacetic acid (TFA) was added to polymer solution reaching a final concentration of 4% w/v 

with a CF/TFA volume ratio of 90:10. The reaction was conducted for 1 hour under stirring at 250 

rpm and then the resulting solution was concentrated using a rotary evaporator (RII Rotavapor, 

Buchi) at 60 °C. Subsequently, the concentrated solution was washed twice with CF (100 ml) and 

then 200 ml of bi-distilled water were added forming a suspension, which was maintained at 3 °C 

under vigorous stirring overnight. In order to remove potentially residual traces of TFA and CF, 

dialysis was conducted (cellulose membrane, cut-off 10-12 kDa, Sigma Aldrich, Italy) for 48 hours 

against distilled water at 3 °C (complete dialysis medium refresh twice/day). The de-protected 

PEU was then collected after freeze drying (Martin Christ ALPHA 2-4 LSC, Germany) and stored 

under vacuum at 3 °C. The resulting PEUs were coded as SHP407 and SHF68 referring to their 

native forms (i.e., NHP407 and NHF68, respectively) and the name of the Boc-cleaved chain 

extender (i.e., serinol, “S”). 

3.4 Chemical characterization of PEUs 

3.4.1 Attenuated total reflectance – Fourier transformed infrared (ATR-FTIR) spectroscopy 

ATR-FTIR spectroscopy was performed as reported in Section 2 – Chapter 2.2 – Materials and 

methods – Chemical characterization of PEUs – ATR-FTIR spectroscopy. 

3.4.2 Size exclusion chromatography (SEC) characterization 

SEC characterization was performed as indicated in Section 2 – Chapter 2.2 – Materials and 

methods – Chemical characterization of PEUs – SEC characterization. 

3.4.3 Proton nuclear magnetic resonance (1H-NMR) spectroscopy 

1H-NMR spectroscopy was conducted on native PEUs (i.e., CHP407, NHP407 and NHF68) and 

the de-protected derivatives (i.e., SHP407 and SHF68). PEU samples were prepared in D2O (10 

mg ml-1) and spectra were obtained through an Avance III Bruker spectrometer equipped with a 

11.74 T superconductor magnet (500 MHz 1H Larmor frequency), a Bruker BBFO direct probe 

and a Bruker BVT 3000 unit for temperature control. The analyses were conducted at 25 °C and 
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the spectra were obtained from 12 scans (10 seconds relaxation time) referring to D2O peak at 

4.675 ppm. The obtained spectra were analyzed through MNova software (Mestrelab Research, 

S.L., Spain, www.mestrelab.com). 

3.4.4 Free primary amine quantification – Orange II Sodium Salt colorimetric assay 

Primary amino groups in de-protected PEUs were quantified according to the protocol reported by 

Laurano et al..46 Briefly, PEUs were dissolved at 0.04% w/v concentration in a solution of Orange 

II Sodium Salt (0.175 mg ml-1, Sigma Aldrich, Italy) in ddH2O previously adjusted at pH 3 and 

then incubated at room temperature (i.e., 25 °C) for 18 hours in the dark. Subsequently, dialysis 

(cut-off membrane 10-12 kDa) against ddH2O was conducted for 3 days (three total refreshes per 

day) in the dark at room temperature. PEU samples were collected after freeze drying (Martin 

Christ ALPHA 2-4 LSC). The quantification of amines was conducted after dye detachment 

through sample solubilization in ddH2O adjusted at pH 12 for 2 hours at room temperature. Then, 

the samples were centrifuged at 6000 rpm for 10 minutes at 15 °C and supernatants were analyzed 

with a UV-Vis spectrophotometer (Perkin Elmer Lambda 25 UV/Vis spectrometer, Waltham, MA, 

USA) in the wavelength domain from 700 to 400 nm by quantifying the main peak at 485 nm that 

is characteristic of the utilized dye molecule. As a reference for free amino groups quantification, 

a calibration curve was obtained through the preparation of specific samples of Orange II Sodium 

Salt in ddH2O (pH 12) in the concentration range from 1.75 to 29.2 μg ml-1. Virgin PEUs 

containing Boc-protected amines were also subjected to the same protocol and used as reference 

samples. 

3.4.5 Critical micellar temperature (CMT) evaluation 

The evaluation of CMT was performed with the aim to investigate the temperature-dependent 

behavior of PEU solutions at low concentration. In detail, 1,6-diphenyl-1,3,5-hexatriene (DPH, 

Sigma Aldrich, Milan, Italy) fluorescent dye (4 x 10-4 mol L-1 in methanol) was added to PEU 

solutions at 1% w/v  previously prepared in ddH2O or PBS at a final concentration of 2 x 10-5 mol 

L-1. Then, micelle formation was studied through a UV-Visible spectrophotometer (Perkin Elmer 

Lambda 25 UV/VIS spectrometer, Waltham, MA, USA) in the temperature range between 5 and 

40 °C at a rate of 1 °C step-1 with an equilibration time of 5 minutes step-1. As documented by 

Boffito et al.,48 the absorbance peak at 356 nm, which is as an indicator of DPH solubilization 

within micelle core, was represented as a function of temperature and the CMT value was obtained 

at the intercept between the linear regions before and after the inflection point that indicates the 

beginning of the micellization process.49,50 

3.5 Preparation and characterization of PEU- and CD-based SM complexes 

3.5.1 Preparation of SM complexes 

SM inclusion complexes based on PEUs were produced according to the protocol indicated in 

Section 2 – Chapter 2.2 – Materials and methods – Preparation and characterization of PEU- and 

CD-based SM complexes – Preparation of SM complexes. The obtained SM samples were coded 
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as PEU X% - SM Y%, where X represents the specific concentration (% w/v) of the PEU and Y 

indicates the content (%) of CDs with respect to the total amount of EO domains, with the 

assumption that 1 CD molecule can contain 2 EO groups into its cavity.51 

3.5.2 X-ray powder diffraction (XRD) analysis 

XRD analysis was conducted on SM samples of PEUs and CDs and their corresponding control 

samples as reported in Section 2 – Chapter 2.2 – Materials and methods – Preparation and 

characterization of PEU- and CD-based SM complexes – XRD analysis. 

3.5.3 Attenuated Total Reflectance – Fourier Transformed Infrared (ATR-FTIR) 

spectroscopy 

ATR-FTIR spectroscopy was performed on SM and control samples according to the protocol 

reported in Section 2 – Chapter 2.2 – Materials and methods – Preparation and characterization 

of PEU- and CD-based SM complexes – ATR-FTIR spectroscopy. 

3.5.4 Proton Nuclear Magnetic Resonance (1H-NMR) Spectroscopy 

1H-NMR spectroscopy was conducted according to the protocol reported in Section 2 – Chapter 

2.2 – Materials and methods – Preparation and characterization of PEU- and CD-based SM 

complexes – 1H-NMR spectroscopy with slight modifications. In detail, 1H-NMR spectroscopy 

was performed only on re-solubilized SM samples based on crystalline PPRs. Differently, self-

assembling samples were not prepared based on previous considerations (Section 2 – Chapter 2.2 

– Materials and methods – Preparation and characterization of PEU- and CD-based SM 

complexes – 1H-NMR spectroscopy). 

3.6 Preparation and characterization of PEU- and CD-based SM hydrogels 

3.6.1 Preparation of SM hydrogels 

SM hydrogels based on PEUs and CDs were prepared in Bijou sample containers (17 mm inner 

diameter, 7 ml, Carlo Erba, Milan, Italy) utilizing PBS (pH 7.4, Sigma Aldrich, Milan, Italy) as 

solvent. In detail, the specific amount of PEU was dissolved in PBS into Bijou sample containers 

at 3 °C overnight. Then, a clear solution of CDs in PBS (14% w/v concentration) was prepared 

and aliquots were added to the previously prepared PEU solutions to reach the final and operative 

concentrations of both PEUs (1, 3 and 5% w/v) and CDs (i.e., 10% w/v). The mixtures were 

homogenized using a vortex (40 Hz for 30 seconds) and then incubated at 25 °C to allow gelation. 

In addition to SM hydrogels based on single PEU-based solutions, novel samples characterized by 

the blend of two PEUs were also prepared using CHP407 and SHF68, maintaining a mass ratio of 

80:20 (%w/w) and a total PEU concentration as that of systems composed of one single PEU (i.e., 

1, 3 and 5% w/v). The resulting hydrogels will be indicated as PEU X% - CD Y%, where PEU 

refers to the specific poly(ether urethane) that constitutes the hydrogel (i.e., NHP407, CHP407, 

NHF68, SHP407, SHF68), while X and Y specify the concentrations of PEU and CD, respectively. 
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For the systems based on the mixture of CHP407 and SHF68, the utilized codes were BLEND X% 

- CD Y%, in which X and Y are defined as reported above for single PEU-based samples. 

3.6.2 Qualitative evaluation of gelation time and phase-separation in isothermal conditions 

The evaluation of gelation time and phase separation of SM hydrogels was carried out as reported 

in Section 2 – Chapter 2.2 – Materials and methods – Preparation and characterization of PEU- 

and CD-based SM hydrogels – Qualitative evaluation of gelation time and phase-separation in 

isothermal conditions. 

3.6.3 Rheological characterization 

A complete rheological characterization was performed on SM hydrogels as indicated in Section 

2 – Chapter 2.2 – Materials and methods – Preparation and characterization of PEU- and CD-

based SM hydrogels – Rheological characterization. 

3.6.4 Swelling and stability tests in physiological-like conditions 

Responsiveness and stability of SM hydrogels were evaluated as reported in Section 2 – Chapter 

2.2 – Materials and methods – Preparation and characterization of PEU- and CD-based SM 

hydrogels – Swelling and stability tests in physiological-like conditions with slight modifications. 

Tests were performed through gel incubation at 37 °C in contact with PBS added with 

amphotericin B (2.5 μg ml-1) in order to prevent mold formation. As indicated in Section 2 – 

Chapter 2.2 – Materials and methods – Preparation and characterization of PEU- and CD-based 

SM hydrogels – Swelling and stability tests in physiological-like conditions, at predefined time 

steps (6h, 24h, 3 days and 5 days) PBS Absorption (%), Weight Loss (%) and Swelling ratio were 

calculated utilizing equations 1, 2 and 3, respectively. Analyses were conducted in quintuplicate 

and results are represented as mean ± standard deviation. 

3.6.5 Cytotoxicity evaluation 

Cytotoxicity tests were performed as indicated in Section 2 – Chapter 2.2 – Materials and methods 

– Preparation and characterization of PEU- and CD-based SM hydrogels – Cytotoxicity 

evaluation for SM hydrogels containing PEUs at 1 and 5% w/v and CDs at 10% w/v concentration. 

3.6.6 Curcumin encapsulation and release studies 

In order to encapsulate curcumin (Cur) into hydrogel systems (1 ml) reducing the risk of its 

degradation due to ions and alkaline pH,21,52 the required amount of CDs to produce SM hydrogels 

was equally divided in two parts. The first 50% (%v) of CD solution at 14% w/v concentration 

was prepared in PBS as previously described and mixed with PEU solutions (prepared in PBS as 

previously indicated). The remaining 50% (%v) of required CDs to produce the hydrogel systems 

was prepared in ddH2O (pH around 5.5-6) at equal concentration (i.e., 14% w/v) in the presence 

of Cur at 225 μg ml-1 content. To ensure complete solubilization of Cur within CD solution, 
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ultrasound sonication (52 W, 20 kHz, Vibracell VCX130, Sonics, USA) was applied for 3 minutes 

using a probe while stirring in contact with a cold water-ice bath at 0 °C to prevent solvent 

evaporation. Finally, the remaining amount of Cur-loaded CD solution was added to the samples, 

thus obtaining final CD concentration of 10% w/v, PEU content at 1 and 3% w/v and curcumin at 

80 μg ml-1 concentration. Gelation was ensured through incubation at room temperature (25 °C) 

for 48 hours. 

A thorough rheological characterization was performed as indicated in Section 2 – Chapter 2.2 – 

Materials and methods – Preparation and characterization of PEU- and CD-based SM hydrogels 

– Rheological characterization on SM hydrogels containing Cur and control samples based on the 

same mixture of PBS and ddH2O in order to evaluate separately the effects of the drug and the 

solvents on hydrogel mechanical response. The novel formulations that were investigated were 

identified as PEU X%-CD Y%-PBS/H2O and PEU X%-CD Y%-Cur 80 mg/ml in order to indicate 

the systems that showed the single contribution of the solvents and the additional presence of Cur, 

respectively. 

Release studies of Cur were performed after acclimatization of SM hydrogels in Bijou sample 

containers (1 ml, 17 mm inner diameter) at 37 °C for 15 minutes. Then, PBS (1 ml at 37 °C) was 

added to each sample. At specific time steps (2, 4, 6, 24, 48, 72 and 96 hours), elutes were collected 

and completely refreshed with new PBS. Then, curcumin quantification was conducted through a 

multimode plate reader (Perkin Elmer Victor X3) by transferring 200 μl of eluates into a 96 well 

plate and measuring the absorbance peak at 450 nm. A set of reference curves was obtained by 

producing Cur standards in PBS in the concentration range between 1 and 10 μg ml-1 starting from 

either a storage solution of Cur (1 mg ml-1 concentration) in ethanol or storage solutions prepared 

in PBS (50 μg ml-1) and containing CDs at various concentrations (i.e., 2.5, 5 and 10% w/v). 

Additionally, the Korsmeyer-Peppas model (power law) was implemented within the first 6 hours 

of Cur release in order to better hypothesize the occurring mechanism of drug release. In fact, this 

model is particularly suitable for polymer-based systems (i.e., hydrogels having different 

morphologies) characterized by unknown or multiple drug release mechanisms (drug diffusion 

and/or transport) with respect to other models which are more suitable to characterize planar or 

particulate systems, as accurately discussed by Bruschi.53 More specifically, the following 

equation 4 was used to calculate the exponent of release n: 

𝑀𝑡

𝑀∞
= 𝐾𝑡𝑛   ;    𝐿𝑜𝑔 (

𝑀𝑡

𝑀∞
) = 𝑛𝐿𝑜𝑔(𝑡) + 𝐿𝑜𝑔(𝐾) Eq.4 

in which Mt corresponds to the mass of drug released at the time step t, M∞ represents the total 

amount (i.e., total mass) of Cur loaded into the systems and K is a constant of incorporation of 

structural modification (i.e., release velocity constant). In the case of cylindrical hydrogels, n 

equals to 0.45 indicates a release mechanism based on diffusion, while n equal to 0.89 

characterizes a release behavior that depends on swelling. n values in the range between 0.45 and 

0.89 indicate a combination of the above-mentioned release mechanisms, thus resulting in an 

anomalous transport. Instead, n values greater than 0.89 suggest an extreme way of transport, 

which corresponds to the presence of relevant inner tensions within the hydrogel network due to 

concomitant solvent absorption and important mass exchange from the external watery 

environment. Analyses were conducted in quintuplicate and results are represented as mean ± 

standard deviation. 
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3.6.7 Statistical analysis 

Statistical analysis was conducted as reported in Section 2 – Chapter 2.2 – Materials and methods 

– Statistical analysis. 

4. Results 

4.1 Physico-chemical characterization of PEUs 

4.1.1 ATR-FTIR spectroscopy and SEC 

Infrared spectroscopy was performed with the aim to assess the successful synthesis of PEUs. 

Figure 2 reports the spectra of P407- and F68-based polymer backbones. The presence of new 

vibration bands at 1720 cm-1 was related to the stretching of carbonyl groups (C=O). Moreover, 

the convoluted peak at 1530 cm-1 represented the simultaneous excitation of N-H and C-N domains 

as bending and stretching vibrations, respectively. Another important indication of urethane 

domain formation was provided by the wide excitation band at 3350 cm-1 due to N-H stretching. 

The absence of any peak around 2200 cm-1 proved the complete conversion of isocyanate groups. 

The typical vibration bands of P407 and F68 were found at 1250 cm-1 (CH2 stretching), 2880 cm-

1 (CH2 rocking) and 1100 cm-1 (C-O-C stretching). The consistent overlapping between the spectra 

of de-protected PEUs with the ones of their native counterparts (i.e., SHP407 and SHF68 for 

NHP407 and NHF68, respectively) indicated that the reaction for Boc group cleavage did not 

induce any evident chemical modification on urethane domains. 

 

Figure 2 – ATR-FTIR spectra of a) P407-based PEUs (CHP407 in blue, NHP407 in brown and SHP407 

in orange) and P407 as control (black), and b) F68-based PEUs (NHF68 in pink and SHF68 in purple) 

and F68 as control (grey). The typical peaks of urethane domains are indicated by vertical black arrows 

at 3350, 1720 and 1530 cm-1. 

SEC results are summarized in table 1 and RID profiles are represented in figure 3. Considering 

the intrinsic error of SEC measurements (i.e., around 10%),54 PEU molar masses generally were 

significantly greater with respect to their native macrodiols (i.e., P407 and F68). P407-based PEUs 

did not show significant differences when compared among each other, as well as for F68-based 

ones. Hence, these results further confirmed the efficacy of both PEU synthesis process and Boc-
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cleavage reaction, as demonstrated in previous works.46,47 P407-based PEUs showed a 

significantly higher molar mass with respect to F68-based ones, as expectable from the nature of 

the involved macrodiols. Nonetheless, a good consistency was observed in terms of dispersity 

indexes, which were quantified around 1.8 for all PEUs. Moreover, as discussed in Chapter 2.2, a 

residual peak resulting from short polymers mainly composed of P407 di-blocks55 was observed 

in all PEUs. This indicated the presence partially polymerized chains that were not completely 

removed through purification processes. However, the effect of such components on final hydrogel 

behavior can be considered negligible, because of their limited contribution within the entire 

molecular mass distribution. 

Table 1 – Number average molar mass, Weight average molar mass and dispersity index of the macrodiols 

(i.e., P407 and F68) and the synthesized PEUs (i.e., CHP407, NHP407, SHP407, NHF68 and SHF68). 

 Number average 

Molar mass (Da) 

Weight average 

Molar mass (Da) 

Dispersity index 

P407 8000 9500 1.2 

CHP407 30000 54000 1.8 

NHP407 27000 49000 1.8 

SHP407 29000 53000 1.8 

F68 6300 6800 1.1 

NHF68 22000 38000 1.8 

SHF68 24000 40000 1.8 

 

 

Figure 3 – SEC profiles (i.e., RID signal vs. elution time) of a) P407-based PEUs (CHP407 as blue dotted 

line, NHP407 as brown dashed line and SHP407 as orange dash-dotted line) and P407 (black continuous 

line), and b) F68-based PEUs (NHF68 as pink dashed line and SHF68 as purple dash-dotted line) and F86 

(grey continuous line). 

4.1.2 1H-NMR spectroscopy and free primary amine quantification 

1H-NMR spectroscopy was performed with the aim to evaluate whether the de-protection 

procedure was successfully performed. As reported in figure 4, no differences were observed 

between the spectra of PEUs based on the same macrodiol, thus further confirming a repeatable 

and consistent synthesis procedure and a conservative Boc-cleavage reaction in terms of molecular 
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structures, in accordance with ATR-FTIR and SEC results. Moreover, the amino group bearing 

PEUs (i.e., SHP407 and SHF68) showed a relevant decrease of the typical peak of Boc domains 

in the chemical shift range around 1.36 ppm in comparison with their original structures (i.e., 

NHP407 and NHF68), thus proving the effectiveness of the de-protection reaction for amine 

exposure. In addition, the intensity of the Boc-related peak reached higher relative values in 

NHF68 with respect to NHP407. Indeed, by comparing the peak related to Boc groups (1.35-1.36 

ppm) with the bands derived from HDI domains (i.e., chemical shift between 1.46 and 1.37 ppm) 

the spectrum of NHF68 was characterized by a peak approximately 50% greater with respect to 

NHP407. This datum could indicate an enhanced chain extension process for NHF68 compared to 

NHP407 as a result of the probable higher reactivity of smaller F68-based pre-polymers, which 

were obtained at the end of the first step of the PEU synthesis process. As a consequence, Boc 

cleavage reaction performed on NHP407 resulted in an almost total deprotection of primary 

amines (i.e., Boc cleavage yield > 90%), while a lower yield (approx. 83%) resulted from NHF68. 

This hypothesis was further reinforced by the identified correlation between these results and those 

obtained from the quantification of free primary amines through Orange II sodium salt colorimetric 

assay. Indeed, the quantification of free primary amines resulted to be around 3.5E18 ± 5.4E17 

NH2/gSHP407 and 1.7E19 ± 3.9E18 NH2/gSHF68 for SHP407 and SHF68, respectively. In this regard, 

the presence of a noteworthy amount of free primary amines generally represents an important 

factor for the suitability of such functionalized polymers for the design of devices for drug 

delivery. In fact, it has been demonstrated that the presence of -NH2 groups can be exploited to 

perform specific functionalization reactions through carbodiimide chemistry46 or confer enhanced 

responsiveness to acid environments47 that characterize the milieu of acute inflammations or 

tumors in various tissues.56 Additionally, amino-functionalized amphiphilic polymers can be used 

to design effective strategies for the encapsulation and delivery of therapeutic agents with 

improved bioavailability and efficacy into tumor environments,57 as previously discussed in the 

introduction of this Chapter. 

 

Figure 4 – 1H-NMR spectra of a) P407-based (CHP407 (blue), NHP407 (brown) and SHP407 (orange)) 

and b) F68-based (NHF68 (pink), SHF68 (purple)) PEUs. 

4.1.3 Critical micellar temperature (CMT) evaluation 

The study of the self-assembly process that induces micelle formation is an important information 

to properly understand and evaluate the thermo-responsiveness of amphiphilic polymers in watery 
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environments. Indeed, the here-developed PEUs are expected to form supramolecular structures 

composed of a lipophilic core and a hydrophilic external corona upon thermal stimulus. The 

characterization of CMT allows a better definition of PEU thermo-sensitivity, which represents an 

elemental factor for the formation of PPR-based SM networks. Indeed, it has been demonstrated 

that hydrophobic interactions act as stabilizing factors within polymeric networks, thus enhancing 

the formation of SM hydrogels based on crystallized PPRs.58–60 Moreover, as discussed in the 

previous Chapter, the presence of dissolved ions can induce significant variations in the kinetics 

of micelle formation by decreasing the CMT, thus acting as a further stabilizing element. Thence, 

it can be deduced that various behaviors of PEUs in forming SM structures could be ascribed to 

the above-mentioned factors (i.e., amphiphilic nature of PEUs and presence of ions in solution). 

Figure 5 reports the quantified absorbance at 356 nm as a function of temperature for PEU 

solutions at 1% w/v concentration in PBS and the two linear regressions used for CMT 

quantification. Interestingly, significant differences were found between the two PEU families. 

P407-based PEUs were characterized by a sharp increase of absorbance due to DPH internalization 

and solubilization into micelle cores, thus resulting in specific values of CMTs, which are reported 

synthetically in table 2. Interestingly, for all P407-based PEUs CMTs values in PBS were in the 

range between 19.5 and 20.1 °C, thus indicating a consistent responsiveness upon thermal 

stimulus. This common behavior resulted to be in complete agreement with the previously 

discussed results from ATR-FTIR, SEC and 1H-NMR characterizations. Instead, F68-based PEUs 

did not show the ability to form micellar structures within the investigated temperature range (i.e., 

from 5 to 40 °C). In detail, no absorbance signal variations were observed for NHF68, while a 

slight increase of absorbance was observed for SHF68-based solutions. It is likely that the 

dimension, the relative quantity and the distribution of PPO domains into PEU backbone were not 

suitable for the formation of micelles around body temperature (i.e., 37 °C), although the synthesis 

process resulted in highly chain-extended PEUs. This behavior was in accordance with the results 

obtained for solutions based on native F68 macrodiol.61 Thence, even though F68-based PEUs 

showed relatively high molar mass, the influence of the characteristics of PPO domains of such 

macrodiol could play the most important role in the formation of micelles. In this case, even the 

presence of dissolved ions did not contribute to form substantial hydrophobic interactions within 

the investigated range of temperatures. PEU solutions in ddH2O were characterized by slightly 

higher values of CMT due to the absence of salting-out effect,62,63 as indicated in figure 6 and table 

2. Such observations represented an important set of information in order to better explain the 

behavior of similar PEU solutions (i.e., at 1% w/v concentration) upon the addition of CDs and 

curcumin. Moreover, these observations could be even helpful for the interpretation of systems 

based on higher PEU contents. 
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Figure 5 – CMT curves (i.e., absorbance at 356 nm vs. temperature) of a) CHP407 (blue), b) NHP407 

(brown), c) SHP407 (orange), d) NHF68 (pink) and e) SHF68 (purple) solutions (1% w/v) in PBS. CMT 

values are indicated by black vertical lines. 

Table 2 – CMT values for all the synthesized PEUs solubilized in PBS and ddH2O at 1% w/v concentration. 

PEU CMT in PBS (°C) CMT in ddH2O (°C) 

CHP407 20.1 21.5 

NHP407 19.8 22.0 

SHP407 19.5 22.3 

NHF68 - - 

SHF68 - - 
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Figure 6 – CMT curves (i.e., absorbance at 356 nm vs. temperature) of a) CHP407 (blue), b) NHP407 

(brown), c) SHP407 (orange), d) NHF68 (pink) and e) SHF68 (purple) solutions (1% w/v) in ddH2O. CMT 

values are indicated by black vertical lines. 

4.2 Physico-chemical characterization of SM complexes 

4.2.1 X-Ray powder diffraction (XRD) 

XRD tests were performed with the aim to detect the presence of PEU-based SM crystals 

composed of packed PPRs. The typical patterns of PEO-based polymers exhibit specific peaks 

around 19.1° and 23.3°, which were detected also in pure PEU samples, as reported in figure 7. 

