Bioactive glass-based organic/inorganic hybrids: an analysis of the current trends in polymer design and selection
Lukas Gritsch1,2*, Cédric Bossard1, Edouard Jallot1, Julian R. Jones3 and Jonathan Lao1
[bookmark: _Toc26875798][bookmark: _Toc26966241][bookmark: _Toc26966303][bookmark: _Toc27472189][bookmark: _Toc27473186][bookmark: _Toc27473328][bookmark: _Toc28214442][bookmark: _Toc57289243]Affiliations
1 Université Clermont Auvergne, CNRS/IN2P3, Laboratoire de Physique de Clermont, 4 Avenue Blaise Pascal, 63178 Aubière (Clermont-Ferrand), France
2 Technogym S.p.A., via Calcinaro 2861, 47521 Cesena (FC), Italy
3 Department of Materials, Imperial College London, South Kensington Campus, London, SW7 2AZ, UK

* Corresponding author
Lukas Gritsch, PhD
lukas.gritsch@clermont.in2p3.fr



[bookmark: _Toc57289244]Abstract
Bioactive glass-based organic/inorganic hybrids are a family of materials holding great promise in the biomedical field. Developed from bioactive glasses following recent advances in sol-gel and polymer chemistry, they can overcome many limitations of traditional composites typically used in bone repair and orthopedics. Thanks to their unique molecular structure, hybrids are often characterized by synergistic properties that go beyond a mere combination of their two components; it is possible to synthesize materials with a wide variety of mechanical and biological properties. The polymeric component, in particular, can be tailored to prepare tough, load-bearing materials, or rubber-like elastomers. It can also be a key factor in the determination of a wide range of interesting biological properties. In addition, polymers can also be used within hybrids as carriers for therapeutic ions (although this is normally the role of silica). This review offers a brief look into the history of hybrids, from the discovery of bioactive glasses to the latest developments, with particular emphasis on polymer design and chemistry. First the benefits and limitations of hybrids will be discussed and compared with alternative approaches (for instance, nanocomposites). Then, key advances in the field will be presented focusing on the polymeric component: its chemistry, its physicochemical and biological advantages, its drawbacks, and selected applications. Comprehensive tables summarizing all the polymers used to date to fabricate sol-gel hybrids for biomedical applications are also provided, to offer a handbook to discover all the available candidates for hybrid synthesis. In addition to current trends, open challenges and possible avenues of future development are proposed.
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[bookmark: _Toc57289246]1. Introduction
More than five decades ago Professor Larry Hench and his collaborators started working on bioactive glasses (BGs), a new class of surface reactive materials that would quickly establish itself as crucial in the biomaterials field. BGs are inorganic materials that can react with the physiological environment forming a strong bond to bone and other living tissues. They typically consist of an amorphous network of silicon, boron and/or phosphorus atoms, bridged with oxygens. To date, the most widely used BGs for biomedical applications are silicate-based networks incorporating sodium, calcium and phosphorus for better processing and biological properties1. Many of them are slight variations of the first composition developed, the well-known 45S5 Bioglass®: 45 SiO2, 24.5 Na2O, 24.5 CaO and 6 wt% P2O5. Countless formulations have been studied over the years, particularly in the direction of incorporating biologically active ions (e.g. fluorine, magnesium, strontium, iron, silver, copper or zinc)2 to increase material functionality, for instance adding antibacterial activity or other therapeutic effects (osteogenic, angiogenic). Most notably, BGs the ability to interact with organic tissues (bone and cartilage in particular) and bond with it, a property usually named bioreactivity or bioactivity. Bonding with host tissue is based on the precipitation of calcium-deficient carbonated apatite (hydroxycarbonate apatite, HCA) on the surface of the biomaterial following the release of calcium and phosphate from it3. Bonding occurs because the glass does not trigger fibrous encapsulation, instead collagen fibrils interact with the HCA layer and integrate with it. Clinically, Bioglass®-based medical devices have been FDA approved for use mainly as bone filler for bone and periodontal regeneration, and dental active repair agent (Novamin®). The latter is arguably the biggest commercial success of the material4,5. Several products (e.g., BonAlive®, Novabone®, GlassBone®) are available for clinical use. In a typical application, they are mixed with a blood to create a paste that can simultaneously fill bone/dental defects while providing the beneficial bioactive effect of BGs. Particulate bone fillers are easy to process and to use, they are versatile and can adapt to the shape of the defect. In vivo and clinical trials showed that they can offer significant improvement in regeneration compared to competing bioceramic particles6, sometimes performing almost as well as autograft, the current gold standard. However, decellularized bone matrix (DBM) is still the market-leader7 and synthetic alternatives such as porous HA particles are more commonly used than bioactive glasses5. This is partly due to the lack of processability of BGs and their tendency to undergo crystallization during sintering1. Uncontrolled crystallization can be detrimental: it can alter the physical, mechanical and degradation properties of the construct making it unreliable (e.g., uneven degradation/ion release, unpredictable failure)8,9. To be competitive on the market, new BG-based devices should also share load with host tissue. The brittle nature of bioactive glass-ceramics can be overcome in clinical practice using fixation devices together with synthetic bone grafts; the former provides the necessary mechanical stability, the latter bioactivity and regenerative potential. However, a stiff fixator can shield load from the regenerative tissue. Another well-known issue of BGs is their tendency to increase alkalinity in the environment surrounding an implant. The same release of ions (mainly Na+ and Ca2+) responsible for the bioactivity of BGs is causing a significant increase in pH upon implantation (or immersion in simulated body fluid). This problematic was recently tackled in a review paper10. Variations in pH depend on the specific formulation considered: more reactive formulations dissolve faster, are more bioactive and cause a higher change in pH but could cause cytotoxicity if they degrade too fast.
Researchers are working to develop materials that preserve the beneficial properties of BGs while improving their mechanical properties. The strategy for increasing toughness of a glass has conventionally been the composite approach: combining a particulate or fibrous inorganic phase with a biodegradable (often polymeric) matrix. Some examples of commercially available composites with BG include inorganic-based composites such as Vitoss BA (BG and tricalcium phosphates) or OssiMend11 (a combination of BG, carbonate apatite and collagen) and, more recently, polyester-based composites (e.g.,  PLLA/BG composites, Noraker)12. The acidic degradation of bioresorbable polyesters, could theoretically be coupled with the basic degradation of BGs, reaching a balance between the two, thus avoiding the alkali-based cytotoxicity of BGs and the problems with low pH typical of polyesters (i.e., autocatalysis). However, getting that balance right is challenging and the property has not been definitively proven to date13,14. The addition of a filler to a polymeric matrix is often linked to a significant increase in mechanical properties, especially in compression15–18. There are however limits to a conventional composite approach, including poor interface properties (due to the physicochemical differences between the phases) and difficulties in obtaining a homogeneous filler dispersion, resulting in masking of the glass bioactivity by the polymer. Matching the degradation of the two components is also complex, making it hard to investigate and predict the long-term behavior of composite medical devices. Overall, conventional composites are often considered materials with high sample variability, challenging scalability and reduced mechanical reliability upon degradation. All these disadvantages arise from the same key processing weakness of conventional composites: limited control over the composite micro-structure and its homogeneity.