Nonetheless, the presence of CDs in solution with PEUs resulted in the formation of a turbid 

suspension and the consecutive precipitation of a crystalline matter. The patterns related to the SM 

self-assembly of PEUs and CDs are reported in figure 7. Interestingly, as expected from our 
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previous findings, the resulting crystalline samples were characterized by the presence of the 

typical peaks of PPRs forming channel-like crystals. Indeed, the diffractograms showed peaks at 

2θ equal to 19.8°, 13° and 7.6°.64 The simultaneous absence of multiple reflections demonstrated 

the complete transformation of free CDs into PPRs and the consecutive coalescence into SM 

crystals. Nonetheless, although a successful formation of SM domains was observed for most 

PEUs, some differences and exceptions were evidenced by this investigation. Indeed, the PEUs 

investigated in the previous chapters (i.e., CHP407 and NHP407) were used to prepare 

formulations with a polymeric content of 1% w/v and a CD concentration required to cover the 

theoretical 100% of PEO domains (i.e., 7.6% w/v). In these conditions, CHP407- and NHP407-

based samples resulted in yield of PPR crystallization around 58 ± 0.5% and 30 ± 0.5%, 

respectively. Differently, with the here-investigated novel PEUs (i.e., SHP407, NHF68 and 

SHF68), formulations containing higher PEU and/or CD concentrations were required to achieve 

a comparable yield of crystallization (i.e., yield greater than 30%) that was necessary for the 

preparation of samples for XRD crystallography. In detail, the designed formulations were 

different depending on the involved PEU: SHP407 1% - SM 130% (i.e., SHP407 at 1% w/v 

concentration, 10% w/v CD concentration, 74.4 ± 1.5 % yield) and SHF68 2% - SM 70% (i.e., 

SHF68 at 1% w/v concentration, 12% w/v CD concentration, 84.8 ± 0.4 % yield). Instead, NHF68-

based systems did not result in a suitable amount of crystalline matter for XRD characterization 

(i.e., yield < 10%). These data can be ascribed to the different PEU thermo-sensitivity that was 

previously investigated and discussed. In this regard, it is highly probable that P407-based PEUs 

exhibited the highest yield of SM crystals due to their marked ability to form hydrophobic 

interactions, which acted as effective stabilizing physical crosslinks for the formation and the 

subsequent crystallization of PPRs in watery environments. Differently, although the PEUs based 

on F68 were characterized a lower molecular mass (i.e., approx. 20% lower than P407-based 

PEUs), which would generally enhance the SM self-assembly process, these PEUs were 

characterized by smaller PPO domains and hence a lower capacity to stabilize the polymeric 

network. This peculiarity could probably represent the most important factor influencing the 

production of SM crystals based on PPRs starting from PEUs. However, significant differences 

were observed between NHF68 and SHF68. Indeed, in addition to the above-mentioned common 

properties, the presence of Boc domains represented a further factor affecting SM network 

development. It is likely that the presence of Boc domains as pendant groups acted as hindering 

elements for CD threading along NHF68 chains. For these reasons, the inclusion complexes based 

on NHF68 were no longer characterized in physico-chemical terms. Interestingly, an opposite 

behavior was observed for NHP407 and SHP407. Indeed, NHP407 was able to produce a relatively 

higher amount of SM crystalline powder (i.e., around 30% ± 0.5%) at lower PEU and CD 

concentrations (i.e., 1% w/v and 7.6% w/v, respectively) when compared to SHP407, which in 

same conditions produced a negligible amount of crystalline matter (i.e., <10%). This particular 

relationship could be attributed to the lower degree of polymerization of these materials, which 

resulted in a lower number of Boc groups present along NHP407 chains with respect to NHF68, 

as previously hypothesized through 1H-NMR measurements. It is then probable that for NHP407 

the presence of a balanced number of Boc domains, which are hydrophobic, could act as further 

stabilizing factor for the formation of hydrophobic interactions with other in-chain domains (i.e., 

PPO and HDI), thus enhancing the formation of PPRs without significantly impeding CD 

threading along PEU chains. Nonetheless, the best PEU for PPR formation and crystallization 
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resulted to be CHP407, probably due to its best balance between hydrophobicity and molar mass, 

in the absence of lateral steric hindrance. Thence, these results were in complete accordance with 

previous 1H-NMR and CMT characterizations, thus further demonstrating that PEU composition 

and behavior could play an elemental role in the formation of SM networks and tuning of final 

hydrogel properties. 

 

Figure 7 – XRD spectra of a) NHP407 (brown), b) CHP407 (blue), c) SHP407 (orange) and d) SHF68 

(purple). Patterns of pure PEU powders are represented as dashed lines (light colors), while those of the 

SM crystalline powders resulting from their crystallization with CDs are reported as continuous lines (dark 

colors). The typical peaks (approx. 2θ equal to 7.2°, 12.8° and 19.8°) of SM crystals composed of packed 

PPRs are highlighted by vertical black arrows. 

4.2.2 ATR-FTIR characterization 

The simultaneous co-presence of PEUs and CDs in the crystalline matter resulting from the self-

assembly process in ddH2O was proved also through ATR-FTIR spectroscopy. The samples 

previously characterized using XRD crystallography were evaluated and the data are reported in 

figure 8, in which each SM sample is compared with native CD and PEU. From a general 

perspective, all the typical peaks of both PEUs and CDs were observed even in the spectra of SM 

samples. In detail, the presence of CDs was confirmed by the characteristic peaks at 1075, 1155 
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and 2954 cm-1 for C-O, C-O-C and CH stretching vibrations, respectively. Moreover, even the 

peak related to the asymmetric stretching of -OH domains that belong to CDs was detected in SM 

samples. Nonetheless, such vibration band resulted upshifted up to 3340 cm-1 in SM samples, thus 

indicating a different conformation of CDs composing PPRs. In this regard, it is likely that the 

linear head-tail arrangement of CDs could result in a different excitation energy with respect to 

the typical cage-like conformation of native CDs. In addition, also the characterizing peaks of 

urethane domains were found upshifted. Indeed, the stretching vibration of C=O groups at 1720 

cm-1 was upshifted up to 1740 cm-1 in SM samples, thus indicating an inhibition of crystallization 

and packing mediated from hydrogen bonds in PEU chains. Interesting differences were also 

observed between the different investigated PEUs. Indeed, the entity of the observed upshifts was 

different for SHF68, probably due to the formation of a less-organized SM network for the 

previously indicated reasons (i.e., weaker hydrophobicity that could hinder the stabilization of the 

polymeric network for CD threading along PEO domains). 

 

Figure 8 – ATR-FTIR spectra of CDs (green dashed lines), pure PEUs (dotted lines) and SM crystalline 

samples (continuous lines) for a) NHP407 (brown), b) CHP407 (blue), c) SHP407 (orange), and d) SHF68 

(purple). All peaks subjected to significant shifts are highlighted by black vertical arrows. 

4.2.3 1H-NMR spectroscopic analyses of SM structures 

1H-NMR spectroscopy was performed in order to complete the set of characterizations that proved 

the self-assembly of PPRs within PEU- and CD-based mixtures in ddH2O. To this aim, the same 
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formulations previously characterized through XRD crystallography and ATR-FTIR spectroscopy 

were re-solubilized in D2O and were analyzed by 1H-NMR spectroscopy. Figure 9 reports the 

entire set of recorded spectra. The presence of chemical shifts around 3.63 ppm and in the domain 

ranging between 1.5 and 0.9 ppm proved the presence of PEU in the resulting SM crystals. The 

contribution of CDs was demonstrated by the occurrence of multiple peaks in the chemical shift 

domains from 4.0 to 3.7 ppm, from 3.55 to 3.45 and at 5.08 ppm. Thence, the strong correlation 

between XRD, ATR-FTIR and 1H-NMR results demonstrated the successful utilization of PEUs 

as PPR-forming polymeric materials and their chemical composition significantly influenced the 

final assembly process with CDs. Generally, the resulting molecular complexity of PEUs made 

notably difficult the calculation of specific parameters that describe the formation of SM 

complexes, such as the constant of associations with CDs. Nonetheless, such investigations were 

not elemental for the development of this work and a general dependence of SM complexes over 

PEU composition and chemical properties was reliably assessed through the performed studies. 

 

Figure 9 – 1H-NMR spectra of CDs (green), NHP407 (light brown), NHP407 1% - SM 100% (brown), 

CHP407 (light blue), CHP407 1% - SM 100% (blue), SHP407 (light orange), SHP407 1% - SM 130% 

(orange), SHF68 (pink) and SHF68 1% - SM 70% (purple) samples solubilized in D2O. CD and PEU 

typical chemical shifts are embedded in green and black squares, respectively. 

4.3 Supramolecular hydrogel characterization 

4.3.1 SM hydrogel formulation and gelation kinetics 

SM hydrogels were formulated at PEU and CD concentrations defined based on data reported in 

the previous Chapters. In detail, a PEU concentration range between 1 and 5% w/v was 

investigated, while CD content was fixed at 10% w/v concentration. Table 3 reports gelation time 
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results for all the tested systems. NHF68-based formulations exhibited non-gelling behavior (i.e., 

NHF68 1% - CD 10%) or significantly more extended gelation time when compared to all the 

other systems at PEU concentration of 3% and 5% w/v. These observations were in total agreement 

with the previous considerations. Thence, for the limited suitability of NHF68 to form stable and 

solid hydrogel networks, such PEU was excluded from the following characterizations. 

Differently, SHF68 was characterized by still acceptable gelation properties and presented a 

relevant number of free amino groups along its backbone, which make it suitable for further 

functionalization or for the design of pH-sensitive formulations. Because of these reasons, such 

PEU was maintained in the subsequent studies as constituent of BLEND samples together with 

CHP407 (BLEND samples were composed of CHP407 at 80% wt and SHF68 at 20% wt with 

respect to the total mass of PEU present within the gel). Such composition for BLEND-based 

hydrogels was defined to take the advantages of the best PEU in terms of gelation properties (i.e., 

CHP407) and the one with the higher degree of functionalization in terms of quantity of free 

primary amines (i.e., SHF68). As these two PEUs were characterized by similar chemical 

structures, but different properties (i.e., hydrophobic character and molar mass), it was expected 

that their mixture in watery environment could result in an interesting behavior. Indeed, the sample 

BLEND 5% - CD 10% was characterized by the fastest gelation kinetics with respect to the other 

samples at the same PEU concentration (i.e., 5% w/v). Such result could be related to probable 

constructive interactions occurring between CHP407 and SHP407 chains, thus inducing the 

formation of a more interconnected polymeric network. It is likely that the chains of SHF68, which 

is characterized by a lower molar mass and higher hydrophilicity, could act as polymeric 

crosslinkers through the formation of entanglements with the domains of the highly organized 

network based on CHP407.65,66 SM hydrogels based on pure CHP407 showed remarkably fast 

gelation kinetics due to the absence of any pendant group along PEU backbone and a pronounced 

hydrophobicity derived by the presence of various lipophilic domains (i.e., CDM, HDI and PPO). 

Interestingly, SHP407-based hydrogels showed slightly faster gelation with respect to NHP407-

based systems. This observation resulted to be in contrast with the previous results in terms of SM 

self-assembly yield in ddH2O. The reason for such behavior could be related to the different 

aqueous environment used for the production of SM hydrogels compared to the one exploited for 

the formation of pure crystals for physico-chemical analyses. Indeed, PBS contains dissolved 

anions (i.e., phosphate), which could interact with the polar domains resulting from the presence 

of primary amines as pendant groups within SHP407 chains, thus acting as a further stabilizing 

factor of the hydrogel network. This behavior was in complete accordance with the previous CMT 

results. In fact, SHP407-based solutions in PBS were characterized by slightly lower values of 

CMT (19.5 °C) with respect to NHP407-based ones (19.8 °C), while an opposite behavior was 

observed for formulations based on ddH2O. The same phenomenon could be supposed for SHF68-

based systems. In fact, SHF68 was characterized by a relevant number of free primary amines (i.e., 

6-fold greater than SHP407). However, differences in gelation timing between NHP407- and 

SHP407-based hydrogels at 3% w/v PEU concentration followed an opposite trend with respect 

to the systems designed at higher PEU contents (i.e., 5% w/v). Indeed, the system composed of 

NHP407 at 3% w/v concentration was characterized by a faster gelation kinetics with respect to 

the one based on SHP407 and identically formulated. This peculiar behavior could be dependent 

on highly complex physical interactions (e.g., hydrophobic interactions, hydrogen bonds, salting-

out effect, entanglements and steric hindrance), which undoubtedly influenced the convoluted self-
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assembling process in a non-linear fashion. Thence, at lower PEU content, i.e., lower PEU/CD 

mass ratio, the additional effect of Boc groups as hydrophobic regions probably retains a more 

evident role in determining gelation kinetics, rather than the presence of free primary amino 

groups. Indeed, in agreement with our previous hypothesis, in these conditions the presence of 

Boc groups most likely stabilizes the network composed of PEU units, while at higher PEU/CD 

mass ratio (i.e., PEU at higher concentration, 5% w/v) Boc regions probably hamper the mobility 

of the network and a superior balance could be reached by means of a more linear structure 

characterized by polar groups as in SHP407. Hereafter, CHP407, SHP407 and BLEND were 

selected for the further characterizations of their hydrogel systems, since such PEUs open the way 

to the possibility to produce a plethora of SM systems with different chemical properties and best 

gelation kinetics. 

Table 3 – Gelation time of PEU-based hydrogels incubated at 25 °C. O.N. = overnight. 

 Gelation time 

CHP407 1% - CD 10% O.N. 

CHP407 3% - CD 10% 2 h 20 min 

CHP407 5% - CD 10% 1 h 30 min 

NHP407 1% - CD 10% O.N. 

NHP407 3% - CD 10% 2 h 20 min 

NHP407 5% - CD 10% 2 h 30 min 

SHP407 1% - CD 10% O.N. 

SHP407 3% - CD 10% 3 h 

SHP407 5% - CD 10% 2 h 

BLEND 1% - CD 10% O.N. 

BLEND 3% - CD 10% 2 h 20 min 

BLEND 5% - CD 10% 1h 

NHF68 1% - CD 10% SOL 

NHF68 3% - CD 10% 72 h 

NHF68 5% - CD 10% 72 h 

SHF68 1% - CD 10% O.N. 

SHF68 3% - CD 10% O.N. 

SHF68 5% - CD 10% 5h 30 min 

4.3.2 Rheological characterization of SM hydrogels 

In order to better investigate the role of PEUs on the properties of the resulting SM hydrogel 

networks, a complete set of rheological tests was performed on formulations with the highest and 

the lowest PEU concentration within the investigated range (i.e., 1 and 5% w/v). Moreover, 

rheological characterizations are elemental to assess whether a hydrogel system could be suitable 

for the clinical practice as injectable platform for drug delivery. Strain sweep tests were performed 

in order to characterize the ability of the gels to withstand mechanical load and self-heal. 

Moreover, such rheological tests permitted the definition of the region of viscoelastic linearity 

(LVE). Figure 10 reports the trends of G’ and G” (i.e., storage and loss moduli, respectively) as a 

function of applied strain at 37 °C and table 4 collects the most significant parameters that can be 

obtained from these tests. 
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Table 4 – Summary of strain sweep test main parameters: G’LVE, G”LVE, G’LVE recovered (percentage of 

recovery of the starting storage modulus measured by repeating the test after sample quiescence for 15 

minutes at 37 °C),  strain at which network rupture occurs (γL), γL_recovery (γL measured by repeating the test 

after sample quiescence for 15 minutes at 37 °C). 

 
G’LVE 

(Pa) 

G”LVE 

(Pa) 

G’LVE recovered 

(%) 
γL (%) γL_recovery (%) 

CHP407 1% - CD 10% 4500 350 91 0.29 0.13 

CHP407 5% - CD 10% 15400 2300 87 0.29 0.50 

SHP407 1% - CD 10% 4000 240 88 1.00 0.45 

SHP407 5% - CD 10% 10000 1400 91 0.48 0.56 

BLEND 1% - CD 10% 3600 280 97 0.70 0.38 

BLEND 5% - CD 10% 14700 1500 83 0.55 0.50 

 

All the samples showed constant values of G’ and G” within the LVE region (i.e., G’ LVE and 

G”LVE). Over a critical value of strain (γL), all the formulations showed a relevant decrease of G’ 

and a crossover point between G’ and G’’, in which G” became greater than G’, indicating that the 

samples started to behave as viscoelastic fluids as a consequence of hydrogel network rupture due 

to crack formation. The concomitant decrease of G’ and G” was typical of a thixotropic behavior 

of such PPR-based networks, in accordance with other similar systems reported in the literature.67 

Then, upon the achievement of relevant strain values (i.e., 500%) the hydrogels were maintained 

in quiescent state at 37 °C for 15 minutes and tested again in order to evaluate their self-healing 

ability. As expected, all the hydrogels resulted to be self-healing and a recovery of at least 83% of 

their starting G’ was observed for all the formulations. CHP407-based hydrogels showed the 

highest values of G’LVE and G”LVE but the lowest values of γL. Such response could be explained 

by the probable higher yield of SM crystallization that resulted from the marked hydrophobicity 

and linearity of CHP407, thus forming stiffer and more fragile networks. A similar response was 

observed for SHP407- and BLEND-based systems at 1% w/v PEU concentration, while at 5% w/v 

PEU content BLEND-based system was characterized by better mechanical properties, which were 

slightly lower with respect to those of the sample with the same composition but based on CHP407. 

In this regard, the presence of SHF68 within BLEND formulations could induce a toughening 

effect on the resulting networks. From a general perspective, no clear dependency of γL over 

recovery process was assessed. However, it was observed that the hydrogels containing PEU at 

1% w/v concentration were negatively affected by the rupture process, since γL recovery values 

decreased for all the PEU-based formulations, while not significant decrements were observed for 

samples at 5% w/v PEU concentrations. These different behaviors could be ascribed to the nature 

of the formed networks that depends on the PEU/CD mass ratio, as hypothesized in the previous 

Chapters. Indeed, PEU 1% - CD 10% systems were characterized by a low PEU/CD ratio, which 

could result in highly crystalline SM networks. Differently, higher PEU/CD ratios (i.e., PEU 5% 

- CD 10%) could result in more diffused free PEU domains that are less sensitive to applied 

deformation with respect to highly crystalline PPR-based regions. 
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Figure 10 – G’ (continuous lines) and G” (dashed lines) curves as a function of applied deformation for 

a,d) CHP407 (blue), b,e) SHP407- (orange), and c,f) BLEND- (purple) based hydrogels. G’ (black dotted 

lines) and G” (grey dash-dotted lines) trends registered after recovery in quiescent state for 15 minutes at 

37 °C are also plotted to evaluate self-healing ability. 

Frequency sweep tests were performed at 25, 30 and 37 °C to evaluate the gelation process of the 

SM networks, since all the here-synthesized PEUs showed a thermo-responsive behavior. Figure 

11 reports the trends of G’ and G’’ as a function of applied frequency within the investigated 

temperature range. Generally, all the hydrogels were characterized by a fully developed “gel” state. 

Indeed, G’ was greater than G” within the whole investigated range of angular frequencies and 

temperatures. However, a slight dependence over temperature was observed. Indeed, a thermo-

thickening effect was observed due to the thermo-sensitive nature of the amphiphilic PEUs. As an 

example, G’ at 100 rad s-1 for SHP407 1% - CD 10% was equal to 2450 Pa at 25 °C, while the 

same parameter resulted to be equal to 4200 Pa at 37 °C. Even in this case, CHP407-based 

hydrogels were characterized by the highest values of G’ and G”, while SHP407-based ones 

exhibited the lowest ones. BLEND-based hydrogels were characterized by intermediate 

mechanical properties compared to other systems based on CHP407 and SHP407.  



156 
 

 

Figure 11 – Trends of G’ (continuous line) and G” (dashed line) as a function of angular frequency for 

hydrogels based on CHP407 (blue), SHP407 (orange), and BLEND (purple) at three different temperatures 

(i.e., 25, 30 and 37 °C). 

The ability of the SM hydrogels to self-heal upon cyclic deformations was evaluated through strain 

tests. As reported in figure 12, all the investigated formulations were characterized by a quick 

recovery (i.e., within 30 seconds) at low deformation (0.1%) after complete rupture of hydrogel 

network through the application of a high strain (100%) for 60 seconds. During the rupture phases, 

higher values of G” were registered with respect to G’, as typical of viscoelastic fluids. The overall 

recovery of G’ after three complete rupture cycles was quantified to be greater than 84% for all 

formulations, as summarized in table 5. Interestingly, the system SHP407 5% - CD 10% was 

characterized by a complete recovery of its starting mechanical properties (i.e., 100% recovery of 

starting G’). This behavior could be correlated with the previously supposed lower degree of 

development of the PPR-based SM network for this sample, resulting in a less rigid and more 

reversible hydrogel system. A parallel and less relevant contribution of salting-out effect could be 

hypothesized in the case of SHP407-based hydrogel networks. A similar explanation could be 

attributed to the behavior of BLEND-based hydrogels, since the observed recovery ability turned 

out to be greater with respect to CHP407-based ones. Probably, the mixed contribution of a less 

developed SM network and polymeric crosslinks composed of SHF68 domains represent features 

enhancing the reversibility of BLEND-based hydrogels after cyclic stress application. These 

results indicated that the here-designed SM hydrogels were characterized by remarkable 

mechanical properties and reversibility, thus suggesting a good suitability in terms of stability, 

responsiveness and handling properties. 
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Table 5 – Percentage of G’ recovered (%) after 3 complete rupture cycles at 100% strain. 

 G’ recovered (%) after 3 cyclic ruptures 

CHP407 1% - CD 10% 89 

CHP407 5% - CD 10% 84 

SHP407 1% - CD 10% 88 

SHP407 5% - CD 10% 100 

BLEND 1% - CD 10% 90 

BLEND 5% - CD 10% 92 

 

 

Figure 12 – Self-healing test reporting the trends of G’ (continuous line) and G” (dashed line) for CHP407 

(blue, a) 1% and d) 5% w/v), SHP407 (orange, b) 1% and e) 5% w/v), and BLEND (purple, c) 1% and f) 

5% w/v) hydrogels. Recovery phases (0.1 % strain for 120 s) are characterized by G’>G”, while rupture 

phases (100 % strain for 60 s) are characterized by G”>G’, thus indicating a complete hydrogel breakage 

and a thixotropic response. 

4.3.3 Swelling and stability in aqueous environment 

The responsiveness to external environments of the here-designed SM hydrogels was evaluated in 

physiological-like milieu (i.e., PBS, pH 7.4, 37 °C). The obtained data regarding PBS absorption 

and weight loss are reported in figure 13. Generally, the results were comparable to the ones 

reported in the literature58,68,69 and in accordance with previous observations in Chapter 2.2 and 

Chapter 2.3 of Section 2. As previously discussed, the entire set of investigated hydrogels showed 

a good stability, as highlighted by the maintenance of an approximately constant network wet 

weight. Nonetheless, a simultaneous and evident release of hydrogel components was measured 

through the determination of weight loss. Thence, these observations suggested the occurrence of 

a relevant mass exchange between the hydrogel network and the external watery environment, as 

previously observed through preliminary studies. The integration of these two aspects can be 
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observed by estimating the swelling ratio value. In fact, the SM hydrogels showed a continuously 

increasing swelling ratio, thus indicating an incremental fluid content over time, as indicated in 

figure 14. Swelling ratio calculation was characterized by values even greater than 2, thus 

indicating that the ratio between fluid and polymeric content was at least doubled over incubation. 

Hence, the hydrogels continuously released instable components, such as free CDs and PEU 

aggregates. Once this process terminated, the hydrogels were dissolved within the next incubation 

step. The novel formulations based on SHP407 and BLEND showed a behavior that was consistent 

with CHP407-based systems. The hydrogels formulated at 1% w/v PEU concentration were 

characterized by a lower tendency to de-swell when compared to the formulations at higher PEU 

content (i.e., 3 and 5% w/v). It is likely that the hydrogels at low PEU contents (i.e., low PEU/CD 

mass ratio) showed such behavior due to a marked development of PPR-based SM structures, 

which are notably more stable than other kinds of physical crosslinking (i.e., hydrophobic 

interactions). In systems at higher PEU concentrations (i.e., 5% w/v) a similar behavior was 

observed, but a higher release of hydrogel components occurred in absolute terms. Indeed, no 

significant differences were observed between the formulations containing PEU at 5% w/v and the 

ones at 3% w/v. Such observations indicated that the higher PEU/CD mass ratio, the lower the 

stability within the investigated range of concentrations. A different responsiveness was observed 

among the formulations based on different PEUs. Indeed, SHP407 showed the highest rate of 

dissolution in both wet and dry conditions. Such behavior could be related to the less developed 

SM network that characterized these samples, as previously discussed through the results obtained 

from XRD analysis, gelation time and rheological tests. Generally, no significant differences were 

observed between CHP407- and BLEND-based samples. Nonetheless, slightly higher dissolution 

rates were quantified for BLEND samples with respect to CHP407 ones at the time frame of 24 

hours. For example, BLEND 1% - CD 10% resulted in a weight loss equal to 34.9 ± 1.8%, while 

for CHP407 1%-CD 10% weight loss was 30.3 ± 1.5% (p-value = 0.0043); for BLEND 3% - CD 

10% and CHP407 3% - CD 10% the weight loss value was 26.8 ± 0.8% and 20.3 ± 1.4%, 

respectively (p-value = 0.025). Moreover, higher swelling ratio values were estimated for BLEND-

based SM hydrogels at different time frames with respect to CHP407-based ones. As an example, 

at 24 hours, the swelling ratio of BLEND 1% - CD 10% was greater than CHP407 1% - CD 10% 

(1.63 ± 0.04 and 1.52 ± 0.04 (p-value = 0.048), respectively). Significant differences were 

observed also for the samples at 3 and 5% w/v PEU concentration at the same time step (p-values 

equal to 0.0039 and 0.0084, respectively). This set of observations indicated a general higher 

responsiveness of BLEND-based samples with respect to CHP407-based ones. Mutually, the 

hydrogels composed of CHP407 were characterized by the highest stability even at the lowest PEU 

concentration (i.e., 1% w/v). Indeed, CHP407 1% - CD 10% showed the ability to exchange mass 

with the external environment up to 5 days of incubation, while the corresponding samples based 

on SHP407 and BLEND were completely solubilized. These observations were in accordance with 

the previous XRD and rheological characterizations, in which CHP407-based SM systems turned 

out to be the best in terms of SM crystallization yield and hence stability of the resulting hydrogel 

networks. 

Thence, through the complete set of physical characterizations, the here-developed SM hydrogels 

showed promising properties for the encapsulation and release of hydrophobic drugs. Indeed, the 

sustained release over time of less stable components (i.e., free CDs and PEU aggregates) 

represented a fundamental factor for the validation of the feasibility of these hydrogels as drug 
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delivery systems. Indeed, the observed mechanism of mass exchange could be exploited for the 

release of Cur, which is a highly hydrophobic and insoluble drug. 

 

Figure 13 – Bar diagrams of PBS absorption (%) and weight loss (%) for a,d) CHP407- (blue), b,e) 

SHP407- (orange) and c,f) BLEND-based (purple) hydrogels. 

 

Figure 14 – Bar diagrams of swelling ratio values for a) CHP407- (blue), b) SHP407- (orange) and c) 

BLEND-based (purple) hydrogels. 

4.3.4 Cytotoxicity evaluation 

Cytotoxicity was assessed on formulations based on only one PEU with the aim to evaluate the 

single effect of PEU physico-chemical properties separately. As reported in figure 15, the 

investigated hydrogel systems did not show any cytotoxic effect of their pure eluates. A generally 

enhanced cell viability was observed, probably due to the relevant release of CDs.70,71 The lower 

enhancement of cell viability that was found for CHP407-based hydrogels could be considered not 

stochastic, since these systems showed the best results in terms of stability and then the lowest 

potential for the release of free CDs. Hence, in addition to the promising results obtained from 

rheological test and responsiveness in aqueous environments, the here-designed PEUs were 

elected as highly suitable polymers for the development of promising drug delivery systems. In 

this regard, the PEU concentrations of 1 and 3% w/v were selected to design curcumin-loaded 
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systems. The formulations containing PEUs at 5% w/v were excluded, due to their higher 

instability and unnecessary PEU content. 

 

Figure 15 – Bar diagrams representing cell viability results for CHP407 (blue), SHP407 (orange) and 

BLEND (purple). 

4.4 Curcumin encapsulation and release kinetics 

4.4.1 Rheological characterization of curcumin-loaded SM hydrogels 

The protocol for the formulation of SM hydrogels containing Cur was ad-hoc defined with the aim 

to preserve drug molecules for degradation by avoiding drug solubilization in the presence of ions 

(e.g., Cl-) and alkaline pH. Thence, the total amount of CDs was divided in two equal fractions 

using ddH2O (for Cur solubilization) and PBS as solvents. The presence of ddH2O and Cur could 

slightly influence the network of hydrogels. In fact, ddH2O as fraction of total volume of hydrogel 

solvent could reduce the salting-out effect that stabilizes the polymeric network for PPR formation 

and crystallization. Simultaneously, Cur highly interacts with CDs and hydrophobic domains of 

PEUs, thus potentially reducing CD availability for the self-assembly of PPRs and the ability to 

form lipophilic interactions. Then, it is likely that detrimental effects could occur during hydrogel 

network development. The effects of solvent composition and Cur encapsulation were evaluated 

on the formulation that showed the most evident SM character, namely the SM hydrogels 

composed of PEUs at 1% w/v concentration. A complete rheological characterization was 

conducted on SM systems to evaluate hydrogel network development. Three conditions of 

hydrogel composition were tested, thus separating the contribution of solvents (i.e., PEU 1% - CD 

10%-PBS/H2O) from that deriving from the additional encapsulation of the drug (i.e., PEU 1% - 

CD 10%- Cur 80 μg/ml) with respect to the reference hydrogels based on pure PBS solvent in the 

absence of Cur (i.e., PEU 1% - CD 10%). Frequency sweep tests allowed an overall evaluation of 

hydrogel development and mechanical properties. The obtained trends of G’ and G” at different 

temperatures (i.e., 25, 30 and 37 °C) are reported in figure 16. 
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Figure 16 – G’ (continuous lines) and G” (dashed lines) as a function of applied angular frequency at 25, 

30 and 37 °C for SM hydrogels formulated in different environments: PBS/H2O (65/35 % v/v, dark 

continuous line (G’) and grey dashed line (G”)), Cur 80 µg/ml (in PBS/H2O, red continuous line (G’) and 

light red dashed line (G”)), and pure PBS. CHP407- (a,b,c), SHP407- (d,e,f) and BLEND-based (g,h,i) 

hydrogels are represented in blue, orange and purple, respectively. The comparisons are represented 

among hydrogels based on the same PEU but having different solvent composition and Cur content. A 

decrement of mechanical properties can be observed at each temperature caused by the reduction of the 

salting-out effect in the samples based on PBS/H2O and Cur 80 µg/ml (in PBS/H2O). Nonetheless, Cur 

could be supposed to form hydrophobic interactions with PEU domains, thus inducing a further stabilizing 

effect with respect to the hydrogel formulations that are characterized by the single contribution of the 

solvent. 

All the hydrogels were characterized by a fully developed hydrogel network. Indeed, G’ resulted 

higher than G” within the whole range of investigated frequencies and temperatures for all the 

formulations. Nonetheless, a general decrease of mechanical properties was observed in both PEU 

1% - CD 10%-PBS/H2O and PEU 1% - CD 10%- Cur 80 μg/ml systems with respect to control 

samples in pure PBS (PEU 1% - CD 10%.). In more detail, the greatest effect in terms of 

mechanical properties decrease was observed in the case of isolated solvents with respect to the 

samples containing even Cur. This interesting result could be correlated to the fact that Cur could 
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represent a stabilizing element for hydrophobic interactions of PEU structures thus compensating 

the weaker salting out effect that was induced by the presence of ddH2O. Then, a contribution in 

Cur encapsulation and stabilization within the hydrogel network could be ascribed even to the 

PEUs themselves due to their amphiphilic nature. More evident effects were found for CHP407- 

and BLEND-based samples with respect to SHP407-based ones. Such behavior could be caused 

by the less developed SM structure of SHP407-based networks with respect to the other systems. 

Probably, SHP407-based SM hydrogels resulted to be less sensitive to solvent formulation and 

Cur encapsulation due to their intrinsic lower ability to interact with CDs and form SM hydrogel 

structures based on PPRs. Hence, the hydrogels based on SHP407 could be less sensitive to the 

partial lack of CDs that are implemented for Cur solubilization. It could be also likely that the 

additional presence of pendant amino groups could be the cause of the less enhanced SM network 

development due to the intrinsic polarity of such chemical domains. The above-mentioned 

hypothesis is in accordance with the previous observations related to SM crystal yield for XRD 

analysis.  

The presence of ddH2O or Cur did not negatively affect the self-healing ability of the resulting 

hydrogels, as reported in figure 17, which summarizes the results from strain sweep and self-

healing tests. Consistently with the previous frequency sweep tests, the contribution of both the 

solvent and the additional presence of Cur prevalently influenced the entity of mechanical 

properties (i.e., G’ and G”), while hydrogel responsiveness and reversibility were not significantly 

affected. This peculiarity allows to consider PEU-based SM hydrogels as proper systems for the 

encapsulation of drugs with limited solubility, such as Cur. It is then probable that the well-

balanced amphiphilic nature of the here-developed PEUs could be particularly suitable for both 

hydrogel formation and drug encapsulation. 

 

Figure 17 – G’ (continuous lines) and G” (dashed lines) as a function of applied strain (a,b and c) and 

time (d, e and f) with alternated phases of recovery (0.1 % strain ) and rupture (100 %) at 37 °C for SM 

hydrogels formulated in different environments: PBS/H2O (65/35 % v/v, dark continuous line (G’) and grey 
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dashed line (G”)), Cur 80 µg/ml (in PBS/H2O, red continuous line (G’) and light red dashed line (G”)), 

and pure PBS. CHP407- (a,d), SHP407- (b,e) and BLEND-based (c,f) hydrogels are represented in blue, 

orange and purple, respectively. The comparisons are represented between hydrogels based on the same 

PEU but having different solvent composition and Cur content. No significant differences were observed 

in terms of self-healing ability among the investigated systems. 

4.4.2 Release studies of curcumin from PEU-based SM hydrogels 

In order to properly quantify the released Cur over time, a complete set of reference curves was 

produced using standard samples of different composition. Indeed, CDs can interact with Cur 

leading to the formation of inclusion complexes and less organized aggregates, which could exhibit 

different spectroscopic properties. Hence, the spectrometric properties of the solutions containing 

CDs and Cur were evaluated at different CD concentrations (i.e., in PBS containing CDs at 0, 2.5, 

5 and 10% w/v). The obtained reference curves are reported in figure 18. Interestingly, no relevant 

effects within the wide range of tested CD concentrations were observed in terms of absorbance 

of Cur samples at equal content. Thence, also considering the results obtained from swelling and 

stability test, the contribution of CDs was generally negligible in terms of spectroscopic response 

and the reference curve characterized by the absence of CDs was selected for the quantification of 

Cur into hydrogel extracts obtained from release tests. 
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Figure 18 – Calibration curves of Cur in PBS at various CD concentrations: a) 0%, b) 2.5%, c) 5% and d) 

10% w/v. The parameters obtained from the linear regression of data are also reported on the bottom right 

of each graph. f) summary of all the obtained data for comparative purposes. 

Release studies of Cur from SM gels (1 ml) highlighted notably progressive release kinetics, which 

can be divided into different intervals. Figure 19 reports the obtained trends of Cur delivery over 

time. All the investigated formulations were characterized by the absence of any burst release 
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phenomena. The SM systems at 1% w/v PEU concentration showed significantly higher Cur 

release (i.e., ca. two-fold) with respect to the samples at 3% w/v PEU content within the first 6 

hours of incubation. Such different behaviors could be explained by referring to the data obtained 

from swelling and stability tests. Indeed, the samples PEU 1% - CD 10% were characterized by 

significant higher swelling ratios and dissolution rates, indicating a favored dissolution of free 

components which allowed a faster release of Cur with respect to PEU 3% - CD 10% samples 

within 6 hours of incubation. The observed amounts of released Cur were quantified in the range 

of concentrations that turned out to be potentially therapeutic (i.e., micromolar) for many 

applications, such as the treatment of tumors and acute inflammatory processes.5,15,21 Additionally, 

Peppas release exponents were calculated within 6 hours of Cur release. The obtained values 

ranged between 0.7 and 0.89 for PEU 1% - CD 10% samples, thus indicating a mechanism of Cur 

release based on a hybrid behavior between swelling and diffusion (anomalous transport). PEU 

3% - CD 10% samples were characterized by release exponents generally greater than 0.89, thus 

indicating a super Case II release mechanism, which indicated an extremized Cur release process 

due to the induction of relevant mechanical tensions into hydrogel networks. Such response could 

be explained by the higher stiffness of SM hydrogels with higher PEU contents. Indeed, the 

hypothesized tension within the hydrogels PEU 3% - CD 10% could be due to a release of free 

components and a concomitant absorption of fluid from the external environment while 

maintaining the overall hydrogel shape over time, as observed from swelling and stability tests. In 

these conditions, such mass exchange could cause the formation of relevant tensions into highly 

stiff SM networks. An exception was represented by CHP407 3% - CD 10% hydrogels (n equal to 

0.82) with respect to SHP407 3% - CD 10% and BLEND 3% - CD 10% (n greater than 0.89). This 

different responsiveness could be related to the higher stability of CHP407 3% - CD 10%, as 

suggested by swelling and stability tests. The enhanced responsiveness of SHP407 3% - CD 10% 

and BLEND 3% - CD 10% could be due to a faster kinetics of fluid absorption originated by the 

presence of water-attracting domains (i.e., free primary amines) thus increasing the mass exchange 

through the release of hydrogel components. In addition, a further contribution for such behavior 

could be related to the intrinsic higher dissolution rates of SHP407- and BLEND-based SM 

networks. The release profiles of Cur showed a relevant acceleration after 48 hours of incubation 

in physiological-like conditions. Such variation in release kinetics could be due to the continuous 

erosion of SM hydrogels that led to a spontaneous dissolution of the residual physical network that 

occurred for prolonged incubation times (i.e., 96 hours). During this phase, no significant 

differences were generally observed between the samples containing PEUs at 1 and 3% w/v 

concentrations. These data confirmed the previous hypothesis on the importance of low PEU/CD 

mass ratio in allowing the formation of more stable SM hydrogel networks. The total amount of 

encapsulated Cur within the hydrogels (i.e., 80 μg ml-1) was cumulatively released over time, thus 

indicating that no significant degradation phenomena of Cur occurred during release tests. It is 

likely that the contribution of CDs and PEU-based micelles as drug carriers was highly important 

for the chemical stability of Cur in alkaline pH over time. 
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Figure 19 – Cur release profiles as a function of incubation time for CHP407- (a, blue), SHP407 (b, orange) 

and BLEND-based (c, purple) SM gels. PEU 1% - CD 10% (dashed line) and PEU 3% - CD 10% 

(continuous line) are represented for each PEU. 

5. Conclusions 

In this Chapter of the work, a library of novel PEU-based SM hydrogels (and their blends) was 

developed. Indeed, the already optimized and reliable PEU synthesis process was exploited to 

produce newly engineered PEUs. Two amphiphilic triblocks were selected for their different 

chemical properties: P407 and F68. The other reagents (i.e., HDI, CDM and NBoc) were chosen 

with the aim to improve the domain of available parameters to tune the final properties of hydrogel 

systems. In this regard, all PEUs were characterized by a peculiar ability to form PPR-based 

structures depending on their hydrophobic character. P407-based PEUs (CHP407, NHP407 and 

SHP407) showed the highest yields in terms of PPR self-assembly and crystallization. Conversely, 

F68-based PEUs (NHF68 and SHF68) showed low crystallization yield and slow gelation kinetics, 

despite their higher PEO content (i.e., 80% wt) and lower molecular mass (approx. 20% lower 

than P407-based PEUs), which were expected to enhance PPR-based network formation. Probably 

because of the additional steric hindrance of pendant Boc groups, NHF68 resulted to be not 

suitable for the development of stable PPR-based SM networks. In this regard, such different 

behavior could be ascribed to the overall composition of PEU backbones. Indeed, since the here-

developed PEUs were characterized by a multi-block configuration, their responsiveness could be 

attributed to relevant intermolecular interactions. On the basis of this hypothesis, the presence of 

hydrophobic domains (i.e., PPO, HDI and CDM) and their properties (i.e., PPO block length and 

overall content) were elemental parameters for the stabilization of the resulting polymeric 

networks and then PPR formation through CD threading along the polymer chains. The formation 

of PPR-based channel-like crystals was proved through XRD crystallography, FTIR-ATR and 1H-

NMR spectroscopies. Then, SM hydrogels were designed containing PEUs at low concentration 

(i.e., ranging from 1 to 5% w/v) and CDs at 10% w/v. In order to further investigate the potential 

of PEUs as constituting polymers of SM hydrogels, systems based on blends of CHP407 and 

SHF68 were also designed (BLEND samples, containing CHP407 and SHF68, 80:20 mass ratio). 

The complete plethora of SM hydrogels was represented by CHP407, SHP407 and BLEND 

samples, which were tested in terms of gelation kinetics, rheological properties, stability in 

physiological-like watery environments and cytocompatibility. All the developed hydrogel 

systems were characterized by good stability when incubated in contact with PBS at 37 °C, 

showing the ability to maintain their shape while releasing potential drug carriers (i.e., free CDs 
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and PEU aggregates). However, the SM hydrogels characterized by the lowest PEU/CD ratio (i.e., 

1% w/v PEU concentration) turned out to be highly stable and comparable to the systems 

containing PEUs at concentrations three- to five-fold higher (i.e., 3 and 5% w/v). Thence, it was 

hypothesized that the SM development was enhanced at low PEU content, thus further confirming 

their suitability for the interaction with CDs to form PPR-based networks, despite their high molar 

mass. This achievement was generally notable. Indeed, the reduction of the required amount of 

synthetic polymer to produce stable SM hydrogels represents an important target for the design of 

drug delivery systems. Nonetheless, the mechanical properties were significantly improved 

through the design of hydrogels containing a higher PEU content (5% w/v) opening the way to the 

possibility to design self-healing hydrogel systems characterized by elastic moduli over 104 Pa, 

which is relevant for physical networks at low polymer content. The resulting mechanical response 

(i.e., thixotropic behavior and self-healing ability) made the here-developed hydrogels suitable for 

injection through conventional syringes and needles. Moreover, the SM networks based on PEUs 

did not show any cytotoxic effects according to ISO 10993 guidelines. 

Then, curcumin was easily integrated at high concentration (i.e., 80 μg ml-1) within SM hydrogels 

by exploiting its complexation with CDs and no relevant detrimental effects were observed in 

mechanical terms. In vitro tests showed highly tunable and progressive release kinetics of the total 

curcumin payload, thus potentially preserving the bioavailability of such natural drug. 

Finally, it can be concluded that this study further highlighted the suitability of properly 

synthesized PEUs as raw materials to develop engineered drug delivery systems for regenerative 

medicine. Generally, the most relevant features of the here-designed systems can be individuated 

in the wide tunability of the final properties of the hydrogel systems relying on the important 

possibility to functionalize PEUs. In fact, these synthetic polymers were able to exert their specific 

behaviors at remarkably low contents. Indeed, slight variations on PEU composition and hydrogel 

formulation can result in a relevant modulation of physical and mechanical properties. The 

possibility to easily design hydrogels containing a high payload of poorly bioavailable drugs 

represents an interesting feature for future applications. In order to better investigate the general 

suitability of PEU-based SM systems for regenerative medicine, two case studies were also carried 

out, as reported in the following Chapters of this work. 
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Section 2 – Chapter 2.5 – Case Study I: release studies of 

ciprofloxacin, a hydrophilic antibiotic drug for the treatment of 

infections 

1. Abstract 

The presence of acute or chronic infections can importantly hinder the process of reparation of 

tissues and organs. The effective resolution of these pathologies is highly dependent on the 

methodology of administration of antibiotic drugs. In this regard, the application of injectable 

hydrogels for the local delivery of antibiotics is a promising strategy for regenerative purposes. 

Indeed, such an approach would enhance the therapeutic action of antibiotic drugs, while reducing 

their systemic adverse effects. In this Chapter, a specific application of a custom-made PEU was 

investigated with the aim to provide a proof-of-concept of the suitability of the synthetic polymers 

developed in the present work for the design of versatile drug delivery hydrogel platforms. In 

particular, CHP407 PEU was utilized for the design of SM hydrogel systems containing 

ciprofloxacin, which is a powerful antibiotic, showing bactericidal action against a wide spectrum 

of micro-organisms. Ciprofloxacin (i.e., 20 and 40 μg ml-1) was successfully encapsulated within 

SM hydrogels at low CHP407 concentration (i.e., 1% w/v) and CD content at 10% w/v. The effects 

of drug loading on hydrogel gelation process were qualitatively evaluated by tube inverting tests 

and a significant increase of gelation time (up to 33%) was observed. Release studies were 

performed in physiological-like conditions (i.e., PBS, 37 °C) and showed progressive release 

profiles of ciprofloxacin within the therapeutic window up to 3 days, when complete dissolution 

of hydrogel systems was concurrently observed. Moreover, 100% of total payload was quantified 

after release studies, thus indicating a good chemical preservation of ciprofloxacin. 

Graphical Abstract 

 

2. Introduction 

Ciprofloxacin is a powerful antibiotic drug that shows evident bactericidal effects. It belongs to 

the class of fluoroquinolones and is the most effective one against gram-negative bacteria (e.g., 
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Pseudomonas aeruginosa, Escherichia coli, Enterobacteriaceae, Shigella spp. and Salmonella 

spp.). Its chemical structure is reported in figure 1. 

 

Figure 1 – Chemical structure of ciprofloxacin, a fluoroquinolone. 

However, ciprofloxacin shows toxicity also against gram-positive bacteria. Its mechanism of 

action is based on the inhibition of DNA replication by interacting with DNA topoisomerase and 

gyrase. For these reasons, ciprofloxacin and generally fluoroquinolones are widely used for the 

treatment of infection of urinary and gastrointestinal ducts, as well as for respiratory tracts and 

skin. Moreover, ciprofloxacin is used for the treatment of sexually transmitted diseases and chronic 

osteomyelitis.1,2 It has also been observed that ciprofloxacin can exert anti-proliferative and 

apoptotic effects on neoplastic cells, such as osteosarcoma and leukemia cells.3 Moreover, Aranha 

and co-workers observed that ciprofloxacin acts as therapeutic agent for transitional cell carcinoma 

of the bladder.4 Thence, an unquestionable efficacy of such antibiotic drug even for the treatment 

of tumors has been demonstrated and a lower general toxicity was observed with respect to other 

chemotherapeutic drugs.5 Ciprofloxacin has a general bioavailability around 70% after oral 

administration and a maximum plasma concentration ranging between 0.8 and 3.9 mg L-1 within 

2 hours (administration doses of 250 and 740 mg, respectively). Nonetheless, it is generally 

excreted almost completely unmetabolized via urine and faeces. Generally, the side effects of 

ciprofloxacin do not induce severe complications if compared to the overall beneficial activities. 

At therapeutic dosages, mild toxicity is observed in the gastrointestinal district as nausea, vomiting 

and diarrhea.6 Reactions due to skin photo-sensitivity have been also reported in some cases.1,7 

Moreover, due to the role exerted by the blood brain barrier, the brain uptake is extremely low.8 

The most severe effects have been observed after relevant administration doses as induced aseptic 

meningitis and arthritis damages.9,10 In this regard, the most important concern with the use of 

ciprofloxacin regards its application in children. Indeed, cartilage and bone damages have been 

observed in such patients.11 For all the above-mentioned controversial effects, the development of 

highly effective drug carriers, which could enhance the therapeutic activity of ciprofloxacin, 

represents a valuable strategy to elevate an already existing drug to novel and more advanced 

applications. According to such approach, innovative and cutting-edge research works are 

continuously published nowadays. For example, Mahdavinia and colleagues developed a 

nanocomposite hydrogel system based on κ-carrageenan-crosslinked chitosan/hydroxyapatite for 

the sustained release of ciprofloxacin.12 The presented device was addressed to the treatment of 

relevantly infected bone defects. The importance to avoid burst release of ciprofloxacin was 

discussed in that work and the developed system showed a sustained delivery kinetics in vitro for 
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several days. In another example, Prusty et al. designed a bioartificial nanocomposite hydrogel 

based on silver nanoparticles encapsulated into soy protein/polyacrylamide polymeric networks.13 

Highly effective antibacterial and also bactericidal effects were observed by testing the system 

against Escherichia Coli, Shigella Flexneri, Bacillus Cereus and Listeria Inuaba. Nonetheless, a 

relatively fast drug release was observed. Indeed, over 95% of the total ciprofloxacin was released 

in vitro within 6 hours. The observed fast release was ascribed to the method selected for delivery 

studies (i.e., hydrogel reswelling).  

Release studies of ciprofloxacin could be hindered by the relative solubility of ciprofloxacin. 

Indeed, such drug molecule is only soluble in acidic condition.2 In this regard, it was demonstrated 

that cyclodextrins enhance the solubilization of ciprofloxacin in a wider range of aqueous 

environments through the formation of inclusion complexes. Aithal and Udupa conducted a 

pioneering study on the complexation between ciprofloxacin and β-CDs, thus suggesting the use 

of the resulting supramolecular structures rather than the drug as such.14 In the work conducted by 

Rajendiran and colleagues, the evaluation of self-assembly between α- and β-CDs and 

ciprofloxacin was studied through UV-Vis, IR and 1H-NMR spectroscopies.15 Moreover, 

computational studies were also conducted to better clarify the physical compatibility existing 

between these molecular entities. They observed that α- and β-CDs differently interacted with the 

drug molecules due to their specific cavity diameters. Nonetheless, both of these cyclic molecules 

were able to form stable inclusion complexes with ciprofloxacin, thus enhancing solubility and 

stability of such drug. Macocinschi and colleagues developed an engineered film system based on 

a polyurethane and β-CDs for the controlled release of ciprofloxacin.16 The formation of drug-

containing composite films was studied and characterized, revealing an enhanced activity of 

released ciprofloxacin from the developed devices. A similar idea is also reported in the study 

conducted by Masoumi et al., who developed PCL-based nanofibers encapsulating inclusion 

complexes between cyclodextrins (i.e., α- and β-CDs) and ciprofloxacin.17 Physico-chemical 

studies demonstrated the formation of proper inclusion complexes between the cyclic molecules 

and the drug. Then, such supramolecular structures were encapsulated into PCL-based nanofibers 

and release studies were conducted, showing controlled release profiles of the drug. 

As demonstrated in the above-mentioned works, supramolecular complexes obtained from 

intramolecular interactions represent valuable systems for the development of promising strategies 

for drug release. On the basis of this knowledge, in this part of the work PEUs were investigated 

as constituents of SM gels encapsulating ciprofloxacin. In detail, CHP407 PEU was selected as 

synthetic counterpart of SM gels due to its better gelation properties and mechanical response with 

respect to the other investigated PEUs in previous Chapters. The lowest analyzed concentration of 

CHP407 (i.e., 1% w/v) was used for the design of the novel antimicrobial systems. Qualitative 

evaluation of gelation properties upon encapsulation of ciprofloxacin at various concentrations 

was conducted and release kinetics were studied via gel incubation in contact with aqueous 

environment mimicking physiological-like conditions (i.e., pH 7.4, 37 °C). The implementation 

of Korsmeyer-Peppas drug release model was exploited to better understand the kinetics of drug 

release and a comparative evaluation with respect to the previous hydrogel systems encapsulating 

curcumin was conducted. 
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3. Materials and Methods 

3.1 Materials 

For this study, CHP407 was synthesized as reported in the previous Chapters and utilized as PEU 

for the development of ciprofloxacin-loaded SM hydrogels for its superior ability to form PPR-

based networks. Ciprofloxacin (Cip) and phosphate buffered saline (PBS, pH 7.4) were purchased 

from Sigma Aldrich (Milan, Italy), while α-CDs (from now on simply indicated as “CDs”) were 

purchased from TCI Chemicals Europe (Zwijndrecht, Belgium). 

3.2 Preparation of SM hydrogels encapsulating ciprofloxacin and qualitative evaluation of 

gelation time 

The required mass of CHP407 was solubilized into Bijou sample containers (17 mm inner 

diameter, Carlo Erba Reagents, Milan, Italy) in PBS at 3 °C overnight. Then, precise volumes of 

a clear solution of CDs at 14% w/v concentration and a solution of Cip (1 mg ml-1) prepared in 

HCl (0.1 M) were added to the previously prepared CHP407-based solutions, thus obtaining the 

final hydrogel formulations composed of CHP407 at 1% w/v, CDs at 10% w/v and Cip at 20 and 

40 µg ml-1 concentrations. Gelation time was evaluated through tube inverting test according to 

the protocol reported in the previous Chapter 2.2. 

3.3 Release studies of ciprofloxacin 

CHP407 1% - CD 10% samples (1 ml in Bijou sample containers with 17 mm inner diameter) 

containing Cip at 20 and 40 μg ml-1 were acclimatized for 15 minutes at 37 °C. Then, PBS (1 ml, 

37 °C) was gently added to each sample and at precise time frames (1, 2, 3, 6, 24, 30, 48 and 72 

hours) the elutes were withdrawn and analyzed using a UV-Vis spectrometer (Perkin Elmer 

Lambda 25 UV/Vis spectrometer, Waltham, MA, USA) by quantifying the absorbance peak at 

270 nm. Three samples were prepared for each condition and data are reported as mean ± standard 

deviation. Reference curves were obtained from standard Cip samples with concentration in the 

range between 1 and 10 μg ml-1 and in the presence of CDs at various contents (0, 1, 2.5, 5 and 

10% w/v) in order to evaluate the contribution of possible supramolecular interactions to Cip 

quantification. Korsmeyer-Peppas model was implemented as reported in previous Chapters 

(Equation 4, Section 2 – Chapter 2.4 – Materials and methods – Curcumin encapsulation and 

release studies) to evaluate the involved mechanism of drug delivery. 

4. Results 

The encapsulation of Cip within SM hydrogels based on CHP407 resulted in a delaying effect of 

the gelation process. Indeed, CHP407 1% - CD 10% was characterized by a gelation time at room 

temperature around 10 hours and 30 minutes, while hydrogel systems containing Cip at 20 and 40 

μg ml-1 concentration required 12 and 14 hours to complete gelation, respectively. Thence, some 

interactions between CDs and Cip probably occurred, as expected.15 However, no significant 

differences were observed in the UV-Vis spectroscopic responses obtained from standard Cip 

samples containing CDs at different concentrations ranging from 0 to 10% w/v. Figure 2 reports 
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the obtained data and the resulting linear regressions. Then, on the basis of previous data on the 

evaluation of SM hydrogel responsiveness in contact with watery environments (i.e., swelling and 

stability tests) and on the observed good stability of the involved networks, the calibration curve 

based on Cip standards not containing CDs was selected for drug quantification.  

 

Figure 2 – Calibration curves of Cip in PBS in the absence (a) and in the presence of CDs at b) 1%, c) 

2.5%, d) 5%, and e) 10% w/v concentration. A general comparison is also reported (f) to appreciate the 

slight differences that occurred among the entire domain of tested conditions. 

The spectra of Cip (0% w/v CD content) at various concentrations in PBS within the spectral range 

between 200 and 400 nm are reported in figure 3. Release profiles of Cip are reported in figure 4 

and showed highly progressive kinetics up to 100% of the encapsulated payload. In fact, no burst 

release was observed. Moreover, the calculation of Korsmeyer-Peppas parameters indicated a non-

Fickian delivery mechanism. In detail, the obtained values of n for CHP407 1% - CD 10% 
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containing Cip at 20 and 40 μg ml-1 resulted equal to 0.66 ± 0.03 and 0.69 ± 0.05, respectively. 

Interestingly, the calculated n values for Cip were not significantly different from the ones obtained 

from the release studies of Cur conducted in the previous Chapter from the same hydrogel system, 

thus indicating a consistent responsiveness of the here-designed formulations. Nonetheless, 

significantly different release rates were observed between the release profiles of Cip and Cur. In 

fact, the K values that were obtained through the implementation of the Korsmeyer-Peppas model 

were significantly greater for Cip release profiles, thus indicating a faster kinetics. In detail, K for 

the hydrogel system containing Cip resulted equal to 0.11 ± 0.02 for both Cip payloads, while K 

value for Cur-loaded hydrogels was quantified around 0.02 ± 0.006 (significant difference, p value 

=0.044). In this regard, although Cip and Cur show similar molecular mass (i.e., 331.35 Da and 

368.38 Da, respectively), Cur is characterized by a marked hydrophobicity, which could retard its 

release in watery environments, thus indicating a strong dependence of release on the progressive 

dissolution of hydrogel components (i.e., CDs and CHP407 chains). These observations further 

highlighted the suitability of PEU-based hydrogel networks to stabilize and progressively release 

encapsulated drugs with different nature (i.e., lipophilic or hydrophilic). 

 

Figure 3 – UV spectra of Cip in pure PBS at the different concentrations tested for the construction of the 

calibration curve by quantifying the peak at 270 nm. 
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Figure 4 – Release profiles of Cip from CHP407 1% - CD 10% hydrogels (1 ml) containing Cip at 20 (light 

blue) and 40 (blue) μg ml-1 concentration. 

5. Conclusions 

In this part of the work, the specific case of Cip release from PEU-based SM hydrogels was 

evaluated. For the encapsulation of such drug, CHP407 was selected to form SM networks due to 

its superior physical and mechanical properties with respect to the other PEUs investigated in the 

previous Chapters. The hydrogel formulation based on CHP407 at 1% w/v concentration resulted 

to be again suitable for the attainment of progressive release profiles of the encapsulated drug. 

These observations confirmed the important role exerted by SM networks with low PEU/CD ratios 

in the formation of highly stable and responsive hydrogels for local drug release after injection.  

This proof-of-concept study reinforced the rationale underpinning the development of functional 

hydrogels at low polymeric content. In this regard, PEUs have been demonstrated to play a pivotal 

role. Moreover, this short study further proved the high versatility of properly synthesized PEUs 

in the field of drug delivery for regenerative medicine. In fact, the here-developed systems showed 

promising features as drug carriers enhancing drug therapeutic action while simultaneously 

reducing the controversial effects and the potential interactions of hydrogel components with real 

biological environments. 
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Section 2 – Chapter 2.6 – Case Study II: encapsulation of a PEU-

based SM hydrogel within highly porous scaffolds composed of 

poly(ε-caprolactone) 

1. Abstract 

Biomedical engineering aims to develop multi-functional devices able to induce a successful 

regeneration of damaged tissues and organs. In this regard, the design of systems that combine 

drug delivery and tissue engineering represents an extremely attractive strategy. Hence, in this part 

of the work, a case study was conducted with the intention to provide a proof of concept about the 

feasibility to use a PEU-based SM hydrogel for the development of a “one-stage” regenerative 

approach resulting from its integration into a porous matrix. To this aim, SHP407 PEU was 

selected for the production of SM hydrogels. Indeed, such PEU is characterized by the presence 

of free primary amino groups that can enhance network responsiveness in acidic milieus, which 

distinguish acute inflammation and tumor environments. 3D-porous scaffolds were produced 

through a simple and conventional method (i.e., salt-leaching) using poly(ε-caprolactone) (�̅�𝑛 80 

kDa) as forming material. The implementation of this technique allowed the preparation of 

homogeneous and highly porous systems (up to 89% interconnected porosity). Plasma treatment 

was performed on the resulting scaffolds in order to improve surface hydrophilicity and hydrogel 

loading. Hydrogels containing SHP407 at 2% w/v and CDs at 10% w/v were selected as a good 

compromise between good mechanical properties and low PEU content. In this regard, rheological 

characterizations showed that hydrogels composed of PEU at 2% w/v concentration exhibited 

significantly better mechanical properties when compared with formulations containing the same 

polymer at 5% w/v (up to 30% higher G’ values for hydrogels containing SHP407 at 2% w/v with 

respect to 5% w/v), thus indicating an enhanced formation of PPR-based SM network at lower 

PEU/CD mass ratios. A simple and effective method for hydrogel encapsulation within the void 

volume of scaffolds was developed by exploiting the temporal window for gelation. During this 

period, the scaffolds were immersed into a gelling mixture of SHP407 2% - CD 10% and gently 

compressed, thus resulting in a high hydrogel encapsulation yield (i.e., approx. 80%). A qualitative 

evaluation of mechanical properties through compression tests showed an enhanced mechanical 

resistance of the hybrid systems compared to virgin scaffolds at strain values over 10%. Finally, 

preliminary studies of drug release were conducted by loading a precise amount of a model 

molecule (i.e., FD4) with the hydrogel counterpart of the hybrid systems and highly progressive 

release profiles up to 48 hours were obtained in contact with physiological-like aqueous 

environments (i.e., PBS, pH 7.4, 37 °C). 
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Graphical Abstract 

 

2. Introduction 

Injectable hydrogels and solid porous scaffolds represent two elemental tools of regenerative 

medicine. In fact, reversible and injectable matrices are particularly useful to locally deliver 

pharmacological therapies, which can be addressed to various aims, such as infection treatment, 

inflammation reduction and regeneration enhancement. On the other hand, porous scaffolds are 

mainly designed to host specific cells and engineered to be bioactive, thus inducing a proper tissue 

regeneration after substrate implantation and maturation in vivo. Nonetheless, to date a wide 

number of hydrogel-scaffolds and drug-eluting scaffolds can be found in the literature, since both 

strategies show a wide domain of possibilities for property engineering and are notably overlapped 

in terms of final intent.1–3 Generally, the attainment of satisfactory properties in both the aspects 

of drug release and scaffold maturation is not trivial. An interesting and alternative approach 

consists in developing single-stage devices based on both solid scaffold and water-based hydrogels 

to exert a dual function. Indeed, such hybrid systems are generally designed to initially deliver 

therapeutic agents to treat the involved pathologies; subsequently, the scaffold aims to regenerate 

the tissues by exerting its bioactivity. It is clear that the complexity of such systems represents a 

hindering element for the overall development and validation for real clinical uses. However, 

extremely important advantages can be attributed to this approach. In fact, the possibility to include 

a therapeutic potential and a bioactive functionality within a single device could allow a significant 

reduction of both the invasiveness of multiple surgeries and hospitalization periods, thus 

alleviating the overall impact on the involved patients. Thence, the rationale underpinning the 

development of these relatively complex hybrid devices can be considered notably valid. In this 

regard, it is possible to find various examples in the literature finalized to the design of highly 

engineered hybrid systems. For instance, Hernandez and co-authors developed a hybrid system 

based on a 3D-printed PCL gyroid containing a composite hydrogel system formulated with 

alginate, gelatin and nano-hydroxyapatite.4 The soft gel component of this system was exploited 
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to encapsulate human mesenchymal stem cells with the aim to induce an effective regeneration of 

bone tissue. The overall effectiveness of this device was demonstrated by evaluating the induced 

biomineralization and hydrogel dissolution through in vitro tests. A similar approach was reported 

by Gupta et al., who developed a 3D-printed PLA monolith impregnated with a dual crosslinked 

hydrogel network based on alginate and collagen.5 The hydrogel network was stabilized through 

ionic crosslinking and the formation of reversible Schiff-base domains. Chondrogenic 

differentiation of human stem cells was evaluated through in vitro tests, while in vivo implantation 

demonstrated good biocompatibility and suitability for meniscal regeneration. A different 

approach was illustrated by Ilomuanya and co-workers.6 In brief, PLA-based scaffolds were 

produced through electrospinning and loaded with hydrogels composed of hyaluronic acid 

encapsulating valsartan and ascorbic acid. A set of studies conducted in vitro demonstrated the 

progressive release of valsartan as potential wound healing co-factor, while in vivo evaluations 

showed enhanced re-epithelization induced by this hybrid device. 

The entire set of these recent studies highlights the general interest of the research community in 

the development of particular systems sharing the same hybrid nature. Thence, in this part of the 

work, a different typology of single-stage device was developed as a further proof of the versatility 

of the here-developed supramolecular hydrogels based on custom-made PEUs. In detail, by 

exploiting an easy protocol based on salt leaching, highly porous scaffolds composed of PCL were 

produced and physically characterized. In order to increase scaffold surface hydrophilicity, argon 

plasma treatment was carried out. Then, SHP407 was selected for the production of SM hydrogels 

due to its responsiveness in water-based environments and ability to exert a pH-sensitive 

behavior.7 A physical characterization in general terms was conducted on SHP407-based 

hydrogels by qualitatively evaluating gelation kinetics and performing rheological tests. Hydrogel 

encapsulation was conducted through gentle compression of PCL-based scaffolds within gelling 

solution of SHP407 and CDs. A preliminary mechanical characterization of the hybrid systems 

was conducted through compression tests to evaluate the effects of the loaded SM hydrogel on the 

overall mechanical behavior. Finally, release kinetics of a drug model molecule (i.e., FD4) from 

SHP407-based hydrogels loaded within the porous scaffolds was evaluated to assess the suitability 

of these newly designed hybrid systems for regenerative pharmacology applications. 

3. Materials and Methods 

3.1 Materials 

PCL (�̅�𝑛 80000 Da) and sodium chloride were purchased from Sigma Aldrich (Milan, Italy). CDs 

were purchased from TCI Chemical Europe (Zwijndrecht, Belgium). All solvents were obtained 

from Carlo Erba Reagents (Milan, Italy). SHP407 was produced from NHP407, which was 

synthesized as reported in Section 2 – Chapter 2.2 – Materials and methods – Synthesis of PEUs, 

and subjected to Boc group cleavage as indicated in Section 2 – Chapter 2.4 – Materials and 

methods – De-protection of N-Boc serinol-based PEUs. 
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3.2 Preparation of PCL-based porous scaffolds through salt-leaching technique 

For the preparation of highly porous PCL-based scaffolds, the polymer was solubilized in 

chloroform at a concentration of 30% w/v. In parallel, NaCl was sieved (particle diameter ranging 

between 250 and 500 μm). Then, 2 g of PCL solution at 30% w/v were transferred into a 20 ml 

beaker and 8 g of sieved NaCl were added. The mixture was manually homogenized using a 

spatula, transferred into a syringe (5 ml, outlet diameter equal to syringe barrel) and compacted. 

Then, glass cylindric molds (10 mm inner diameter, 15 mm height) with reference marks were 

filled with the prepared paste (approx. 0.5 ml). The cut-off end of the syringe was used to extrude 

the paste and then the samples were stabilized within the mold through gentle compression using 

a 5 ml syringe plunger. The samples were maintained under a fume hood overnight to ensure the 

complete evaporation of chloroform. Finally, the obtained samples were immersed in excess 

distilled water for 5 days to leach out the porogen (i.e., NaCl) and dried for 48 hours under a fume 

hood.  

3.3 Plasma treatment of PCL-based porous scaffolds 

Plasma treatment was exploited to improve the hydrophilicity of PCL-based scaffolds. The 

presence of polar domains generally enhances and improves the interaction of biomaterials with 

biological environments (e.g., cell adhesion and proliferation).8,9 In addition, it can even enhance 

water-based hydrogel encapsulation within the void volume of porous scaffolds. To this aim, 

surface etching was performed through argon (Ar) plasma to induce the formation of polar 

chemical domains. A standard procedure was conducted to this aim. In detail, one batch of PCL-

based scaffolds was loaded into a plasma reactor (Diener electronic, Ebhausen, Germany). A 

supply of Ar gas was conducted for 10 minutes at a pressure of 0.27 mbar. Then, the surface 

etching procedure was conducted at 50 W direct power supply for 15 minutes. For each batch, the 

entire process was repeated twice by rotating upside down the samples in order to treat all scaffold 

surfaces. 

3.4 Characterization of PCL-based morphology 

The fabricated scaffolds were geometrically characterized by measuring their diameter and height 

(three measurements were performed). The resulting scaffold density (𝜌𝑝𝑜𝑟𝑜𝑢𝑠 𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑) was 

calculated by dividing the obtained cylindrical volume by its measured mass and the overall 

porosity (%) was calculated as indicated in equation 1. 

𝑝 = (1 −  
𝜌𝑝𝑜𝑟𝑜𝑢𝑠 𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑

𝜌𝑏𝑢𝑙𝑘 𝑃𝐶𝐿
) × 100  Eq. 1 

in which 𝜌𝑏𝑢𝑙𝑘 𝑃𝐶𝐿 indicates the density of bulk PCL (1.145 g cm-3).10 Two batches consisting in 

10 scaffolds each were produced in order to evaluate the repeatability of the process. 

A qualitative evaluation of the presence of residual porogen and the resulting pore morphology 

was conducted through optical microscopy using an inverted microscope (Leica DM IL LED, 

Leica Microsystems, Milan, Italy). Analyses were conducted on scaffold sections obtained through 

rigid slicing at extremely low temperatures (i.e., immediately after removal from 1 minute 

immersion in liquid nitrogen). 
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3.5 SHP407-based SM hydrogel formulation, preparation, and qualitative evaluation of 

gelation time 

For this study, SHP407 was selected for its enhanced responsiveness in aqueous environments due 

to the presence of free primary amines as pendant groups. Indeed, in previous studies SHP407 

PEU resulted to be suitable for the design of pH-responsive and thermo-sensitive hydrogels for 

advanced applications in drug delivery,7 in addition to the promising results discussed in Chapter 

2.4 regarding the formation of PPR-based gel systems. SM hydrogels were formulated containing 

SHP407 at 2% w/v and CDs at 10% w/v concentrations according to the protocol described in 

previous Chapters dedicated to SM hydrogel preparation. In this case, the higher PEU content (2% 

w/v) with respect to previous studies (i.e., 1% w/v) was selected to enhance the interaction of 

hydrogel polymer chains with the polymeric surface of PCL-based porous scaffolds and confer 

superior mechanical properties to the resulting hybrid system. Gelation time was qualitatively 

evaluated as indicated in the previous protocols through tube inverting test of hydrogels samples 

(1 ml) prepared in Bijou sample containers (17 mm inner diameter, Carlo Erba Reagent, Milan, 

Italy) and incubated in isothermal conditions (i.e., 25 °C). 

3.6 Rheological characterization of SHP407-based hydrogels 

In order to characterize the mechanical response of the here-formulated SHP407-based hydrogel, 

a set of rheological tests was conducted (i.e., frequency sweep, strain sweep and self-healing tests) 

at various temperatures (i.e., 25 and 37 °C) as indicated in the previous Chapter (Section 2 – 

Chapter 2.2 – Materials and method – Rheological characterization). 

3.7 SM hydrogel loading within PCL-based scaffolds 

The integration of SHP407-based hydrogels within the porous PCL scaffolds composed was 

carried out through simple immersion and compression of the solid systems into a self-assembling 

solution of SHP407 and CDs. In detail, a storage solution of SHP407 2% - CD 10% was prepared 

as previously indicated. Then, 1 ml of this mixture was transferred into a Bijou sample container 

(17 mm inner diameter, Carlo Erba Reagents, Milan, Italy) and one scaffold was inserted after 

weight measurement. The permeation of the gelling solution within the porous network was 

enhanced through gentle compression of the immersed scaffold using a syringe plunger 

(conventional syringe, 5 ml volume capacity). Complete gelation of the loaded SM mixture was 

ensured through incubation for 48 hours at room temperature (i.e., 25 °C). Finally, the obtained 

hybrid systems were removed from sample containers and weighted to evaluate the theoretical 

hydrogel loading within the solid scaffolds referring to the void volume defined from scaffold 

porosity. 

3.8 Evaluation of mechanical properties  

Preliminary compression tests were conducted as indicated in the work performed by Guarino and 

co-authors with slight modifications.11 In detail, plasma-treated PCL-based scaffolds loaded with 

SHP407 2% - CD 10% were tested using an MTS Q-Test 10 device (MTS, USA) equipped with 

two parallel plates and a 500 N load cell. The tests were conducted at a deformation speed of 1 
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mm min-1 (sampling frequency equal to 1 Hz) up to 20% of total height at room temperature (25 

°C). Three hybrid samples were prepared by integrating SHP407-based SM hydrogels within PCL-

based scaffolds and three control samples were also produced by repeating the same loading 

procedure with simple PBS rather than gelling solutions. 

3.9 Release kinetics of FD4 from hybrid scaffold systems encapsulating SM hydrogels 

Release studies of FD4-loaded hydrogels encapsulated within PCL-based scaffolds were 

conducted in physiological-like conditions (i.e., through immersion in PBS, pH 7.4, 37 °C). In 

detail, hybrid samples were prepared as reported before through the loading of self-assembling 

SHP407- and CD-based solutions containing a precise amount of FD4. Then, FD4-loaded hybrid 

systems were transferred into a 24 well-plate and acclimatized at 37 °C for 15 minutes. In order to 

avoid evaporation phenomena and consecutive dehydration of samples, free wells were filled with 

bi-distilled water (37 °C). Then, 0.5 ml of PBS (37 °C) were added to the samples. At predefined 

time steps (2, 4, 6, 24, 30 and 48 hours) the eluates were collected and fully refreshed with new 

PBS. The obtained samples were centrifuged at 4500 rpm for 10 minutes at 15 °C with the aim to 

remove any SM structures in suspension that could induce optical interference. 200 μl of each 

sample were transferred into a 96-well plate and FD4 quantification was performed utilizing a 

plate reader (Victor X3, Perkin Elmer) by evaluating the absorbance of the samples at 490 nm and 

referring to a curve obtained from FD4 standards prepared in PBS at concentration ranging 

between 0 and 1 mg ml-1. 

4. Results 

4.1 Physical evaluation of PCL-based scaffolds 

The main physical parameters of PCL-based scaffolds belonging to two different batches are 

reported in table 1. Interestingly, the investigated parameters (i.e., volume, density, and porosity) 

were characterized by low variability within the same batch and the main difference between the 

two batches was represented by scaffold height (i.e., approx. 20% difference). Such outcome can 

be ascribed to the intrinsic variability related to the extrusion process of the paste into the mold. 

Nonetheless, these results suggested a solid procedure for scaffold preparation with highly 

repeatable physical properties. Indeed, the obtained values of porosity were statistically identical 

among the two batches (i.e., 89.2-89.3%). Figure 1 shows scaffold morphology as evidenced 

through optical microscopy. 

Table 1 – Main physical parameters characterizing PCL-based scaffolds belonging to two different batches 

(10 scaffolds each).  

 Batch 1 Batch 2 

Volume (ml) 0.45 ± 0.03 0.56 ± 0.02 

Density (g cm-3) 0.125 ± 0.006 0.123 ± 0.006 

Porosity (%) 89.2 ± 0.5 89.3 ± 0.5 
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Figure 1 – Optical microscope image of the resulting porosity that characterized PCL-based scaffolds. It 

is possible to observe the typical pore morphology derived from the cubic structure of NaCl crystals. No 

residual particles of porogen were detected. 

4.2 Rheological characterization of SHP407-based hydrogel 

A formulation based on SHP407 at 2% w/v and CDs at 10% w/v concentrations was selected as a 

compromise between low content of synthetic polymer and mechanical properties. Indeed, a 

relevant increment of mechanical properties was expected by increasing PEU concentration from 

1 to 2% w/v, while maintaining the overall synthetic content relatively low. Gelation time of 

SHP407 2% - CD 10% turned out to be around 3 hours, which represented a suitable temporal 

window for further manipulation in view of hydrogel encapsulation within the porous scaffolds. 

In order to characterize the mechanical responsiveness of the resulting SHP407 2% - CD 10% 

hydrogel system, a general set of rheological tests was conducted (i.e., frequency sweep tests at 25 

and 37 °C, strain sweep and self-healing tests at 37 °C). The results are entirely reported in figure 

2.  
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Figure 2 – Rheological characterization of SHP407 2% - CD 10%. Frequency sweep tests at a) 25 °C and 

b) 37 °C, c) Strain sweep test at 37 °C, and d) recovery tests at 37 °C are reported, representing G’ (orange 

continuous lines) and G” (light orange dashed lines) trends. 

SHP407 2% - CD 10% showed the typical responsiveness of a fully developed and self-healing 

hydrogel network. Indeed, no crossover points between G’ and G” were observed within the entire 

range of investigated frequencies and temperatures (i.e., 25 and 37 °C), as illustrated in figure 2a 

and 2b. Self-healing ability was demonstrated by alternating recovery (0.1% strain) and rupture 

(100% strain) phases over time. In this regard, an overall recovery of starting G’ around 88% was 

observed after three complete rupture cycles. Interestingly, the investigated formulation resulted 

to be a remarkably good compromise between PEU content and mechanical properties. In fact, G’ 

values greater than the ones that characterized formulations containing higher SHP407 contents 

were observed. In detail, SHP407 2% - CD 10% showed G’ around 20 kPa at 37 °C and 100 rad 

s-1, while in the same conditions SHP407 5% - CD 10% hydrogel was characterized by G’ 

approximately equal to 15 kPa, as assessed in Chapter 2.4. This interesting result further reinforced 

our previous hypothesis that SM network formation enhances with decreasing PEU/CD mass 

ratios. It could be additionally deduced that the PEU concentration domain ranging between 1 and 

3% w/v corresponded to the best condition in terms of SM hydrogel development through a 
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maximization of the interaction between PEU and CDs. In detail, the specific PEU concentration 

of 2% w/v resulted in a significant improvement compared to 1 % w/v. Indeed, a four-fold increase 

in G’ was observed in SHP407 2% - CD 10% with respect to SHP407 1% - CD 10%, thus 

confirming the above-mentioned hypothesis and indicating that the SHP407concentration of 2% 

w/v represented a better enhancing condition for the development of SM structures based on PPRs.  

4.3 SM hydrogel loading within PCL-based scaffolds and investigations of the mechanical 

properties of the resulting hybrid systems 

The encapsulation of SHP407 2% - CD 10% was conducted at room temperature (25 °C) in a 

specific temporal window, in which the solution is characterized by low viscosity (i.e., 

immediately after mixing of PEU and CD components). Scaffolds belonging to batch 1 were 

selected for these studies. Simple immersion of scaffolds into gelling solutions did not result in an 

acceptable loading yield (i.e., <10%). Differently, the addition of a slight compression resulted in 

relatively high hydrogel encapsulation yield within the solid structures. In detail, an encapsulation 

yield around 80 ± 4 % was obtained for plasma-treated samples, while 50 ± 13 % resulted from 

the application of the same method on native scaffolds. This result suggested a successful 

enhancement of surface hydrophilicity on plasma-treated PCL-based scaffolds. Mechanical tests 

were performed on samples belonging to batch 2. Each sample was investigated by measuring its 

mass to ensure a hydrogel encapsulation yield around 80%. Figure 3 reports the trends of 

compressive stress-strain curves of the scaffolds loaded with either SM hydrogel or simple PBS 

for comparative purposes. 

 

Figure 3 – Mean stress-strain curves of scaffolds encapsulating pure PBS (red continuous line) and SM 

hydrogels (blue continuous line). Dotted lines delimitate the respective upper and lower curves deduced by 

the calculated standard deviations. 

A good curve repeatability was observed, thus indicating that the utilized method for hydrogel and 

PBS loading within the produced scaffolds was reliable. Interestingly, this characterization showed 

that the two different systems behaved similarly within a specific domain of applied compressive 

strain (i.e., up to 5% strain). Then, higher stress values were recorded for the scaffold systems 

encapsulating SHP407 2% - CD 10% at equal strains with respect to the control samples. This 
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marked resistance to applied deformation suggests a probable hardening effect induced by the 

loaded SM hydrogels within the void volume of PCL-based scaffolds. Thence, the encapsulated 

SM hydrogel systems most likely induced an improvement in the overall mechanical response of 

the hybrid scaffolds, as expected. Nonetheless, this study represented only a superficial 

investigation on the potential role of SM networks in forming more complex hybrid systems with 

solid and porous scaffolds. Further characterizations are thus needed to validate these preliminary 

observations in mechanical terms.  For instance, it could be useful to investigate the general 

mechanical response as a function of strain rate. In this regard, it could be envisaged that higher 

mechanical resistance and fragility could be observed with increasing strain rate. 

4.4 Release studies of FD4 from hybrid hydrogel-scaffold systems 

The encapsulation of FD4 within the developed hybrid systems was based on the previously 

obtained results regarding hydrogel loading yield within the void volume of porous scaffolds. In 

detail, according to the obtained hydrogel loading yield (i.e., around 80%), FD4 was solubilized 

into CD solutions (14% w/v concentration) in order to obtain a final FD4 content within the hybrid 

system equal to 0.75 mg. Thence, the gelling solution was formulated containing FD4 at 2.35 mg 

ml-1. The resulting release profile of FD4 evaluated in physiological-like conditions (i.e., PBS, 37 

°C) is reported in figure 4.  

 

Figure 4 – Release profile of FD4 from hybrid systems composed of PCL-based scaffolds encapsulating 

FD4-loaded SM hydrogels (SHP407 2% - CD 10%). 

A progressive trend of FD4 delivery from the hybrid systems was observed and the process was 

sustained up to 48 hours incubation, when 100% of theoretical FD4 was delivered. This datum 

confirmed the reliability of hydrogel loading process within the porous scaffolds. The gradual 

nature of FD4 release profile can be further clarified by observing the images in figure 5. In fact, 

the hydrogels were released through their continuous erosion from the external surfaces to the 
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inner core of the hybrid systems. It is important to highlight that this process could be enhanced 

by the intrinsic nature of the in vitro release tests, which were conducted by placing the samples 

in direct contact with a watery environment having a comparable volume. However, no burst 

release behavior was observed even in the case of FD4 which is a highly hydrophilic molecule, 

thus indicating a good integration of the hydrogel systems within the scaffolds and thus a relevant 

stability of the resulting hybrid platforms. 

 

Figure 5 – Hybrid systems based on PCL scaffolds and SM hydrogels (SHP407 2% - CD 10%) 

encapsulating FD4 at a) 0 and b) 6 hours incubation in contact with PBS at 37 °C. The erosion of loaded 

hydrogels is clearly indicated by the progressive formation of a white corona from the external surface of 

the hybrid systems. 

5. Conclusions 

In this study, a new particular application of SM hydrogels was evaluated, namely their potential 

integration into 3D porous matrices aiming to the design of hybrid systems for regenerative 

pharmacology application. In detail, a SM hydrogel based on PEUs was successfully encapsulated 

into the void volume of PCL-based porous scaffolds produced through salt-leaching technique. In 

this regard, a reliable method for the production of highly porous scaffolds composed of PCL was 

implemented and allowed the production of highly homogeneous systems. Moreover, plasma 

treatment was exploited to increase surface hydrophilicity and potential biocompatibility of the 

supports for 3D cell culture. Then, with the aim to minimize synthetic polymer concentration 

within the hydrogel while improving mechanical properties, a hydrogel containing SHP407 at 2% 

w/v and CDs at 10% w/v concentrations (i.e., SHP407 2% - CD 10%) was formulated and 

thoroughly characterized. The gelation window of around 3 hours was exploited to load such 

hydrogel into PCL-based scaffolds and the resulting encapsulation yield indicated a relevant role 

of plasma treatment in enhancing the hydrogel loading phase. Moreover, improved mechanical 

properties were preliminary observed on hybrid systems with respect to reference samples 

encapsulating simple water-based saline solution (i.e., PBS). In this regard, a proof of concept on 

the idea of improving mechanical properties of polymeric scaffolds through the integration of SM 

PEU-based hydrogels was provided, although more specific and exhaustive mechanical 

characterizations are needed in order to better clarify the role of such water-based networks 

integrated within remarkably stiffer solid structures. Nonetheless, SM hydrogels showed a huge 

potential towards the development of highly engineered and multi-functional devices for 
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regenerative medicine based on the synergistic role of drug delivery and tissue engineering 

strategies. In the future, the presented approach could be extended to other specific applications 

involving particular therapeutic agents and porous scaffolds based on natural or synthetic 

polymers. Hence, this short study represented a further proof of the wide versatility of PEU-based 

SM hydrogels, which owe their good properties to reliable synthesis procedure and effective 

design.  
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Section 3  

Highly functional supramolecular and photo-curable hydrogels 

based on poly(ether urethane)s 

Outline 

This section deals with the investigation of a novel approach exploiting the dual contribution of 

supramolecular features in synergy with chemical crosslinking with the ultimate aim to design 

hydrogel networks showing even more stability and tunability compared to purely SM systems. In 

detail, the adaptability of the synthesis process to produce poly(ether urethane)s was utilized to 

design a polymer functionalized with photo-sensitive end-groups (Chapter 3.1). A complete 

physico-chemical characterization was carried out on such newly synthesized macromolecule, in 

order to assess its potential photo-sensitivity and suitability to form supramolecular hydrogels. The 

chemical features of the involved poly(ether urethane) resulted to be proper for the formation of a 

wide plethora of supramolecular hydrogels. A mannerly selection of the best formulations and the 

exploitation of α-cyclodextrins led to the possibility to integrate high dosages of curcumin within 

the developed supramolecular networks. Rheological and photo-rheological characterizations 

were conducted to evaluate the stability and responsiveness of the investigated hydrogels. Tunable 

release kinetics of such drug was achieved by means of photo-induced crosslinking. Moreover, a 

proof of concept of hydrogel printability was achieved through an extrusion-based 3D printer to 

evaluate the potential of such systems for additive manufacturing techniques and thence for the 

production of precise morphologies. A further step forward the potential development of single-

stage strategies combining drug delivery and tissue engineering was conducted in Chapter 3.2 as 

well. In detail, the designed photo-sensitive poly(ether urethane) was utilized to integrate gelatin 

methacryloyl, which is a notably bioactive natural polymer bearing photo-curable domains, within 

its deriving supramolecular network. A library of various formulations was investigated and the 

best ones were selected for the evaluation of mechanical properties and release studies of 

curcumin, thus further widening the potential of the developed multi-functional formulations in 

the regenerative medicine scenario. 
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Section 3 – Chapter 3.1 – Chemical hydrogels based on 

supramolecular architectures 

1. Abstract 

Physical and chemical hydrogels represent two wide domains of potential strategies for 

regenerative medicine applications. Generally, their natures can be considered opposite. Indeed, 

physical hydrogels are particularly suitable for the design of drug delivery systems due to their 

enhanced reversibility and responsiveness. Differently, chemical hydrogels represent the best 

strategy to produce stable supports for 3D cell cultures in the tissue engineering/regenerative 

medicine (TERM) field. In this part of the work, these two strategies have been combined with the 

aim to develop multi-functional formulations integrating into one device both drug delivery 

potential with TERM approaches. Specifically, a novel PEU was synthesized in order to form SM 

networks with CDs suitable for further photo-induced crosslinking, thus connecting the pros of 

both physical and chemical hydrogel systems and hence improving the overall network properties. 

The usual PEU synthesis process was slightly modified to perform an end-capping reaction on pre-

polymers for the grafting of methacrylate terminal groups. To this aim, 2-hydroxyethyl 

methacrylate (HEMA) was utilized to functionalize pre-polymers based on P407 and HDI, thus 

obtaining HHP407 PEU. A complete physico-chemical characterization was performed through 

ATR-FTIR spectroscopy, SEC and 1H-NMR spectroscopy to assess successful PEU synthesis. A 

lower molecular mass (�̅�𝑛 22000 Da) was calculated with respect to previous PEUs and a good 

yield of PEU functionalization through HEMA addition was achieved (i.e., up to 75%). Thermo-

responsiveness was characterized through CMT evaluation which suggested an optimized 

compromise between molecular mass and overall hydrophobicity (i.e., lipophilic block length and 

distribution). In fact, CMT values comparable to chain-extended PEUs (i.e., 19.4 °C) were 

measured. XRD and 1H-NMR spectroscopy demonstrated the satisfactory performance of 

HHP407 PEU in terms of self-assembly with CDs due to such particularly suitable polymeric 

features. These properties were translated into the possibility to produce a plethora of SM 

hydrogels with remarkably fast gelation kinetics (i.e., few minutes). Hence, novel hydrogel 

systems were developed at low PEU concentration (≤ 5% w/v) and with a 20% lower content of 

CDs (i.e., 8% w/v) with respect to the previously designed systems. Good mechanical properties 

and self-healing ability were characterized through rheological tests, while photo-sensitivity was 

evaluated through photo-rheological characterization. Fast photo-crosslinking was observed (i.e., 

within 30 seconds) for the resulting networks. A high payload of Cur (570 μg ml-1) was 

encapsulated within HHP407-based SM hydrogels and release kinetics was studied in 

physiological-simulated environment. In this regard, high tunability was allowed by hydrogel 

composition and photo-crosslinking, thus obtaining progressive Cur release up to 5 weeks. Finally, 

a preliminary evaluation of the printability of HHP407-based hydrogels was performed through 

an extrusion-based bioprinter obtaining 3D-printed structures showing good resolution and 

morphological fidelity with respect to original design. 
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Graphical Abstract 

 

2. Introduction 

Physical hydrogels are extremely interesting systems due to their marked reversibility and 

processability. Indeed, the main advantage of physically crosslinked networks is represented by 

the possibility to easily perform injection and to adapt to the external morphologies. High 

tunability is also another advantage of these systems. Nonetheless, some limitations can be 

individuated. Most importantly, the development of highly stable and durable hydrogel networks 

based on physical interactions is challenging. Indeed, a relevant number of weak crosslinks is 

necessary to properly stabilize a polymeric network in watery environments. However, the 

indispensable hydrophilicity that is required and characterizes these systems induces relevant 

absorption of fluids from the external environments. Such natural process of swelling can lead to 

a relevant mass exchange with the adjacent milieu and complete dissolution may occur within few 

days, as observed in the previous Section of this work. Although this behavior is ideal for most 

drug delivery applications, since a relevant number of therapeutic drugs is characterized by high 

hydrophobicity and low bioavailability and hence needs specific carriers to be delivered, it could 

even represent a strong limitation for the integration of biological elements (e.g., cells). This issue 

is well-known and has been widely discussed by various authors.1 A possible solution to overcome 

this relative drawback can be found in the development of chemically crosslinked networks, as 

discussed in the first Section of this work. However, low responsiveness and limited handling are 

generally correlated to this strategy.2 Moreover, chemical additives are often necessary to carry 

out the crosslinking process and hence toxic effects may be induced.3 A relatively wider approach 

consists in the integration of both the typologies of hydrogel network crosslinking aiming at 

combining the advantages of both strategies while reducing related deficiencies. In this regard, a 

proper selection of the chemical composition and the resulting physical properties are elemental 

factors to successfully develop hybrid strategies based on both chemical and physical crosslinking. 

Indeed, the tuning of physical interactions originated by the constituent polymeric units in 

combination with additional chemical crosslinking can result in highly stiff and stable hydrogels, 

as reported, for example, in the work of Li et al., in which a hydrogel system characterized by an 

elastic modulus around 5 MPa and a strength equal to 2.5 MPa was described.4 In detail, the 
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authors discussed the importance of a well-organized hydrogel network and the nature of the 

occurring interactions to provide hydrogel networks with remarkable mechanical response. In this 

work, they developed a hydrogel network stabilized through crystalline (physical) and covalent 

(chemical) domains using poly(vinyl alcohol) (PVA) to form crystallites and polyacrylamide 

(PAA) to generate chemical bonds. As a result, they obtained a hydrogel system able to show 

mechanical properties very similar to the ones of natural tissues, such as cartilage and skin. In this 

case, chemical crosslinking was pursued through overnight in situ polymerization of acrylamide 

in the presence of N,N’-methylenebisacrylamide (MBAA) and tetramethyl-ethylenediamine 

(TEMED), at room temperature. Such approach can be considered as a “macromolecular” strategy, 

in which the organization of the resulting network is based on standard intermolecular interactions. 

Nonetheless, a more sophisticated approach can be pursued, that is supramolecular self-assembly. 

In this case, the initial processability of physical hydrogels is preserved due to the notable 

adaptivity of SM networks and a subsequent in situ stabilization can be performed through 

chemical crosslinking. Indeed, it is possible to develop highly organized SM networks suitable for 

a further and fast chemical stabilization that induces mechanical strengthening and improves 

resistance to solubilization. In this regard, the chemical composition of all the components of the 

deriving hydrogel systems is even more important in terms of tuning and engineering. An 

interesting example describing this approach can be found in the work conducted by Zhao and co-

authors.5 In this case, a modified di-acryloyl block co-polymer was synthesized utilizing Pluronic 

F68 (i.e., Poloxamer 188, P188) and PCL with the aim to exploit its photo-sensitivity to ensure 

fast polymerization after complete self-assembly into PPRs with α-CDs. The resulting hydrogel 

systems were characterized by notably high mechanical properties (i.e., G’ greater than 100 kPa) 

and good responsiveness in aqueous environments. Another similar work was conducted by these 

authors utilizing the same macromer in the presence of β-CDs, thus further proving the versatility 

of properly synthesized amphiphilic polymers.6 Differently, Wei and co-workers developed an 

interesting system composed of star-shaped photo-curable macromers and α-CDs.7 In detail, they 

synthesized a methacryol-terminated PLA-b-PEG copolymer consisting in three or four arms and 

formulated SM hydrogels by adding α-CDs in aqueous solutions. The authors observed that the 

addition of photocurable domains induced an improvement in terms of mechanical strength and 

stability in aqueous environment of the deriving SM networks. Moreover, these systems showed 

a highly tunable responsiveness in watery environments and demonstrated the potentiality to reach 

values of swelling ratio up to 500% within 7 days incubation in contact with watery environments. 

The same research group developed other similar systems based on the same strategy.8,9 Although, 

over the last decade, only few research works have focused on the specific design of photo-

crosslinkable PPR-based networks, the general importance of developing shear-thinning and self-

healing hydrogels retaining the possibility of secondary crosslinking has gained a continuously 

increasing interest. Indeed, the combined possibility to easily process a hydrogel matrix that is 

intrinsically self-sustaining and then further stabilize it through fast photo-crosslinking also 

represents an extremely important feature for the development of bioinks for extrusion-based 3D 

printing. The most recent and relevant strategies underpinning this idea have been reviewed by 

Chimene and co-workers.10 Moreover, the authors discussed on the importance of mechanical 

features in order to develop highly effective and functional hydrogel bioinks. In this regard, 

supramolecular-based matrices represent one of the most promising strategies to ensure self-
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healing and shear thinning responses, which are elemental features for injection or printing of even 

cell-laden hydrogels. 

Within this scenario and on the basis of the promising results reported in the previous Section of 

this Ph.D. thesis, in this Chapter novel SM and photo-curable systems based on a properly 

synthesized PEU were developed. In detail, the previous results indicated P407-based PEUs as the 

best ones in terms of suitability for the formation of PPR-based networks with α-CDs due to their 

balanced match among molecular mass, hydrophobicity and overall macromolecular functionality 

(i.e., thermo-responsiveness) induced by chemical domains and structures. For these reasons, a 

new photo-sensitive PEU based on P407 and HDI was synthesized by end-capping the pre-

polymer chains resulting at the end of the first step of reaction through the addition of 2-

hydroxyethyl methacrylate (HEMA) instead of a chain extender. In this manner, a further 

improvement of the gelling ability of the resulting formulations was expected due to a significant 

reduction of molar mass and a concomitant preservation of the hydrophobic character derived from 

the partial polymerization reaction. A complete physico-chemical characterization was performed 

on the resulting PEU through SEC, ATR-FTIR and 1H-NMR spectroscopies. Evaluations on the 

resulting thermo-responsiveness were conducted through CMT characterization in watery 

environments. A new plethora of photo-curable SM hydrogels was designed by mixing PEU and 

α-CDs solutions and the most promising formulations were selected for rheological and photo-

rheological characterizations. The encapsulation of an extremely high payload of curcumin (i.e., 

570 μg ml-1) was performed within these novel PEU-based hydrogels and release profiles were 

obtained from physical and photo-cured hydrogels through incubation in contact with 

physiological-like environments in highly destabilizing conditions. Finally, the suitability of the 

developed formulations for rapid prototyping was evaluated through extrusion-based 3D-printing. 

Thence, the work reported in this chapter was finalized to further prove the versatility of PEU 

synthesis process as an effective tool for the production of highly functional and tunable hydrogel 

systems. Moreover, in this study the developed plethora of PEU-based SM hydrogels was further 

widened towards potential application in regenerative medicine. 

3. Materials and Methods 

3.1 Materials 

P407, HDI, HEMA, DBTDL and TSP were obtained from Merck/Sigma-Aldrich (Milan, Italy). 

α-CDs (from now on simply indicated with the acronym “CDs”) and lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP, a photo-initiator) were obtained from TCI Chemicals Europe 

(Zwijndrecht, Belgium). All solvents were obtained from Carlo Erba Reagents (Milan, Italy). 

P407, HEMA and DCE were dried as indicated in Section 2 – Chapter 2.2 – Materials and Methods 

– Materials before use for PEU synthesis. 

3.2 Synthesis of photo-sensitive PEU – HHP407 

An innovative photo-sensitive PEU was synthesized according to the same protocol reported in 

the previous Chapters with slight modifications. In detail, the first step of the reaction aiming at 
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the production of the prepolymer was conducted in the same manner. Differently, the second step 

of the reaction was characterized by the end-capping of the isocyanate-terminated prepolymer 

chains through the addition of HEMA, which indeed has only one reactive -OH group. In detail, 

HEMA was solubilized in DCE at 3% w/v and added to the reaction mixture at 2:1 molar ratio 

with respect to P407 (i.e., 1:1 molar ratio with respect to HDI). The reaction was conducted for 3 

hours at room temperature under stirring and protected from any source of light to avoid the 

occurrence of any side reaction. Then, the reaction was stopped through the addition of methanol 

(6 ml every 16 g of theoretical PEU) to passivate any exposed and unreacted isocyanate group. 

The solution containing the end-capped PEU was precipitated in petroleum ether (4:1 v/v ratio 

with respect to total DCE volume) at room temperature under vigorous agitation and in the dark. 

The supernatant was separated from the precipitated PEU, which was kept under a fume hood 

overnight to allow drying. Subsequently, the dried PEU was solubilized again in DCE at 20% w/v 

concentration and purified through precipitation in a mixture of diethyl ether and methanol (98:2 

v/v, 5:1 with respect to DCE volume) in the dark. The purified PEU was obtained through 

centrifugation at 0 °C for 20 minutes at 6000 rpm and dried under a fume hood overnight. The 

resulting dry polymer was collected and stored under vacuum at 3 °C in the dark to avoid any 

reaction due to its interaction with light sources. The obtained PEU was identified with the 

acronym HHP407, where P407 indicates the macrodiol, while the first H refers to the chain 

extender (HEMA) and the second one to the diisocyanate (HDI). 

3.3 Chemical characterization of HHP407 

SEC, ATR-FTIR and 1H-NMR spectroscopies were conducted as reported in Section 2 – Chapter 

2.2 – Materials and Methods – Chemical characterization of PEUs. 

3.4 CMT evaluation 

The characterization of CMT of HHP407-based solutions at 1% w/v concentration in PBS and 

ddH2O was conducted as reported Section 2 – Chapter 2.4 – Materials and Methods – Critical 

micellar temperature (CMT) evaluation. 

3.5 Preparation and characterization of HHP407- and CD-based SM complexes 

SM complexes composed of HHP407 and CDs were prepared and characterized through XRD, 

ATR-FTIR and 1H-NMR spectroscopies as indicated in Section 2 – Chapter 2.2 – Materials and 

Methods –Preparation and characterization of PEU- and CD-based complexes. HHP407-based 

SM crystals were formulated in ddH2O at PEU concentration of 1% w/v and the CD content 

required to cover the theoretical 100% of PEO domains (i.e., 7.6% w/v). 
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3.6 Preparation and characterization of HHP407- and CD-based SM hydrogels 

3.6.1 Preparation of SM hydrogels 

SM hydrogels were prepared in Bijou sample containers (17 mm inner diameter, 7 ml volume 

capacity, Carlo Erba Reagents, Milan, Italy) utilizing PBS (pH 7.4, Sigma Aldrich, Milan, Italy) 

added with LAP at 0.05% w/v as solvent (PBS/LAP). HHP407 was firstly solubilized in the 

required amount in PBS/LAP overnight at 3 °C. Then, a clear solution of CDs in PBS/LAP was 

prepared at 14% w/v and added to HHP407 solutions, thus obtaining gelling systems containing 

HHP407 between 1 and 5% w/v and CDs between 7 and 10% w/v concentrations. Homogenization 

of the obtained mixtures was performed using a vortex (40 Hz, 30 seconds), while gelation was 

conducted at room temperature (25 °C). HHP407-based samples were protected from any source 

of light during their preparation and characterization. 

3.6.2 Qualitative evaluation of gelation time and phase-separation in isothermal conditions 

Gelation time and phase-separation were evaluated at room temperature (25 °C) as indicated in 

Section 2 – Chapter 2.2 – Preparation and characterization of PEU- and CD-based SM hydrogels 

- Qualitative evaluation of gelation time and phase-separation in isothermal conditions. 

3.6.3 Curcumin encapsulation with SM gels, characterization and release studies 

The previously obtained results on curcumin (Cur) encapsulation and release evidenced a good 

stability of this drug within SM hydrogel samples and during the release studies in a potentially 

degradative environment (i.e., PBS). This result was ascribed to the protective role of CDs and 

PEUs, which are known to retain the ability to encapsulate and delivery Cur in watery 

environments. Based on these results, in this study, a further improvement in terms of Cur payload 

encapsulation within SM hydrogels was experimented. To this aim, a CD solution at 14% w/v in 

PBS/LAP was utilized to produce a suspension of Cur at 1 mg ml-1. Cur stabilization was carried 

out through ultrasound sonication (52 W, 20 kHz, Vibracell VCX130, Sonics, USA) that was 

applied for 3 minutes using a probe and a water-ice bath to avoid significant evaporation 

phenomena. The stability of the obtained suspension was evaluated through visual inspection at 

room temperature (25 °C) in order to assess a temporal window for practical use. This suspension 

was then added to HHP407-based solution in PBS/LAP thus composing SM hydrogels at specific 

HHP407, CD and Cur contents. Overnight incubation was carried out to ensure complete sample 

gelation. 

An entire set of rheological characterizations was conducted on SM-based hydrogels as such and 

loaded with Cur as indicated in Section 2 – Chapter 2.2 – Preparation and characterization of 

PEU- and CD-based SM hydrogels – Rheological characterization. Moreover, due to the photo-

responsive nature of HHP407, a photo-rheological characterization was also performed on the 

same samples. In detail, G’ of SM hydrogels was evaluated as a function of time in oscillation (1 

Hz, 0.1% strain, 0 N normal force) for 1 minute before UV irradiation. Then, UV light exposure 

was applied for 1 minute at 365 nm and 10 mW cm-2 and G’ was registered for other 2 minutes in 

order to assess the overall stability of the photo-crosslinked networks. 
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SM hydrogels (0.5 ml) for release studies of Cur were prepared in glass vial (10 mm inner 

diameter, 4 ml volume capacity, Sigma Aldrich, Milan, Italy) and indicated with sample code 

HHP407 X% - CD Y% Cur, where X indicates PEU concentration (% w/v), while Y% refers to 

CD concentration (% w/v). For all selected formulations, two sets of 5 samples each were prepared 

in order to evaluate the behavior of purely physical hydrogel networks and the additional 

contribution of photo-crosslinking. UV light exposure (up to 1 minute at 365 nm and 10 mW cm-

2) was performed on both sides of the hydrogels in order to guarantee a homogeneous crosslinking, 

thus obtaining samples coded as HHP407 X% - CD Y% Cur UV. Release studies were conducted 

on SM hydrogels at 37 °C after acclimatization for 15 minutes. Then, 1 ml of PBS (37 °C) was 

gently added on top of each hydrogel sample. At precise time steps (2, 4, 6, 24 hours and 3, 4, 7, 

14, 21, 28 and 35 days) elutes were withdrawn and completely refreshed with PBS. Cur 

quantification was performed through a UV/Vis spectrometer (Perkin Elmer Lambda 25 UV/VIS 

spectrometer, Waltham, MA, USA) by evaluating the absorbance peak around 430 nm. Reference 

curves were obtained by specific standard solutions produced through hydrogel dissolution and 

subsequent dilution (Cur concentration ranging between 1 and 20 μg ml-1). 

3.6.4 Extrusion-based 3D printing of SM hydrogels 

A preliminary evaluation of the printability of HHP407-based hydrogels was performed utilizing 

a Cellink Inkredible+ bioprinter (Cellink, USA). The printed CAD design was characterized by a 

squared grid (15x15 mm) based on two layers (0.45 mm filament diameter and 0.35 mm filament 

gap). The top view of the resulting geometry is reported in figure 1. 

 

Figure 1 – Top view of the CAD model used to evaluate HHP407-based hydrogel 3D-printability. 

Hydrogel preparation was conducted as reported in the specific section above with slight 

modifications. In detail, solutions composed of HHP407 and CDs were transferred immediately 

after mixing (i.e., during gelation) into syringes appositely supplied for the 3D-printer. After 

overnight incubation at room temperature (i.e., 25 °C), the resulting hydrogel networks were kept 

at 37 °C and their extrudability was tested with three different syringe tips (200, 250 and 450 μm 

diameter). Constructs were printed into Petri supports (polystyrene, 5 cm diameter, Carlo Erba 

Reagents, Milan, Italy) and were evaluated through optical microscopy (Leica DM IL LED, Leica 
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Microsystems, Milan, Italy), while geometrical parameters were characterized through ImageJ 

software (https://imagej.nih.gov/ij/index.html). Photo-induced crosslinking was performed after 

the printing procedure utilizing a UV light source at 365 nm (10 mW cm-2). Qualitative evaluation 

of the stability of 3D-printed structures was carried out through incubation in contact with PBS 

(pH 7.4, 5 ml) at room temperature (i.e., 25 °C). 

3.7 Statistical Analysis 

Statistical analysis was conducted as indicated in Section 2 – Chapter 2.2 – Materials and Methods 

– Statistical Analysis. 

4. Results 

4.1 Physico-chemical characterization of HHP407 

ATR-FTIR spectroscopy was conducted with the aim to assess the successful synthesis of HHP407 

PEU. The spectra of HHP407 and P407 are reported in figure 2. As for previous PEUs, the typical 

vibration bands of urethane domains were detected. In detail, the peak around 1720 cm-1 was 

ascribed to the stretching of C=O domains, while the peak at 1530 cm-1 was attributed to the 

simultaneous bending and stretching of N-H and C-N chemical regions, respectively. Moreover, 

the typical broad vibration band around 3350 cm-1 was referred to N-H stretching. The complete 

absence of signal at 2200 cm-1 suggested a complete conversion of the isocyanate groups of HDI 

into urethane moieties. In addition, the characterizing vibration bands of P407 were detected at 

1250 cm-1 (CH2 stretching), 2880 cm-1 (CH2 rocking) and 1100 cm-1 (C-O-C stretching). 

Nonetheless, no peaks characterizing the end-capping molecule (i.e., HEMA) were detectable, 

probably because they overlapped with peaks related to the macrodiol and in-chain urethane 

domains. 

 

Figure 2 – ATR-FTIR spectra of P407 (black continuous line) and HHP407 (green continuous line). The 

typical peaks of urethane domains are indicated by vertical black arrows at 3350, 1720 and 1530 cm-1. 

https://imagej.nih.gov/ij/index.html
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SEC results evidenced a significantly higher molecular mass for HHP407 with respect to P407. 

Figure 3 reports the two different molecular mass distributions. Interestingly, the end-capping 

procedure resulted in a significantly lower molecular mass for HHP407 (i.e., �̅�𝑛 equal to 22000 

Da, D = 1.7) with respect to chain-extended PEUs (i.e., �̅�𝑛 equal to 30000 Da, D = 1.8). 

Nonetheless, these observations indicated that a probable and partial chain extension was also 

occurring during the first step of the reaction leading to HHP407 synthesis. In this regard, specific 

modifications should be applied on the synthesis protocol in order to optimize the formation of 

smaller pre-polymers, which could enhance chain extension or end-capping procedures, as 

recently observed and discussed by Laurano et al. for similar PEUs.11 However, no modifications 

were made and HHP407 was produced with the same protocol of the previously studied PEUs 

with the aim to isolate the effects of the end-capping reaction of prepolymer chains on the resulting 

PEU structure and evaluate their contribution on the final behavior in terms of SM self-assembly 

with CDs. Indeed, as for chain-extended PEUs, also in the case of HHP407 a residual peak 

resulting from polymers derived by typical P407 di-blocks was found.12 This indicated the 

presence partially polymerized chains that were not totally removed through purification 

processes. However, the effect of such components on final hydrogel behavior can be considered 

negligible, because of their limited contribution within the entire molecular mass distribution. 
1H-NMR characterization of HHP407 in D2O was performed in order to detect the presence of 

HEMA domains, thus proving the effectiveness of the end-capping procedure. As reported in 

figure 4, the typical peaks of HEMA were detected at 6.15, 5.85 and 1.95 ppm. Moreover, on the 

basis of SEC results, the end-capping procedure allowed the production of polymeric chains 

containing approximately 1.25-1.5 HEMA units per chain (i.e., up to 75% end-capping yield), 

when the maximum theoretical value is 2 (i.e., 100% end-capping yield). This result indicated a 

reliable end-capping reaction during the second step of PEU synthesis, although relatively high 

molecular mass (i.e., �̅�𝑛 = 22000 Da) and dispersity index were obtained (i.e., 1.7) for HHP407. 

The entire overview resulting from these characterizations demonstrated an effective synthesis 

procedure to obtain potentially photo-sensitive PEUs. 

 

 

Figure 3 – SEC profiles of P407 (black continuous line) and HHP407 (green continuous line). 
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Figure 4 – 1H-NMR spectrum of HHP407. All PEU-related proton peaks are indicated by specific numbers 

and arrows. The presence of typical HEMA domains is indicated by protons 13 and 14 (around 4.2-4.4 

ppm), 15 (1.95 ppm) and 16 (5.85 and 6.1 ppm). 

The thermo-sensitive behavior of HHP407-based solutions (1% w/v concentration) was evaluated 

in PBS and ddH2O. Figure 5 reports CMT curves of HHP407 solutions at 1% w/v concentration. 

Interestingly, HHP407 solubilized in pure water showed a CMT value of 22.2 °C, while the same 

formulation prepared in PBS was characterized by a CMT equal to 19.6 °C. This relevant 

difference can be ascribed to a probable salting-out effect generated by the presence of dissolved 

ions of PBS in a similar way as for the previously studied P407-based PEUs. Nonetheless, an 

important and additional remark should be discussed. In fact, HHP407 was characterized by 

comparable CMT values to those of chain extended P407-based PEUs at equal concentration (i.e., 

1% w/v), although its molecular mass was significantly lower (i.e., around 30%). The correlation 

between these results suggested an enhancement in the thermo-induced self-assembly of HHP407 

chains into micelles probably originated by a better balance between the overall hydrophobicity 

and length of polymer chains. It is also plausible that the presence of end-methacrylate groups 

could induce a significant contribution in this regard.  
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Figure 5 – CMT curves for HHP407 at 1% w/v concentration in a) ddH2O and b) PBS representing the 

measured absorbance at 356 nm as a function of temperature. CMT values are indicated by black vertical 

dotted lines. 

4.2 Characterization of HHP407-CD SM complexes 

The mixture containing HHP407 at 1% w/v and CDs at 7.6% w/v (i.e., 100% theoretical PEO 

domain coverage, HHP407 1% - SM 100%) in ddH2O resulted in a 100% crystallization yield, 

thus indicating the formation of a proper SM hydrogel network. This datum indicated that HHP407 

was the best PEU in terms of interaction with CDs in watery environments when compared to the 

previously characterized PEUs. Indeed, as expected from the previous data obtained from SEC 

and CMT evaluation, HHP407 was probably characterized by the best match between molecular 

mass and resulting hydrophobicity that could enhance its self-assembling ability in forming 

micelles and thence PPR-based networks in solution. XRD patterns demonstrated the formation of 

PPR-based channel-like crystalline structures, as reported in figure 6. Indeed, three main peaks at 

2θ equal to 7.4°, 12.8° and 19.6° were detected and clearly represented the formation of SM 

crystals within HHP407-based networks, as notably indicated in the literature.13 The pattern of 

native HHP407 powders was characterized by the presence of the same peaks that were found in 

previous PEUs (i.e., 2θ equal to 19° and 23.3°), which were comparable to the ones derived from 

P407 and PEO samples, thus further confirming the hypothesis that the molecular mass and 

hydrophobic domains were not particularly affecting the crystallization process of chain-extended 

PEO-based amphiphilic tri-blocks in morphological terms.  
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Figure 6 – XRD patterns of HHP407 (light green dashed line) and HHP407 1% - SM 100% (green 

continuous line). Typical peaks of channel-like PPR-based crystals are indicated by black vertical dashed 

lines at 2θ equal to 7.4°, 12.8° and 19.6°. The pattern of pure HHP407 is reported for comparative 

purposes. 

ATR-FTIR characterization on the produced SM crystalline powder demonstrated the co-presence 

of HHP407 and CDs, as reported in figure 7. However, slightly lower up-shifts of the 

characterizing peaks of PEU (1720 cm-1) and CDs (3308 cm-1) were observed in HHP407 1% - 

SM 100% with respect to the previously analyzed SM samples. In fact, the asymmetrical and 

symmetrical vibration peak of -OH domains belonging to CDs were upshifted at 3324 cm-1 and 

the C=O stretching signal appeared around 1725 cm-1, while the same peaks were found at 3340 

cm-1 and 1740 cm-1 for the previous PEUs (i.e., CHP407 and NHP407, which were the best PEUs 

in terms of SM self-assembly with CDs in the previous studies), respectively. This difference can 

be ascribed to the formation of a stiff hydrogel network that did not allow the complete removal 

of potentially free CDs and PEU chains in solution through centrifugation, thus causing an overlap 

of the involved excitations. Nonetheless, the detection of urethane domains through ATR-FTIR 

was relatively hindered, due to the substantially higher CD content. Thence, 1H-NMR 

characterization on the resolubilized crystalline powder more clearly confirmed the co-presence 

of HHP407 and CDs, as reported in figure 8. In fact, the presence of characteristic peaks of CDs 

was found within the chemical shift range from 4.05 to 3.55 ppm and at 5.08 ppm, while PEU 

resonance domains were detected within the chemical shift region between 1.60 and 0.95 and at 

3.75 ppm. 

Finally, the entire set of physico-chemical characterizations marked HHP407 as the best PEU for 

the formation of SM crystalline domains with CDs, thus bringing different benefits for SM 

hydrogel design.  
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Figure 7 – ATR-FTIR spectra of CD (blue dashed line), HHP407 (light green dotted line) and HHP407 1% 

- SM 100% (green continuous line). Typical peaks of PEU and CD domains are indicated by vertical black 

arrows. 

 

Figure 8 – 1H-NMR spectra of CD (blue), HHP407 (red) and HHP407 1% - SM 100% (green). The 

simultaneous presence of CD and PEU in the produced SM powder is confirmed by the appearance of the 

respective typical resonance bands in HHP407 1% - SM 100% spectrum. 

4.3 Physical characterization of HHP407-based SM hydrogels 

The higher affinity of HHP407 for the interaction with CDs indicated that deeper investigations 

on hydrogel formulation design were needed. For this reason, a wide plethora of hydrogel 
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formulations was produced at a maximum PEU content of 5% w/v and gelation time was 

qualitatively evaluated, as reported in table 1. Interestingly, no phase-separation phenomena were 

observed and all the estimated gelation time values were significantly lower with respect to those 

of identically formulated samples based of the other PEUs developed in this Ph.D. work. Indeed, 

HHP407 1% - CD 10% hydrogel sample was characterized by a gelation time around 1 hour and 

5 minutes at room temperature (i.e., 25 °C), while an overnight incubation was necessary for 

identical formulations based on chain-extended PEUs. By decreasing CD concentration to 8% w/v, 

the gelation process was still characterized by extremely fast kinetics. In detail, HHP407 1% - CD 

8% required only 4 hours and 20 minutes to result in a turbid hydrogel, while 3 hours were 

necessary for HHP407 5% - CD 8%. These results further confirmed the previous hypothesis on 

the remarkably better interaction of HHP407 with CDs with respect to the chain-extended PEUs. 

Thence, HHP407 properties in terms of balance between molecular mass and hydrophobicity (i.e., 

PPO block dimension and distribution along PEU chain) could be validated as the best ones to 

improve interactions with CDs.  

Table 1 – Gelation time at 25 °C for SM hydrogel formulations containing HHP407 at 1 and 5% w/v and 

CDs between 7 and 10% w/v. O.N. = overnight incubation to complete sol-gel transition 

 CDs 7% w/v CDs 8% w/v CDs 9% w/v CDs 10% w/v 

HHP407 

1% w/v 
O.N. 4h 20’ 2h 15’ 1h 5’ 

HHP407 

5% w/v 
O.N. 3h 50’ 20’ 

 

For all the above-mentioned reasons, a selection among these HHP407-based hydrogel 

formulations was conducted and the hydrogels containing CD at 8% w/v were selected for further 

investigations. Such selection was driven by the concurrent possibility to significantly decrease 

CD content (i.e., 20% lower than the previously designed hydrogels based on chain-extended 

PEUs) with respect to the previously developed formulations, while keeping gelation relatively 

fast. Indeed, this novel design allowed the production of highly promising SM hydrogels with 

significantly lower CD content, thus indicating a potential advantage in terms of hydrogel 

production-related costs. 

4.4 Characterization of curcumin-loaded SM hydrogels based on HHP407 and CDs 

4.4.1 Physical and mechanical characterization of curcumin-loaded SM hydrogels 

HHP407 1% - CD 8% and HHP407 5% - CD 8% were selected for Cur encapsulation and release 

tests. In this study, a novel protocol for the production of SM hydrogels containing higher Cur 

payloads was designed. Indeed, CDs were exploited to produce an initial suspension of highly 

concentrated Cur. In detail, a solution containing CDs at 14% w/v in PBS/LAP was exploited to 

suspend Cur at 1 mg ml-1 concentration. A homogeneous suspension of Cur was obtained through 

the aid of ultrasound sonication for 3-4 minutes under vigorous stirring and the final product is 

represented in figure 9. The overall stability of the resulting suspension of Cur- and CD-based 
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complexes was restricted within a temporal range of 30 minutes in static condition at 25 °C, then 

precipitation phenomena started to occur.  

 

Figure 9 – Visual comparison among a Cur solution (1 mg ml-1) in ethanol (left) and a Cur suspension (1 

mg ml-1) in a solution of CD at 14% w/v concentration in PBS/LAP (right). 

Within the temporal frame of stability of the produced Cur suspension, specific aliquots were 

added to previously prepared HHP407-based solutions in PBS/LAP, thus producing SM hydrogels 

containing CD at 8% w/v and Cur at 570 μg ml-1. The resulting samples (i.e., HHP407 1% - CD 

8% Cur and HHP407 5% - CD 8% Cur) were compared with the corresponding control samples 

not containing Cur (i.e., HHP407 1% - CD 8% and HHP407 5% - CD 8%). 

The effects of Cur loading on hydrogel gelation were evaluated through rheological and photo-

rheological characterizations. Figure 10 reports the trends of G’ and G” as a function of applied 

strain (i.e., strain sweep tests). Interestingly, SM hydrogels based on HHP407 at 1% w/v 

concentration revealed better mechanical properties with respect to formulations at higher PEU 

content, both in the presence and in the absence of Cur. For example, G’ within the linear 

viscoelastic region (i.e., G’LVE) for HHP407 1% - CD 8% was equal to 6400 Pa, while for HHP407 

5% - CD 8% the same parameter was 3800 Pa (i.e., approx. 40% lower than the G’LVE of HHP407 

1% - CD 8%). This interesting result could be ascribed to the lower PEU/CD ratio that 

characterized HHP407 1% - CD 8% with respect to HHP407 5% - CD 8%, as hypothesized in the 

previous studies. Moreover, the resulting enhancement of such phenomenon could be attributed to 

the higher ability of HHP407 to interact with CDs with respect to the previously evaluated PEUs 

due to its physico-chemical features. The presence of Cur induced a G’LVE decrease of 20% and 

26% for formulations containing HHP407 at 1 and 5% w/v, respectively. Moreover, slightly lower 

critical strain values (γL) were observed for the hydrogels containing Cur with respect to the control 

samples. For example, γL value for HHP407 1% - CD 8% was around 0.3%, while for the system 

containing Cur the same parameter was measured around 0.1%. However, the encapsulation of a 

notably high payload of Cur (i.e., 570 μg ml-1) did not significantly induce any detrimental effect 

from a general perspective. Additionally, all the investigated hydrogels showed a relevant self-

healing ability. Indeed, G’LVE after complete rupture at 500% strain and recovery in quiescent state 

at 37 °C for 15 minutes was greater than 88% for all the investigated hydrogel systems. In this 

regard, hydrogels composed of HHP407 at 1% w/v concentration showed a higher self-healing 

capacity compared to the formulations at higher PEU content. Indeed, HHP407 1% - CD 8% 

systems exhibited recovery values of 97% for the control condition and 93% for the network 

containing Cur, while for hydrogel systems at 5% w/v HHP407 concentration a consistent 88% 

recovery was calculated for both cases. This different response could be a consequence of a 
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hindered SM crystallization due to a relevant formation of micelle-based structures within samples 

containing a higher amount of HHP407 (i.e., 5% w/v), which has been observed to be highly 

thermo-sensitive by means of CMT evaluation. The concomitant presence of CDs at a lower 

concentration (i.e., 8%) with respect to the previous Chapters could also have an important role. 

In this regard, the decrement of CD concentration from 10% to 8% w/v indicated an increased 

PEU/CD mass ratio, which resulted in a set of conditions that are not completely proper for PPR 

crystallization and probably made the effects induced by differences in PEU content more evident. 

However, these observations generally indicated a good consistency with the previous results 

concerning chain-extended PEUs. 

 

Figure 10 – G’ (continuous lines) and G” (long dashed lines) trends as a function of applied strain at 37 

°C for a) HHP407 1% - CD 8%, b) HHP407 1% - CD 8% Cur (i.e., 570 μg ml-1), d) HHP407 5% - CD 8%, 

and e) HHP407 5% - CD 8% Cur (i.e., 570 μg ml-1). G’ (black short dashed lines) and G” (grey dash-

dotted lines) trends after recovery in quiescent state for 15 minutes at 37 °C are also reported for each 

formulation. Figures c) and f) represent direct comparisons between hydrogels not containing (in green) 

and containing Cur (in orange). 

Frequency sweep tests were also conducted at 25, 30 and 37 °C with the aim to evaluate the 

behavior of HHP407-based hydrogels in terms of network development and thermo-

responsiveness. All the investigated formulations were characterized by a fully developed gel state 

at each tested temperature and no cross-over points between G’ and G” were identified, as reported 

in figure 11. A slight dependence of G’ and G’’ trends over temperature was observed for all the 

hydrogel systems. For example, even the formulation containing the lowest amount of thermo-

sensitive PEU (i.e., HHP407 1% - CD 8%) showed a G’ equal to 5700 Pa at 25 °C (at 100 rad s-1 

applied angular frequency), while the same parameter turned out to be 7400 Pa at 37 °C. 

Interestingly, the formulation containing HHP407 at 1% w/v showed a better developed hydrogel 

network with respect to the one containing such PEU at 5% w/v. Indeed, the former was 

characterized by a less marked dependency of G’ and G’’ over frequency compared to the latter. 
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Even frequency sweep tests evidenced better mechanical properties for the hydrogel composed of 

HHP407 at 1% w/v concentration with respect to the one containing such PEU at 5% w/v. As an 

example, G’ at 37 °C (100 rad s-1) was 7400 Pa for HHP407 1% - CD 8% and 5000 Pa for HHP407 

5% - CD 8%. Cur loading induced a slight decrease of mechanical properties, as previously 

observed and discussed. Cur contribution was more evident in the samples containing HHP407 at 

5% w/v with respect to the ones at 1% w/v, probably because of the presence of a less developed 

SM hydrogel network at a higher PEU/CD mass ratio (i.e., HHP407 at 5% w/v). However, no 

significant effects of Cur on hydrogel development were generally observed, since G’ and G” 

characterizing Cur-loaded hydrogels showed consistent trends over applied frequency at the 

investigated temperatures (i.e., 25, 30 and 37 °C) with respect to control samples. 

 

Figure 11 – G’ (continuous lines) and G” (dashed lines) trends as a function of applied angular frequency 

at 25, 30 and 37 °C for a,b,c) HHP407 1% - CD 8%, and d,e,f) ) HHP407 5% - CD 8% as such (green) 

and containing Cur (orange) at 570 μg ml-1. 

Self-healing tests were also performed, and remarkable recovery ability of all HHP407-based 

hydrogels was typically observed, as reported in figure 12. In fact, a G’ recovery greater than 85% 

after 3 rupture cycles was observed for all the investigated systems. Higher recovery values were 

measured for samples at 5% w/v HHP407 concentration (i.e., around 95%) with respect to the ones 

at 1% w/v (i.e., around 88%). This difference could be ascribed to a better fatigue resistance of the 

hydrogel systems containing the PEU at higher concentration (i.e., 5% w/v), due to a relatively 

higher damping effect originated by more diffused and interacting amorphous domains14 (i.e., PEU 

chains not involved in the formation of SM crystals) with respect to hydrogel networks with lower 

PEU/CD ratio (i.e., 1% w/v). Indeed, this condition generally enhanced the organization of 

available PEU chains into stiffer PPRs-based networks. Finally, the presence of Cur did not 

significantly affect the mechanical response of the resulting hydrogels to applied rupture cycles 

and recovery phases. 
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Figure 12 – Strain test curves reporting the trends of G’ (continuous lines) and G” (dashed lines) as a 

function of time during cyclic rupture (100% strain, 60 seconds) and recovery (0.1% strain, 120 seconds) 

of hydrogel networks at a) 1% and b) 5% w/v HHP407 concentrations at 37 °C. Control hydrogels (green 

lines) are compared to the ones containing Cur (orange lines) at 570 μg ml-1. 

Photo-rheological tests were also performed with the aim to assess the photo-responsiveness of 

the developed SM hydrogels. In this regard, the typical turbidity of these systems could represent 

an important impediment to light transmission within the entire hydrogel volume. Nonetheless, all 

gels showed a good responsiveness to UV light exposure, as reported in figure 13. In fact, G’ 

increase after UV light exposure was quantified around 21% and 17% for HHP407 1% - CD 8% 

and HHP407 5% - CD 8% hydrogels, respectively. Differently, a 8% and 11% G’ increase after 

UV irradiation was observed in average for hydrogel systems containing Cur at 570 μg ml-1 and 

PEU at 1 and 5% w/v concentration, respectively. These results suggested a lower photo-

sensitivity of Cur-loaded systems due to the high content of encapsulated Cur, which is a photo-

sensitive dye, thus contributing in terms of UV light dissipation. Interestingly, the visual inspection 

of the sample containing HHP407 at 1% w/v and Cur indicated a significant reduction of the 

original intense orange color. This observation indicated an indisputable degradation of an 

important amount of Cur payload within the hydrogel network containing PEU at low 

concentration. Differently, no significant color changes were observed for the sample HHP407 5% 

- CD 8%, thus suggesting that the higher content of photo-sensitive PEU helped in the preservation 

of the Cur payload. Such behavior could be ascribed to two main aspects. First, a significantly 

higher number of photo-sensitive groups was intrinsically present in the formulation containing 

HHP407 at 5% w/v compared to 1% w/v, thus competing with Cur degradation process in terms 

of UV light absorbance through the formation of chemical crosslinking. Second, it could be likely 

that a higher content of PEU could help in terms of Cur stabilization and protection from 

degradation through its encapsulation into the more available hydrophobic domains. In conclusion, 

these photo-rheological characterizations suggested that a shorter UV light exposure could be 

sufficient to achieve complete crosslinking and this aspect was particularly important for the 

samples containing HHP407 at low concentration (i.e., 1% w/v). More specifically, the results 

suggested that an almost complete crosslinking was obtainable within 20-30 seconds of UV light 
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irradiation for all the investigated hydrogels, as observable from the G’ curves reported in the 

graphs in figure 13. 

 

Figure 13 – G’ trends as a function of time for hydrogels at a) 1 and b) 5% w/v HHP407 concentration as 

such (green lines) and containing curcumin (orange lines) at 570 μg ml-1. Hydrogels were characterized 

before photo-crosslinking for 60 seconds. Then, exposure to UV light (365 nm, 10 mW cm-2) was conducted 

for 60 seconds and resulting mechanical properties were observed for additional 120 seconds. 

4.4.2 Release profiles of Cur encapsulated within HHP407-based hydrogels 

The previous characterizations proved the physical stability and the photo-sensitivity of the 

designed Cur-loaded (570 μg ml-1) SM hydrogels (i.e., HHP407 1% - CD 8% and HHP407 5% - 

CD 8%). Release studies were performed using 0.5 ml hydrogel samples in 4 ml glass vial (10 mm 

inner diameter). HHP407 1% - CD 8% Cur was exposed to UV light at 365 nm (10 mW cm-2) for 

15 seconds per each side of the vial, thus obtaining HHP407 1% - CD 8% Cur UV. For HHP407 

5% - CD 8% Cur 1 minute UV light exposure was implemented according to the same procedure, 

thus producing HHP407 5% - CD 8% Cur UV. Release studies were conducted on the basis of 

specific calibration lines obtained through the re-solubilization of hydrogel systems in PBS. Such 

procedure was necessary in this case because the high amount of encapsulated Cur (i.e., 570 μg 

ml-1) induced a highly more important contribution of the involved PEU in terms of solubilization 

and delivery with respect to the previous studies, in which instead PEU contribution was 

negligible, since all hydrogels (i.e., 1 and 3% w/v PEU content and 80 μg ml-1 Cur payload) 

behaved similarly. In this study, the involvement of specific PEU-dependent structures was 

hypothesized, as suggested from the available literature on the design of Cur loaded systems based 

on amphiphilic polymers.15,16 Calibration curves obtained from HHP407 1% - CD 8% and 

HHP407 5% - CD 8% re-solubilization are reported in figure 14. Totally different calibration 

curves were obtained, although the only difference among these samples was related to PEU 

content. In detail, a higher molar extinction coefficient was observed for the system containing 

HHP407 at 5% w/v with respect to 1% w/v concentration, thus probably indicating an enhanced 

Cur integration and solubilization at higher PEU concentration. Moreover, notably good linear 

fittings were calculated. 
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Cur release profiles from all hydrogels (i.e., HHP407 1% - CD 8% Cur, HHP407 1% - CD 8% Cur 

UV, HHP407 5% - CD 8% Cur, HHP407 5% - CD 8% Cur UV) showed significantly different 

trends, which were correlated to hydrogel formulation, as shown in figure 15. Generally, the 

systems exposed to UV light showed delayed delivery of Cur and were able to sustain this process 

up to 35 days incubation in physiological-like conditions (i.e., in contact with PBS at 37 °C). 

Surprisingly, the entire payload of Cur (i.e., 285 μg) was released also from UV cured systems, 

thus indicating an optimal preservation of its chemical stability within the SM networks, which 

indeed acted as protective elements for such highly sensitive drug. An exception was represented 

by the hydrogel HHP407 1% - CD 8% Cur, which showed a total release slightly lower than the 

other systems (i.e., approx. 5%). This behavior can be probably correlated with the low PEU 

content (i.e., less capability as drug carrier) of such formulation and the highly destabilizing 

external aqueous milieu which induced the precipitation of an aliquot of released Cur (i.e., greater 

than 200 μg ml-1 in 18 hours), thus resulting in an under-estimation of the released drug. Hence, 

the limit of Cur solubility into the released PEU and CD carriers was probably overtaken, as 

previously suggested by the specific calibration curve obtained for the formulation containing 

HHP407 at 1% w/v. Interestingly, SM hydrogels based on HHP407 at 1% w/v concentration 

exhibited a slower release kinetics compared to those containing such PEU at 5% w/v 

concentration. In particular, at each time point a significantly higher release rate was observed for 

HHP407 5% - CD 8% Cur UV with respect to HHP407 1% - CD 8% Cur UV (data not shown, P 

value < 0.0012). This observation could be correlated to the previous rheological and photo-

rheological characterizations, in which the hydrogels composed of HHP407 at 1% w/v 

concentration showed the highest values of G’, thus indicating the formation of highly rigid 

networks, due to an enhanced SM self-assembly into PPR-based crystals.17,18 Even in this case, 

the characterizing PEU/CD ratio suggested the formation of differently organized networks that 

were also able to perform photo-induced crosslinking and hence open the way to the possibility to 

finely tune the resulting release kinetics. The entire set of these data proved the suitability of 

HHP407 as building block of remarkably tunable and engineered devices at notably low 

concentrations. 

 

Figure 14 – Calibration curves showing the absorbance of standard samples as a function of Cur 

concentration after dissolution of HHP407 1% - CD 8% Cur (light blue) and HHP407 1% - CD 8% Cur 

(blue) in order to obtain storage solutions at 100 μg ml-1 Cur concentration. Linear regressions are also 

reported with the resulting equations, which showed a good fitting. 
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Figure 15 – Cur release profiles of hydrogel systems in contact with PBS at 37 °C and characterized by 

different HHP407 contents: a,a’) 1% w/v (HHP407 1% - CD 8% Cur and HHP407 1% - CD 8% Cur UV) 

and b.b’) 5% w/v (HHP407 5% - CD 8% Cur and HHP407 5% - CD 8% Cur UV). Physical hydrogels 

(light orange dashed lines) are compared with photo-cured systems (orange continuous lines). a’) and b’) 

graphs represent in detail the release profile measured within 2 days observation. 

4.5 Preliminary studies on HHP407-based SM hydrogel extrudability  

In this study, a preliminary evaluation of the general printability of HHP407-based hydrogel 

systems was conducted. The formulation HHP407 5% - CD 8% was selected for its lower rigidity 

and generally higher damping/self-healing ability that were observed through rheological 

characterizations. These parameters are fundamental aspects to consider for the selection of a 

potential bioink.19 Printing procedure was conducted by controlling different parameters: tip 

extrusion diameter (DE), extrusion pressure (PE), printhead velocity (vP), syringe temperature (Ts) 

and bed temperature (TB). The printing process was conducted at 37 °C for both the syringe and 

bed in order to enhance the stabilization of the hydrogel network through a major contribution of 

hydrophobic interactions. A preliminary set of optimized parameters was obtained and reported in 

Table 2. Figure 16 reports the produced 3D-printed construct and a qualitative comparison with 

the resulting geometry compared to the theoretical CAD design. 
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Table 2 – Selected parameters for printing process. 

DE PE vP Ts TB 

250 μm 35-40 kPa 10 mm s-1 37 °C 37 °C 

 

 

Figure 16 – a) 3D-printed construct based on HHP407 5% - CD 8% Cur, b) UV curing of HHP407 5% - 

CD 8% Cur, c) qualitative geometrical match in 2D of 3D-printed HHP407 5% - CD 8% Cur. 

The printing process set with the parameters reported in table 2 produced constructs with good 

definition and acceptable printing fidelity. In fact, filament diameter turned out to be 0.46 ± 0.08 

mm (average of 5 measurements obtained from 4 different filaments), while the theoretical value 

was 0.45 mm, thus proving extrudability and filament formation. The selection of a smaller tip 

diameter (0.25 mm) with respect to the theoretical value (0.45 mm) was driven by the definition 

of a compromise between printing velocity and required extrusion pressure: in the case of a lager 

tip diameter (0.45 mm), a slower printing velocity was necessary to obtain filaments having a 

proper geometry. In the selected conditions, the production of grids composed by two layers 

required an overall printing time around 1 minute. Pore dimension was larger than the theoretical 

design. Indeed, the calculation of pore area of constructs resulted to be 0.17 ± 0.04 mm2, while the 

theoretical value was 0.1225 mm2, thus indicating an excess around 40%. This difference could 

be ascribed to defects in proximity of the intersections between the two layers. Nonetheless, a 

general good printability could be deduced from these preliminary results. Further optimizations 

could be achieved by using more precise methodologies for geometry investigation (e.g., 

computed tomography or optical coherence tomography) in order to better find the correlation 

between morphological features and printing parameters. Another qualitative characterization was 

conducted in terms of stability in contact with a large volume of an aqueous medium (PBS, 5 ml, 

25 °C). UV cured systems (HHP407 5% - CD 8% Cur UV) showed a significantly improved 

residence time with respect to the physical sample (HHP407 5% - CD 8% Cur). In fact, as shown 
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in figure 17, the system treated through UV light irradiation preserved its geometrical integrity for 

3 days in a highly destabilizing aqueous environment, while the physical sample was completely 

solubilized within an incubation time of 3 hours. Moreover, an evident color change was observed 

after UV curing for 1 minute, thus indicating that the resulting relevant interfacial surface and the 

limited thickness of the construct probably enhanced the exposure of Cur to photo-degradation. 

Nonetheless, an evident yellowish was maintained, indicating a relevant protective effect of 

HHP407 and CDs on Cur even in such particularly degradative conditions. Indeed, the same UV 

curing protocol applied to the samples utilized for release studies did not induce any evident 

degradation phenomena, due to a combination between the protective effect of HHP407/CDs and 

geometry (i.e., thickness, overall volume). 

 

Figure 17 – Qualitative evaluation of stability for 3D-printed HHP407 5% - CD 8% Cur and HHP407 5% 

- CD 8% Cur UV structured in contact with 5 ml of PBS at 25 °C (within a Petri support - 50 mm diameter). 

5. Conclusions 

In this part of the work, a novel photo-sensitive PEU was synthesized implementing a modification 

of the usual synthesis process described before in Chapter 2.2 of Section 2. Indeed, HHP407 PEU 

was synthesized by using HEMA as end-capping alcohol of the prepolymer chains resulting from 

the prepolymerization reaction. A complete physico-chemical characterization indicated a good 

functionalization through the addition of methacrylate end-groups to the resulting PEU chains. 

Moreover, a notably good thermo-sensitivity was assessed by CMT evaluation, although a lower 

molecular mass was obtained. This behavior suggested the achievement of a well-balanced 
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polymer structure among its overall molecular mass and hydrophobicity in terms of length and 

distribution of available domains (i.e., PPO, HDI and probably also HEMA). Because of these 

physico-chemical properties, HHP407 turned out be suitable for the formation of PPR-based 

crystals in aqueous environments. Moreover, it resulted to be the best PEU for the formation of 

SM networks among the whole plethora of PEUs investigated in this thesis work. Thence, it is 

likely that its structural features represented an optimized set of properties for the constructive 

interaction with CDs, thus resulting in highly stable and simultaneously responsive networks. This 

particular behavior allowed the design of SM hydrogels at low HHP407 content (i.e., ≤5% w/v) 

and the significant reduction of CD concentration (i.e., 20%, from 10% to 8% w/v) for the 

development of SM hydrogels with good mechanical properties. In this regard, the formulations 

showing a lower PEU/CD mass ratio (i.e., 1% and 8% w/v HHP407 and CD concentration, 

respectively) were characterized by better mechanical properties with respect to the systems 

containing HHP407 at 5% w/v, as assessed through rheological characterizations. This observation 

was in evident agreement with the previous results obtained for similar systems, thus further 

reinforcing the hypothesis of the high functionality of PEU macromolecules at low concentrations 

in combination with CDs. Although HHP407 produced highly crystalline hydrogel networks with 

CDs, thus inducing a relevant risk of the formation of fragile hydrogels, a notorious self-healing 

ability was even observed. Photo-sensitivity was assessed by means of photo-rheological 

characterizations. Cur delivery studies demonstrated the protective ability of HHP407 and CDs on 

this photo-sensitive drug, opening the way to the possibility to sustain the release of Cur in aqueous 

environments up to 5 weeks. Moreover, a central role of hydrogel composition and consecutive 

photo-crosslinking was found for the tunability of Cur release kinetics from HHP407-based 

networks. Finally, one formulation among the developed hydrogels was preliminary evaluated for 

the production of 3D-printed structures with good resolution. Such results further indicated 

HHP407 as a highly versatile polymer for the development of engineered devices for regenerative 

medicine. Hence, this study further confirmed the great potential of properly synthesized PEUs a 

raw materials for the design of SM hydrogels at low synthetic polymer content, and showing good 

mechanical performances, progressive release profiles of encapsulated drugs, and additional 

promising properties for future insights into 3D cell culture and delivery. 
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Section 3 – Chapter 3.2 – Development and engineering of 

bioartificial hydrogels based on supramolecular networks and gelatin 

methacryloyl 

1. Abstract 

Single stage repair/regenerative strategies rely on the idea to exert multiple functions through a 

unique device. Indeed, one of the recently emerging frontiers in regenerative medicine aims to 

develop systems able to couple the administration of a pharmaceutical therapy with a biomimetic 

action with the ultimate goal to properly allow new tissue growth and hence regeneration. In this 

manner, the overall invasiveness of a regenerative therapy can be significantly reduced, thus 

accelerating the entire process, and improving acceptance from patients. However, the 

development of such devices is not trivial and requires highly versatile and tunable components. 

Within this context, in this part of the work, the previously characterized HHP407 poly(ether- 

urethane) was implemented for the production of novel biosynthetic systems containing gelatin 

methacryloyl (GelMA), which is a modified natural protein contradistinguished by good 

bioactivity. In order to realize this aim, the fast self-assembly of HHP407 with CDs was exploited 

to stably encapsulate GelMA within its network. The integration of a well-developed 

supramolecular system and GelMA could result in a highly handy and potentially functional device 

in terms of combined regenerative pharmacology and tissue engineering. A plethora of nine newly 

formulated hydrogels was investigated and the two most promising systems were selected to 

conduct rheological characterization and studies on the encapsulation and release of curcumin as 

potential therapeutic agent. In this regard, hybrid bioartificial systems containing HHP407 at 3 and 

5% w/v and α-cyclodextrins at 10% w/v were utilized to integrate GelMA at 3% w/v, resulting in 

highly stable and easy injectable formulations. Mechanical properties were investigated through 

strain sweep, frequency sweep and self-healing rheological tests. In this regard, even purely 

physical hydrogels turned out to be notably reliable and responsive when subjected to various 

mechanical stimuli. Generally, high values of elastic modulus were observed (greater than 104 Pa) 

and high self-healing ability was quantified (over 75% elastic modulus recovery). The good 

mechanical responsiveness was attributed to the aptness of HHP407 in forming 

poly(pseudo)rotaxane-based supramolecular networks. Photo-sensitivity was demonstrated 

through photo-rheological characterization. The encapsulation of high curcumin dosages (715 μg 

ml-1) was carried out by exploiting a combined effect of α-cyclodextrins and HHP407. No 

detrimental effect on both physical and photo-crosslinked hydrogel network was observed due to 

curcumin loading through rheological and photo-rheological characterizations. Release studies 

evidenced a progressive curcumin delivery in watery environment and highly destabilizing 

conditions for hydrogel networks. Generally, curcumin release was sustained up to three weeks 

with a significant improvement due to the photo-induced crosslinking. Moreover, 100% of total 

payload was released over time, thus indicating a protective ability of the here-developed hydrogel 

systems for curcumin payload. 
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Graphical Abstract 

 

2. Introduction 

Natural polymers are extremely effective materials for the production of highly biocompatible and 

bioactive hydrogels. Indeed, from a general perspective, these macromolecules are preferred to 

synthetic polymers for the production of hydrogel-based scaffolds.1,2 In this regard, Bhatia and co-

workers recently published a critical review in which they discussed the importance and 

superiority of natural polymers over synthetic ones in terms of biological performances due to 

their chemical composition and functionalities.3 The most diffused natural polymers used for the 

formation of hydrogels can be mainly and approximately categorized into proteins and 

polysaccharides. Widely used proteins for this purpose are collagen,4 elastin,5 fibrin,6 silk fibroin7  

and gelatin,8 while highly used polysaccharides are chitosan,9 alginate10 and hyaluronic acid.11 In 

this wide set of materials, gelatin represents one of the most interesting. In fact, it is derived from 

collagen and hence contains a variety of bioactive domains for cell adhesion (i.e., peptide 

sequences for integrin interactions) and guided biodegradation (i.e., peptide sequences for 

metalloproteinase action). Moreover, gelatin is generally characterized by a cost-effective 

production and shows a thermo-sensitive behavior guided by a self-assembly process that is 

translated into an upper critical solution temperature (UCST) response. For this reason, it is not 

suitable as such for the formation of gel networks at body temperature (i.e., 37 °C) and requires 

further chemical modifications to enhance crosslinking in this thermal condition. Nonetheless, 

chemical functionalization and crosslinking of gelatin are easy, due to its high number of available 

functionalities.12 A highly common strategy in this regard consists in coupling the available 

primary amino groups of (hydroxy)lysine with the carboxylic acid domains exposed by aspartic 

and glutamic acid through carbodiimide chemistry,13 thus forming a “zero length” crosslinking. 

Another approach is represented by the exploitation of nucleophilic domains of gelatin for the 

interaction with glutaraldehyde as crosslinker.14 However, the two above-mentioned strategies 

importantly hinder construct design and property tuning for their intrinsic short manipulation 
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window. A different approach that has been widely diffused in the last two decades is represented 

by the possibility to easily functionalize gelatin with photo-sensitive domains, thus producing an 

interesting derivative, namely gelatin methacryloyl (GelMA).15,16 Such functionalization, which is 

easy and cheap to conduct, is based on the exploitation of available free primary amino groups of 

gelatin for the interaction with methacrylic anhydride. Thence, GelMA has been elected as a gold 

standard for the production of photo-curable hydrogels with marked bioactivity. Other crosslinking 

strategies have continuously emerged through the exploitation of thiol-ene click chemistry, 

disulphide bonds, Schiff-base reaction, photo-oxidation and enzymatic crosslinking.12 

Nonetheless, a general drawback can be highlighted regarding the utilization and modification of 

natural polymers such as gelatin, that is the chemical variability due to its natural origin.17,18 For 

this reason, a widely shared approach consists in the production of hydrogel systems showing a 

bioartificial/biosynthetic composition (i.e., the general integration of natural and synthetic 

polymers/materials within the same system). The rationale underpinning this attractive approach 

lies in the synergistic combination of the advantages of both natural and synthetic materials. 

Indeed, materials of synthetic origins can improve repeatability and technological features in terms 

of processability and property engineering of final hydrogel constructs.19 One interesting example 

in this regard is represented by the work carried out by Bektas and Hasirci.20 In brief, the authors 

developed a system based on GelMA and poly(2-hydroxyethyl methacrylate) (poly(HEMA)) 

characterized by the dual contribution of interpenetrating networks and photo-sensitivity. The 

resulting mechanical properties showed a valuable contribution of the poly(HEMA), which 

improved the elastic modulus of purely GelMA-based hydrogels from 6.5 to 150 kPa. The 

successful encapsulation of stromal keratocytes and the resulting high transparency indicated a 

huge potential of the developed formulation for the treatment of corneal blindness. Another 

example of a simple but highly engineered photo-sensitive biosynthetic system is reported in the 

work performed by Gao and co-authors.21 Aiming at developing a bioprinted system for bone and 

cartilage tissue regeneration, the authors of this work designed a novel bioink based on the mixture 

between poly(ethylene glycol) dimethacrylate and GelMA. Good mechanical properties, 

printability and biological properties were ensured by a well-balanced integration between the two 

counterparts. Additionally, good cell response was observed through the occurrence of both 

osteogenic and chondrogenic differentiation. However, a more interesting strategy can be found 

in the idea of designing supramolecular (SM) and photo-sensitive hydrogel networks based on 

GelMA and other synthetic counterparts. In this regard, the role of cyclodextrins is elemental. 

Indeed, the well-known ability of cyclodextrin to form SM complexes can be further improved 

with their additional contribution in terms of tissue adhesiveness.22 As an example, Wang et al. 

developed a 3D-printable hydrogel characterized by self-healing ability and photo-sensitivity.23 

To realize this target, a three-armed SM macromolecule was developed exploiting the self-

assembly between isocyanatoethyl acrylate-modified β-cyclodextrin (β-CD-AOI2) and 

acryloylated tetra-ethylene glycol-modified adamantane (A-TEG-Ad). Then, a copolymerization 

with GelMA was performed and a covalently crosslinked SM and bioartificial hydrogel was 

obtained. High resistance to fatigue and fast self-healing characterized such novel gel system and 

for these properties a good performance in terms of extrusion-based 3D printing was also observed. 

In this regard, the highest contribution was provided by the synthetic components. Parallelly, good 

biological properties were observed for 3D cell cultures and were attributed to the well-known 

bioactivity of GelMA. The mechanical reinforcement induced by slidable SM crosslinking derived 
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from the presence of poly(pseudo)rotaxanes (PPRs) on gelatin-based hydrogels has been also 

discussed over the last two decades in other works present in the literature.24,25 However, in this 

scenario, the development of easily processable devices is not effortless. Indeed, the most 

important requirement consists in a proper integration between the natural and the synthetic 

counterparts, which is not elementary to satisfy. The possibility to properly control the synthesis 

outcomes and the resulting physico-chemical properties denotes an important feature to 

successfully integrate different materials. In this regard, the role of poly(urethane)s as synthetic 

components should be considered important, since the exploitation of these molecules could be an 

effective answer to the challenging need to integrate many different features, such as miscibility, 

physical stability, chemical functionality and low polymeric content. 

Thence, in this part of the work, the newly synthesized PEU containing methacrylate photo-

sensitive domains (i.e., HHP407) was exploited to assemble a biosynthetic hydrogel system in 

combination with GelMA, with the aim to design networks suitable for both regenerative 

pharmacology and tissue engineering. HHP407 and GelMA were synthesized and characterized in 

physico-chemical terms. Then, a wide plethora of bioartificial formulations composed of GelMA, 

HHP407 and α-CDs was designed and physically characterized. The evaluation of gelation kinetics 

and injectability was qualitatively conducted and a selection of the most promising formulations 

was carried out. Moreover, the encapsulation of curcumin at high concentration (i.e., 715 μg ml-1) 

was guaranteed through the exploitation of α-CDs and stability of resulting drug-loaded networks 

was evaluated through a complete rheological and photo-rheological characterization. Finally, 

release studies of curcumin were conducted on physical and photo-cured hydrogels incubated in 

contact with a physiological-like watery environment (i.e., phosphate buffered saline, pH 7.4, 37 

°C). Finally, the general potential of such SM hydrogel systems as cutting-edge and highly 

engineered devices for advanced applications in regenerative medicine through the integration of 

drug delivery and tissue engineering strategies was discussed. 

3. Materials and Methods 

3.1 Materials 

HHP407 was synthesized as indicated in the previous chapter Section 3 – Chapter 3.1 – Materials 

and Methods – Synthesis of HHP407. All reagents for HHP407 synthesis, TSP, gelatin (type A, 

from porcine skin) and methacrylic anhydride were purchased from Merck/Sigma-Aldrich (Milan, 

Italy). α-CDs (from now on simply indicated with the acronym “CDs”) and lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP, a photo-initiator) were obtained from TCI Chemicals Europe 

(Zwijndrecht, Belgium). 

3.2 Gelatin methacryloyl (GelMA) synthesis and physico-chemical characterization 

3.2.1 GelMA synthesis protocol 

Gelatin methacryloyl was synthesized according to the procedure reported by Buckle et al..26 In 

detail, gelatin was solubilized in phosphate buffered saline (PBS, pH 7.4) at 10% w/v 

concentration (100 ml) and at 50 °C under stirring. Then, methacrylic anhydride was added (0.5 
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ml every 1 g of gelatin) dropwise and the reaction was conducted for 3 hours under vigorous 

stirring at 50 °C and in the dark. Subsequently, the reaction was stopped through the addition of 

PBS in order to dilute 1:5 v/v the starting reaction volume. The resulting diluted solution was 

filtered and dialyzed (cut-off 10-12 kDa, Sigma Aldrich) for 7 days at 37 °C in order to remove 

any traces of methacrylic anhydride and salts. Finally, the purified solution was freeze dried for 2 

days (Martin Christ ALPHA 2-4 LSC, Germany) and stored at 3 °C under vacuum and in the dark. 

3.2.2 Chemical characterization of GelMA 

The synthesized GelMA was characterized through 1H-NMR spectroscopy as reported in Section 

2 – Chapter 2.2 – Materials and Methods – Chemical characterization of PEUs – 1H-NMR 

spectroscopy. Native gelatin was also analyzed for comparative purposes. The degree of 

methacryloylation (DM) was calculated as the percentage of amino domains of native gelatin (i.e., 

mainly lysine and hydroxylysine) that were converted into amide groups. The quantification of 

DM was conducted through the implementation of the following equation 1, as reported by Zhou 

and colleagues.18 

𝐷𝑀 (%) = (1 − (
𝐴𝑙𝑦𝑠𝑖𝑛𝑒 𝑚𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 𝑜𝑓 𝐺𝑒𝑙𝑀𝐴

𝐴𝑙𝑦𝑠𝑖𝑛𝑒 𝑚𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 𝑜𝑓 𝐺𝑒𝑙𝑎𝑡𝑖𝑛
)) × 100 Eq. 1 

In which 𝐴𝑙𝑦𝑠𝑖𝑛𝑒 𝑚𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 𝑜𝑓 𝐺𝑒𝑙𝑀𝐴 and 𝐴𝑙𝑦𝑠𝑖𝑛𝑒 𝑚𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 𝑜𝑓 𝐺𝑒𝑙𝑎𝑡𝑖𝑛 correspond to the area related 

to methylene lysine protons for GelMA and gelatin, respectively. 

3.3 Biosynthetic and supramolecular hydrogels preparation and characterization 

3.3.1 Preparation and physical characterization of bioartificial and supramolecular 

hydrogels based on GelMA, HHP407 and CDs 

SM hydrogels composed of GelMA, HHP407 and CDs were designed at various concentrations 

of the constituent components. Systems containing GelMA at 1, 3 and 5% w/v, HHP407 at 1, 3 

and 5% w/v and CDs at 10% w/v were produced starting from concentrated solutions of GelMA 

and HHP407 containing CDs at 10% w/v. In detail, the required amounts of GelMA and HHP407 

were solubilized in PBS added with LAP (0.05% w/v, PBS/LAP) at 37 °C and 3 °C, respectively. 

Then, a clear solution of CDs at 14% w/v concentration in PBS/LAP was produced and added to 

the previously prepared solutions of GelMA and HHP407 thus obtaining solution at 10% w/v CD 

concentration. The final hydrogel formulations were obtained through the fast mixing of equal 

volumes of GelMA-CD and HHP407-CD solutions. Homogenization of the obtained mixtures was 

performed utilizing a vortex system (40 Hz for 30 seconds). The resulting hydrogels were indicated 

as HHP407 X% - GelMA Y% - CD Z%, in which X, Y and Z correspond to the concentrations (% 

w/v) of HHP407, GelMA and CDs, respectively. Gelation time and ability were characterized at 

25 °C through vial inversion and by visual inspection every 5 minutes. “Gel” state was assessed 

when a condition of “no-flow” was maintained for 30 seconds. Phase-separation phenomena were 

evaluated at 3, 25 and 37 °C. Injectability was evaluated at 25 and 37 °C using a conventional 

syringe system (5 mL, Carlo Erba, Milan, Italy) equipped with a G22 needle. 
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3.3.2 Curcumin encapsulation and release studies 

Curcumin encapsulation, hydrogel mechanical characterization (i.e., rheological and photo-

rheological characterizations) and release studies were conducted as indicated in Section 3 – 

Chapter 3.1 – Materials and Methods – Preparation and characterization of HHP407- and CD-

based SM hydrogels – Curcumin encapsulation and release studies. The resulting hydrogels were 

coded as HHP407 X% - GelMA Y% - CD Z% Cur, where X, Y and Z correspond to the 

concentrations (% w/v) of HHP407, GelMA and CDs, respectively. Cur content was 715 μg ml-1. 

For release studies, photo-induced crosslinking was performed on both sides of cylindrical 

hydrogels placed within glass vials (0.5 ml hydrogels, 10 mm inner diameter) for 1 minute (365 

nm, 10 mW cm-2). Photo-cured samples were indicated with the addition of “UV” at the end of the 

hydrogel codes. 5 samples were produced for each condition and results are indicated as average 

± standard deviation. 

3.4 Statistical Analysis 

Statistical analysis was conducted as indicated in Section 2 – Chapter 2.2 – Materials and Methods 

– Statistical Analysis. 

4. Results 

4.1 Physico-chemical characterization of GelMA – 1H-NMR spectroscopy 

1H-NMR characterization of GelMA indicated a successful reaction with methacrylic anhydride 

through the appearance of new peaks at chemical shift values of 5.7 and 5.4 ppm, which indicated 

the presence of acrylic protons of methacrylamide domains covalently bond to lysine and 

hydroxylysine, respectively. Figure 1 shows the differences between gelatin and GelMA spectra. 

Moreover, the additional presence of a peak at chemical shift value of 1.9 ppm in GelMA spectrum 

was referred to the methyl protons of methacrylamide. The quantification of DM (%) was 

calculated as described by Zhou and colleagues18 and resulted to be 95.3%, thus indicating an 

almost complete functionalization of gelatin through the addition of photo-sensitive groups on 

lysine domains. 
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Figure 1 – 1H-NMR spectra of gelatin (blue) and GelMA (red). Black rectangles highlight the differences 

between the two spectra. The peaks at 5.4 and 5.7 ppm indicate the acrylic protons (2H) of methacrylamide 

domains of (a) lysine and (b) hydroxylysine. The peak at 2.9 ppm chemical shift indicates the methylene 

protons (c, 2H) of unreacted lysine domains, while the one at 1.9 ppm indicates the protons of methyl group 

(d, 3H) of methacrylamide. 

4.2 Preparation and characterization of bioartificial hydrogels based on GelMA, HHP407 

and CDs 

4.2.1 Hydrogel formulation and gelation kinetics 

Generally, almost all the formulated hydrogels showed the ability to undergo a sol-gel transition 

at room temperature (25 °C) in a relatively restricted temporal window, which resulted to be within 

30 minutes. The only exception was represented by the formulation HHP407 1% - GelMA 5% - 

CD 10%, which required an overnight incubation to complete the gelation process. Table 1 

summarizes the results in terms of gelation ability. These findings were interesting, since the 

thermal behavior of HHP407 and GelMA are opposite. Indeed, the former is characterized by a 

LCST behavior, while the latter by a UCST response. It is likely that the presence of CDs could 

help in terms of solution mixability and overall stability. This is the reason why these hydrogels 

were formulated at higher CD content (10% w/v) with respect to the formulations that were 

evaluated in the previous Chapter (8% w/v). Indeed, the most important contribution in terms of 

stability could be ascribed to the fast formation of a viscous and elastic SM network based on 

HHP407 and CDs. No phase separation phenomena were observed at 3 and 25 °C, while HHP407 

1% - GelMA 5% - CD 10% showed a gel-to-sol transition at 37 °C within 5 minutes incubation 

and an evident phase separation after consecutive 8 hours of incubation. This response could be 

attributed to the thermal responsiveness of GelMA, which in this case constituted the predominant 
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polymeric constituent of the system, thus inducing a gel-to-sol transition and then crystalline phase 

(i.e., PPRs) precipitation at 37 °C. Nonetheless, all hydrogels showed the ability to be easily 

injected at 25 °C, while at 37 °C syneresis effects were generally observed for samples containing 

GelMA at 5% w/v and HHP407 at concentrations equal or lower than 3% w/v. Even in these cases, 

the thermal response of GelMA could cause the induction to phase separation phenomena upon 

mechanical stimulus (i.e., injection through a G22 needle). Generally, the best formulations in 

terms of qualitative evaluation of physical properties resulted to be those containing GelMA at 3 

and 5% w/v and HHP407 at 3 and 5% w/v. In order to improve the potential interaction with 

biological environments maintaining a good processability, the most promising formulations were 

selected containing HHP407 at the concentrations of 3 and 5% w/v and GelMA at 3% w/v. Thence, 

HHP407 3% - GelMA 3% - CD 10% and HHP407 5% - GelMA 3% - CD 10% hydrogels were 

selected for further characterizations and studies. 

Table 1 – Gelation time at 25 °C of resulting hydrogels containing HHP407 and GelMA at various 

concentrations and CDs at 10% w/v. O.N.: overnight incubation. Green color indicates the absence of 

phase-separation phenomena at 3, 25 and 37 °C, while yellow refers to SM crystal precipitation at 37 °C. 

(% w/v) GelMA 1% GelMA 3% GelMA 5% 

HHP407 1% GEL (t=30’) GEL (t=30’) GEL (O.N.) 

HHP407 3% GEL (t=30’) GEL (t=25’) GEL (t=25’) 

HHP407 5% GEL (t=25’) GEL (t=20’) GEL (t=20’) 

4.3 Curcumin encapsulation and release studies 

4.3.1 Rheological characterization of pure and Curcumin-loaded SM and bioartificial 

hydrogels 

Hydrogels containing Cur were also produced according to the same protocol for hydrogel 

preparation. The only difference consisted in the production of a native solution of CDs at 14% 

w/v containing Cur at 1 mg ml-1, as showed in the previous Chapter 3.1 of this Section. The 

procedure for hydrogel formulation allowed the production of systems containing Cur at 715 µg 

ml-1, which was strictly related to the CD content in the hydrogels (10% w/v). In fact, as a 

consequence of the mixture between the PEU solution and the CD counterpart (14% w/v) 

containing Cur at 1 mg ml-1, the resulting payload of such drug within the final hydrogels (CD at 

10% w/v) resulted to be 715 µg ml-1. Rheological and photo-rheological evaluations were essential 

to validate the general stability of the resulting bioartificial networks based on HHP407, GelMA, 

CDs and Cur.  

Strain sweep tests were performed to observe the general hydrogel mechanical response to applied 

incremental strain at 37 °C. Interestingly, all investigated hydrogels were characterized by an 

evident strain range characterized by a linear behavior of both G’ and G” (i.e., linear viscoelastic 

region, LVE), as represented in figure 2. Although at 37 °C GelMA at 3% w/v concentration is 

expected to behave as a “sol” within the SM HHP407-based network, strain sweep test results 

indicated a clear system response typical of fully developed hydrogels. Hence, all the contribution 

of the resulting physical stability could be ascribed to HHP407 and its ability to form PPR-based 

SM crystals with CDs. The additional content of Cur induced a general decrease of critical strain 
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values (γL) with respect to control samples. Indeed, γL for HHP407 3% - GelMA 3% - CD 10% 

was quantified to be equal to 0.9%, while for HHP407 3% - GelMA 3% - CD 10% Cur it resulted 

to be 0.05%. The same trend was observed for HHP407 5% - GelMA 3% - CD 10% and HHP407 

5% - GelMA 3% - CD 10% Cur, which showed γL equal to 0.2% and 0.06%, respectively. 

Differently, no significant contribution of Cur loading was observed in terms of G’LVE and G”LVE, 

which resulted to be around 104 and 103 Pa for all hydrogel formulations, respectively. 

Nonetheless, higher mechanical properties were observed for HHP407 5% - GelMA 3% - CD 10% 

with respect to HHP407 3% - GelMA 3% - CD 10% (i.e., approx. 40%). The presence of GelMA 

did not generally affect such typical behavior of mixtures composed of PEUs and CDs even in 

terms of reversibility. Indeed, the typical self-healing ability was maintained in these totally 

different formulations compared to the ones solely composed of PEUs and CDs. Accordingly, a 

recovery between 80 and 85% was observed for all the investigated hydrogels. 

 

Figure 2 – Strain sweep tests showing the trends of G’ (continuous lines) and G” (long dashed lines) as a 

function of applied strain at 37 °C. Control samples (green) are compared to hydrogel samples containing 

Cur (orange). G’ (black short dashed lines) and G” (grey dash-dotted lines) trends after complete rupture 

and recovery in quiescent state for 15 minutes at 37 °C are also shown. 

Frequency sweep tests were performed in order to evaluate the general stability of the developed 

biosynthetic hydrogel systems within a range of frequencies and temperatures that represent 

typical operative conditions (i.e., 25, 30 and 37 °C). From a general perspective, no crossover 

points between G’ and G” were detected within the entire range of investigated frequencies and 

temperatures for each sample, thus indicating well-developed hydrogel networks, as reported in 
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figure 3. Interestingly, no significant dependence of G’ and G” over temperature was observed for 

both the formulations HHP407 3% - GelMA 3% - CD 10% and HHP407 5% - GelMA 3% - CD 

10%. This result was particularly noteworthy, since two thermo-sensitive contributions were 

characterizing the developed systems, namely HHP407 and GelMA. The fact that no relevant 

dependence over temperature increase was observed indicated the development of highly stable 

PPR-based SM networks, which turned out to be probably predominant over the thermo-induced 

physical crosslinking (i.e., hydrophobic interactions). In this regard, even the contribution of 

GelMA was negligible, although a general decrease of mechanical properties could be supposed 

due to a probable interference with hydrogel network development (e.g., interaction with available 

free CDs, steric hindrance). Interestingly, the presence of Cur did not induce significant variations 

in G’ and G” trends at 25 °C. As temperature increased, lower values of G’ were detected. 

Moreover, G” resulted to be generally higher for Cur loaded systems compared to the ones not 

containing the drug. In this regard, the results obtained from strain sweep tests were useful to better 

understand such outcomes. Indeed, strain sweep tests evidenced that Cur-loaded samples were 

characterized by lower critical strain values (γL) with respect to control hydrogels. In detail, γL 

values for Cur-loaded hydrogels were typically lower than 0.1% strain at 37 °C (1 rad s-1). This 

indicated that frequency sweep tests were characterizing hydrogel networks containing initial 

cracks, since the imposed strain during the tests was set at 0.1%. In these conditions the difference 

between G’ and G” turned out to be reduced with respect to the samples not containing Cur. The 

behavior of Cur-loaded hydrogels could be attributed to the interaction of such drug with hydrogel 

forming domains (i.e., mainly CDs and micelles composed of HHP407), thus inducing weakening 

effects on the resulting networks. The fact that a lower influence was observed at 25 °C with 

respect to 37 °C could be related to the physical competition between the integration of Cur within 

hydrophobic domains of HHP407 and the formation of hydrophobic interactions upon thermal 

stimulus. Indeed, the presence of Cur at such high concentration (715 μg ml-1) could interfere with 

the formation of hydrophobic interactions within the polymeric networks based on HHP407, thus 

inducing a detectable decrease of mechanical properties in terms of toughness. A reinforcing 

element for this hypothesis could be found in the fact that a less evident effect was observed for 

the sample formulated at the highest tested HHP407 concentration (5% w/v), thus indicating a 

marked Cur encapsulation ability due to the higher availability of hydrophobic domains. 

Additionally, although GelMA could show a potential ability in terms of Cur solubilization and 

encapsulation,27,28 no sufficient data were available to evaluate its contribution in this regard. 
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Figure 3 – G’ (continuous lines) and G” (dashed lines) trends as a function of applied angular frequency 

at 25, 30 and 37 °C for a,b,c) HHP407 3% - GelMA 3% - CD 10% and d,e,f) ) HHP407 5% - GelMA 3% - 

CD 10% as such (green) and containing Cur (orange) at 715 μg ml-1. 

Self-healing tests were also conducted to evaluate hydrogel ability to recover their mechanical 

properties after multiple rupture cycles at high strain (100% for 60 seconds), as showed in figure 

4. Interestingly, all hydrogel systems were characterized by good self-healing ability after 3 

complete rupture cycles. Indeed, a G’ recovery of 92% was observed for both HHP407 3% - 

GelMA 3% - CD 10% and HHP407 3% - GelMA 3% - CD 10% Cur, while 75% and 89% resulted 

for HHP407 5% - GelMA 3% - CD 10% and HHP407 5% - GelMA 3% - CD 10% Cur, 

respectively. No clear and straightforward explanation could be given for the lower recovery 

ability of HHP407 5% - GelMA 3% - CD 10%. It was hypothesized that a more fragile network 

was developed in this case due to the marked formation of hydrophobic interactions through 

HHP407 domains (i.e., PPO and HDI), thus reducing the overall reversibility of the system upon 

cyclic rupture.29 The addition of Cur did not negatively affect the typical self-healing ability of the 

developed hydrogel systems, since no relevant differences were observed between Cur-loaded 

hydrogels and control samples. The observed, slight variability in mechanical properties between 

the various rheological tests was acceptable and suggested a reliable and consistent behavior of 

the here-developed hydrogel systems. Finally, it is important to remark the fact that GelMA did 

not constructively contribute to the formation of hydrogel networks at 37 °C, thus indicating that 

the SM network based on HHP407 and CDs showed the capability to stably integrate such “sol” 

phase. 
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Figure 4 – Strain test curves reporting the trends of G’ (continuous lines) and G” (dashed lines) as a 

function of time during cyclic rupture (100% strain, 60 seconds) and recovery (0.1% strain, 120 seconds) 

of hydrogel networks at a) 3% and b) 5% w/v HHP407 concentrations (GelMA at 3% w/v and CDs at 10% 

w/v concentration) at 37 °C. Control sample hydrogels (green lines) are compared to those containing Cur 

(orange lines) at 715 μg ml-1 concentration. 

Photo-rheological characterization was also performed in order to evaluate the overall ability of 

the hydrogels to undergo photo-induced crosslinking. Despite the typical turbidity of these SM 

hydrogels based on PPRs, all the investigated systems resulted to be photo-crosslinkable, as shown 

in figure 5. The formulations not containing Cur generally showed a higher ability to undergo 

photo-induced crosslinking. Indeed, a G’ increase of 69% and 56% was measured for HHP407 3% 

- GelMA 3% - CD 10% and HHP407 5% - GelMA 3% - CD 10%, respectively. Differently, 

HHP407 3% - GelMA 3% - CD 10% Cur showed a G’ increase equal to 18%, while for HHP407 

5% - GelMA 3% - CD 10% a G’ improvement of 27% was observed. As discussed in the previous 

Chapter, the presence of Cur significantly affected the ability of these systems to undergo photo-

crosslinking probably because of the additional UV light absorbance and dissipation provided by 

such drug molecule. Nonetheless, no relevant color fade was observed by visual inspection after a 

prolonged UV-light irradiation (for 60 seconds at 10 mW cm-2). 

Thence, the entire set of these rheological characterizations demonstrated a good stability of the 

designed hydrogels from a physical perspective. This achievement represents an important factor 

for the validation of the rationale underpinning the idea of designing relatively complex and highly 

bioartificial systems based on properly synthesized PEUs, CDs and GelMA. GelMA polymer 

chain integration within PEU-based SM networks resulted in still handle, reliable and processable 

matrices. Moreover, the further addition of Cur at high concentration (715 μg ml-1) did not 

significantly affect the overall behavior, thus additionally highlighting the feasibility and 

versatility of HHP407-based SM networks. A good photo-sensitivity was also observed for the 

systems containing Cur, opening the way to the possibility to tune the overall hydrogel mechanical 

properties, responsiveness and potential release kinetics, in the end. 
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Figure 5 – G’ trends as a function of time for GelMA-containing hydrogels at a) 3 and b) 5% w/v HHP407 

concentration as such (green lines) and containing curcumin (orange lines) at 715 μg ml-1 concentration. 

G’ trend was registered before photo-crosslinking for 60 seconds. Then, exposure to UV-light (365 nm, 10 

mW cm-2) was conducted for 60 seconds and resulting mechanical behavior was registered for additional 

120 seconds. 

4.3.2 Curcumin release profiles from bioartificial hydrogels based on GelMA, HHP407 and 

CD 

In order to reliably quantify Cur release, it was necessary to define calibration curves that could 

represent proper references. HHP407 3% - GelMA 3% - CD 10% Cur and HHP407 5% - GelMA 

3% - CD 10% Cur hydrogels (1 ml) were solubilized in PBS to obtain a final Cur concentration of 

100 μg ml-1. Then, standard samples containing Cur at precise quantities were analyzed through 

an UV-Vis spectrometer and the resulting calibration curved are reported in figure 6. As expected, 

significant differences were observed between the two formulations in terms of optical properties. 

This observation further confirmed the central role of the PEU in terms of encapsulation and 

delivery of Cur, since the only variable between the two systems was given by HHP407 

concentration. In this case, the combined contribution of HHP407 and CD were extremely 

important for Cur stabilization and release, since the concentration of such drug within the 

hydrogels was remarkably high (715 μg ml-1). Cur release profiles in highly destabilizing 

conditions for hydrogel networks (i.e., 0.5 ml hydrogels having 10 mm diameter in contact with 1 

ml of PBS) were characterized by a general progressive kinetics allowing the quantification of the 

total amount of encapsulated Cur (theoretically, approx. 358 μg ml-1) over time for most hydrogel 

systems, as reported in figure 7. Significantly slower release rates were showed by UV-cured 

hydrogel networks. Indeed, HHP407 3% - GelMA 3% - CD 10% Cur UV and HHP407 5% - 

GelMA 3% - CD 10% Cur UV samples (i.e., hydrogels crosslinked through UV light exposure) 

were able to sustain Cur delivery up to 18 and 21 days, respectively. A maximum temporal release 

of 48 and 30 hours was observed for HHP407 3% - GelMA 3% - CD 10% Cur and HHP407 5% - 

GelMA 3% - CD 10% Cur, respectively. However, in the case of HHP407 5% - GelMA 3% - CD 

10% Cur, the total amount of encapsulated Cur was not released after complete dissolution of the 

hydrogel networks within the temporal window of 30 hours of incubation in contact with PBS. 
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This behavior could be explained by observing the extremely high release rate of Cur that was 

quantified at the time step of 24 hours (i.e., > 250 μg ml-1). Indeed, this datum was suggesting a 

probable precipitation of an aliquot of Cur due to the resulting high concentration within the 

obtained eluates. In such conditions, it is likely that the carriers aimed at Cur encapsulation (i.e., 

HHP407-based micelle aggregates and CDs) were partially disassembled causing the precipitation 

of a portion of the total payload. This behavior was induced by the extremely destabilizing 

conditions of these release tests, which were also performed with the intention to evaluate the 

stability of both hydrogel networks and Cur carriers. Nonetheless, the simulated scenario 

represents a highly improbable condition compared to real biological environments, which are 

generally characterized by exudates rather than high amounts of pure watery solutions.30 

 

Figure 6 – Calibration curves showing the absorbances of standard samples as a function of solubilized 

Cur after dissolution of HHP407 3% - GelMA 3% - CD 10% Cur (light red) and HHP407 5% - GelMA 3% 

- CD 10% Cur (red) in order to obtain storage solutions at 100 μg ml-1 Cur concentration. Linear 

regressions are also reported with the resulting equations, which showed a good fitting. 

Interestingly, a general and common behavior was observed between purely physical hydrogels 

and photo-cured ones. The systems characterized by a HHP407 concentration of 3% w/v showed 

an initial faster release rate with respect to the hydrogels containing the same PEU at 5% w/v. This 

behavior could be ascribed to the overall physical and morphological properties that derived from 

the mixing between HHP407 and GelMA solutions. Indeed, it could be likely that the presence of 

GelMA contributed to the formation of a more porous network within the formulations containing 

HHP407 at 3% w/v due to the overall lower polymeric content compared to the systems containing 

the same PEU at 5% w/v. Then, the behaviors of the two different systems were inverted and 

HHP407 3% - GelMA 3% - CD 10% Cur showed slower release kinetics with respect to HHP407 

5% - GelMA 3% - CD 10% Cur in both conditions of physically and chemically crosslinked 

networks. Such behavior could be ascribed to the typical higher stability of SM networks deriving 

by lower PEU/CD ratios, which was the case of HHP407 3% - GelMA 3% - CD 10% Cur, as 

discussed in all the previous Chapters. 
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Figure 7 – Cur release profiles of hydrogel systems in contact with PBS at 37 °C for a,a’) HHP407 3% - 

GelMA 3% - CD 10% Cur and HHP407 3% - GelMA 3% - CD 10% Cur UV, and b.b’) HHP407 5% - 

GelMA 3% - CD 10% Cur and HHP407 5% - GelMA 3% - CD 10% Cur UV. Physical hydrogels (yellow 

dashed lines) are compared with photo-cured systems (orange continuous lines). a’) and b’) graphs 

represent in detail the release kinetics within 2.5 days observation. 

Surely, physical hydrogels did not represent an optimal condition for prolonged drug release or 

even tissue engineering applications. Indeed, their stability could be negatively affected by the 

inclusion of GelMA, which was in “sol” condition at 37 °C and was quickly solubilized during the 

incubation in contact with PBS. Nonetheless, the resulting progressive release kinetics (no burst 

release) was attributed to the high stability of HHP407-based SM networks. The photo-induced 

crosslinking allowed prolonged release profiles of Cur over time, as expected from the previous 

photo-rheological characterization. 

5. Conclusions 

In this Chapter, the development of a novel biosynthetic system based on a properly synthesized 

and photo-sensitive PEU, GelMA and CDs was carried out. GelMA at high methacryloylation 

degree (i.e., 95%) was synthesized and characterized in order to contribute in the formation of 

bioactive hydrogels for the regeneration of biological tissues after the administration of therapeutic 

or stimulant agents. HHP407 turned out to be a proper PEU for the formation of stable SM 
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networks with CDs showing the ability to blend with completely different polymer in terms of 

thermal response (i.e., GelMA, which in watery environments shows a UCST behavior). A wide 

plethora of novel hybrid hydrogel systems was developed and the most promising formulations 

were selected for mechanical characterizations and curcumin encapsulation and release. 

Rheological tests showed a noteworthy stability of physical hydrogels composed of HHP407, 

GelMA and CDs, thus highlighting the applicability of this PEU for the formation of solid 

networks. Good mechanical properties were coupled with good self-healing behavior and photo-

sensitivity. High dosages of curcumin were encapsulated through the exploitation of CDs and 

HHP407, without significantly affecting the good physical response of the resulting hydrogels, 

which maintained the ability to undergo photo-induced crosslinking even in the presence of such 

colored drug. Release studies evidenced a marked ability of the designed hydrogels to 

progressively deliver the total payload of encapsulated curcumin in a highly destabilizing aqueous 

environment. The resulting kinetics turned out to be importantly dependent over hydrogel 

formulation and processing (i.e., photo-induced crosslinking) and were protracted up to three 

weeks, thus indicating the effectiveness of the protective action of HHP407 and CDs on curcumin 

in aqueous environments. 

Finally, it can be concluded that the physical and chemical properties of the here-investigated 

hydrogel networks open the way to the possibility to properly design hydrogel systems having a 

biosynthetic nature with tunable release kinetics and mechanical properties. These hydrogel 

networks could be thus elected as promising and versatile matrices for future investigations and  

applications as one-stage strategies for regenerative pharmacology coupled with tissue 

engineering. 
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Section 4 – Conclusion 

 

The development of effective strategies for controlled drug delivery and tissue engineering 

requires highly functional devices. In this regard, the design of synthetic polymers represents a 

powerful tool. In particular, the simplicity and versatility of poly(urethane) synthesis allows the 

production of multifaceted macromolecules, which can be particularly suitable for the aims of 

advanced therapies. In this work, a facile and reliable synthesis method was utilized to assemble a 

plethora of novel poly(ether urethane)s for the design of supramolecular hydrogels. The use of 

commercial virgin α-cyclodextrin coupled with properly synthesized thermo-sensitive poly(ether 

urethane)s composed of commercially available amphiphilic tri-block copolymers (i.e., P407 and 

F68) allowed the preparation of supramolecular hydrogel networks based on 

poly(pseudo)rotaxanes. Depending on the reagents selected for the synthesis of the poly(ether 

urethane)s, different yields in terms of supramolecular self-assembly were achieved. Generally, 

the utilization of cyclic and hydrophobic diols as chain extenders (i.e., 1,4-

cyclohexanedimethanol) resulted in the best macromolecular features for the threading of α-

cyclodextrin along the polymeric chains and the consecutive formation of poly(pseudo)rotaxanes 

in watery environment with respect to other diols characterized by the presence of pendant groups 

(i.e., N-Boc serinol). Nonetheless, the use of N-Boc serinol as chain extender opened the way to 

the possibility to chemically treat the resulting poly(ether urethane)s in acid environments in order 

to expose free primary amines as pendant groups. This additional feature makes such poly(ether 

urethane)s bearing free amino groups suitable for specific functionalization procedures through 

carbodiimide chemistry or the design of hydrogel systems with pH-responsiveness to acidic 

environments. The contribution of the selected macrodiol (i.e., P407 or F68) turned out to be 

crucial for the properties of the resulting hydrogel systems. P407 showed the best physico-

chemical features for the fast formation of supramolecular hydrogels with remarkable mechanical 

properties, while F68 resulted in poly(ether urethane)s with weaker gelation potential. It was then 

observed that higher poly(ethylene oxide) contents were not representing the most influencing 

factor for the fast formation of poly(ether urethane)-based supramolecular hydrogel networks. 

These studies indicated that the final behavior of the designed hydrogel systems was strongly 

dependent on a specific balance between molecular mass, poly(ethylene oxide) content, and 

hydrophobic block (i.e., poly(propylene oxide), 1,6-hexamethylene diisocyanate) quantity and 

distribution along poly(ether urethane) chains, which resulted to be even strictly correlated to the 

thermo-responsiveness of the resulting macromolecules. The most promising hydrogel 

formulations were characterized by remarkably low poly(ether urethane) contents (i.e., poly(ether 

urethane) concentration ranging between 1 and 5% w/v) and α-cyclodextrin concentration at 10% 

w/v. All these formulations turned out to be cytocompatible according to ISO rules. One of the 

most important results of this study was represented by the design of supramolecular hydrogels 

with poly(ether urethane)s at low concentration (i.e., 1% w/v) in combination with α-cyclodextrin 

at higher content (i.e., 10% w/v), which resulted to be the best conditions for the supramolecular 

development of hydrogels with enhanced stability and responsiveness in aqueous environments. 

This result clearly evidenced that the significant reduction of polymeric content was not negatively 

affecting the overall functionality of hydrogel systems. Indeed, in such conditions the good 

mechanical properties (i.e., high values of elastic modulus) and self-healing ability of hydrogels 

were preserved. This peculiarity highlighted the relevant value of the developed poly(ether 
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urethane)s for the formation of supramolecular hydrogels with α-cyclodextrin, thus enhancing the 

technological potential of the engineered hydrogel platform. In fact, poly(ether urethane)-based 

networks showed a promising suitability for the easy injection in situ and the subsequent ability to 

solidly sustain the surrounding tissues and organs. Differently, from a biological perspective, the 

possibility to produce hydrogels at low polymeric content represents a noteworthy advantage to 

potentially optimize the therapeutic effects of a pharmacological strategy, while minimizing the 

risk of side-effects within host organisms. Moreover, the wide domain of chemical features of the 

designed polymers permitted the design of hydrogels based on blends composed of different 

poly(ether urethane)s to further engineer their final properties. In detail, the best poly(ether 

urethane) in terms of hydrogel formation (i.e., CHP407) was mixed with the one bearing the 

highest number of functional groups (i.e., SHF68, which exposed primary amines along its chains). 

The plethora of developed and thoroughly characterized purely physical hydrogels permitted the 

selection of the best formulations to conduct various drug delivery studies. Indeed, after a 

preliminary evaluation of hydrogel release potential using a hydrophilic model molecule (i.e., 

fluorescein isothiocyanate 4), the effective encapsulation of curcumin was conducted and release 

studies were performed highlighting a protective ability of poly(ether urethane)s and α-

cyclodextrin against drug payload degradation. The hydrogels were able to sustain progressive 

release kinetics up to 4 days. Moreover, ciprofloxacin was also encapsulated within poly(ether 

urethane)-based hydrogels and effectively delivered with no burst release phenomena. Another 

study was conducted with the aim to effectively integrate a supramolecular hydrogel within solid 

porous scaffolds produced through the conventional salt leaching technique and release studies of 

a drug model molecule (i.e., fluorescein isothiocyanate 4) were successfully performed, thus 

indicating the suitability of such poly(ether urethane)s for the promising development of single-

stage tissue engineering strategies. Moreover, through the simple modification of the synthesis 

process and the use of a specific reagent (i.e., 2-hydroxyethyl methacrylate) a novel photo-

sensitive poly(ether urethane) was obtained through an end-capping procedure of the prepolymers 

rather than a chain extension reaction. The resulting polymer was characterized by the best balance 

in terms of physico-chemical properties (i.e., molecular mass and hydrophobic features) for the 

formation of supramolecular structures with α-cyclodextrins. The exploitation of this remarkable 

gelling ability allowed a significant improvement in terms of curcumin encapsulation and a 

concurrent reduction of the amount of α-cyclodextrins needed for network stabilization. Good 

mechanical properties of physical hydrogels (i.e., self-healing) were coupled with the possibility 

to perform photo-induced chemical crosslinking, further widening the available options for the 

tuning of hydrogel behavior. A remarkably high curcumin payload (i.e., 540 μg ml-1) was 

encapsulated within these novel systems and release profiles were sustained up to 5 weeks in 

physiological-like environment. The role of the poly(ether urethane) was highly important for the 

effective encapsulation, delivery and chemical protection of such drug payload. Finally, an 

interesting bioartificial system based on the integration of this photo-sensitive poly(ether urethane) 

and gelatin methacryloyl was developed. The exploitation of fast gelling kinetics of such polymer 

with α-cyclodextrin allowed the reliable incorporation of gelatin methacryloyl as highly 

biomimetic component for tissue regeneration purposes. The resulting systems were easily 

injectable and also suitable for curcumin encapsulation (715 μg ml-1) and release as therapeutic or 

stimulant agent up to 3 weeks. 

The entire set of these investigations and studies highlighted a notable versatility of the utilized 

synthesis method for the development of highly functional poly(ether urethane)s. These polymers 

were successfully employed as constituents of injectable hydrogels for drug delivery or more 

sophisticated systems for single-stage tissue engineering strategies, indicating a promising and 
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valuable potential of such customized polymers to effectively answer a wide plethora of clinical 

needs in the future. With regard to the current state of the art, one of the most important 

achievements of this work is represented by the possibility to produce a plethora of hydrogel-

forming polymers combining both good mechanical response (i.e., fast storage modulus recovery 

upon breakage at high stain values) and low polymeric content, in addition to notably high stability 

and negligible cytotoxicity in aqueous environments.1 Indeed, to the best of our knowledge, very 

few examples in the literature show comparable favorable conditions and versatility for both 

purely physical hydrogels2,3 and chemically crosslinked networks4. More specific investigations 

will be required for the development of ad-hoc strategies, as this work mainly represents a 

promising starting point and a reliable reference for future applications. Nonetheless, a platform 

of potential devices for the treatment of cancer and severe infections has been already developed 

by designing supramolecular hydrogels encapsulating curcumin and ciprofloxacin, respectively. 

Moreover, the composition of hybrid drug-loaded systems based on the integration of different 

counterparts (i.e., with solid scaffolds or bioactive natural polymers) represents an additional proof 

of the huge potential and versatility of poly(ether urethane)-based supramolecular hydrogels 

towards their successful application in the wide field of regenerative medicine. 

 

Visual summary of the overall achievements of this work 
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