Overcoming these limitations with traditional melt-quench bioactive glasses has been proven complex due to the intrinsic limits of the processing technique, but in 1991 a novel approach for the synthesis of BGs based on sol-gel chemistry was proposed19. The sol-gel technique offers the chance to synthesize glasses at low temperature from a solution of their precursors, opening up to a plethora of new opportunities, especially in terms of fabrication techniques and drug delivery applications. With sol-gel based processing methods, diverse types of porous scaffolds, coatings and complex structures can be formed20. There are two main paths of development: nanocomposites and hybrids. Sol-gel BG can be formed into nanoparticles and nanofibers. Nanoparticles can then be mixed with polymers to obtain nanocomposites. On the other hand, the mild synthesis conditions of sol-gel glasses allow for the mixing of the glass solution with polymers to create hybrids, a process that would not be possible with melt-derived glasses. Although different in structure, both represent a significant leap forward towards the design of materials that can more closely mimic the highly hierarchical structure of bone: a nanocomposite of inorganics (hydroxyapatite) dispersed in, and bonded to, a fibrous collagen matrix. Both nanocomposites and hybrids tend to achieve a similar goal using opposite approaches, top-down and bottom-up respectively. There are countless possibilities available in terms of bioactive glass composition and processing, composite fabrication, polymer chemistries, interface treatments and post-processing. In particular, the identification of ideal polymers is complex: these polymers might not have even been synthesized yet. So far research has focused more on the inorganic component of these materials, investigating and understanding the role of BG compositions and processing techniques. However, the choice and manipulation of the polymer are equally powerful tools to design a composite or hybrid material with properties that significantly outclass its components, especially in terms of biological response.
The main goal of this communication is to focus on what polymers have been chosen to synthesize hybrids for bone repair and regeneration. A summary of all the most relevant polymers used as organic phase will be presented, highlighting for each one its chemistry, its physical and biological advantages and synergies with the inorganic phase in order to identify why it is a good candidate for the specific application. The aim is to offer the reader a comprehensive handbook to know, at a glance, what polymers were already used in hybrids, the ones that were not and, for both, the reasons why. Past trends and promising future developments in hybrid polymer science will be described.
[bookmark: _Toc57289247]2. Hybrids and nanocomposites
It is important to begin with a clear definition of what organic/inorganic hybrids are, distinguishing them from nanocomposites. BG-based hybrids and nanocomposites are sometimes confused due to their structural similarities (Figure 1).
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[bookmark: _Ref79141177]Figure 1: Schematic illustrating the typical differences between hybrids and nanocomposites in terms of structure, fabrication approach and particle size.
Developed by combining the traditional composite approach with novel techniques in inorganic particle and fiber fabrication, nanocomposites can be considered a top-down approach18. They represent the natural evolution of polymer/BG composites, using finer scale fillers that can be prepared by sol-gel chemistry and other cutting-edge techniques21.Comparing properties of nanoparticles to microparticles, when used alone, the smaller granulometry of the nanoparticles can lead to increased surface area reacting with the surrounding host and, as a result, to enhanced ion release, protein adsorption and bioactivity. Data show that a reduction in particle size contributes to more accurate mimicking of the physiological structure of bone22,23. Very recently, for instance, Rocton et al.22 compared the bioactivity of quaternary traditional melt quenched BG microparticles (D50 = 60 µm, formulation 46 SiO2, 24 CaO, 6 P2O5 and 24 mol% Na2O) with a ternary nano-sized BG synthesized via sol-gel (D50 = 110 nm, 55 SiO2, 40 CaO, and 5 mol% P2O5). By exclusively varying synthesis method, a 70-fold increase in surface area could be obtained. This in turn accelerated the formation of HCA in simulated body fluid (SBF), which occurred in only 3 days, way faster compared to the typical 14 days of melt-quench BG. 
Similarly, the superior properties of nanosized BGs (nBGs) were confirmed when the glasses were embedded in polymeric matrices. When combined with poly(3-hydroxybutyrate), a polyester of bacterial origin, the finer granulometry of nBGs not only improved the mechanical (from 0.8 GPa to 1.2-1.6 GPa, depending on filler content) and structural performance of the composite, but it also introduced a more hierarchical topography at the nanoscale, leading to stronger bioactivity, higher wettability and surface protein adsorption23. All these characteristics are known to be beneficial for cell response upon implantation, as several studies confirmed24,25. Furthermore, these improvements could open new avenues of research. It is the case for composite core-shell nanofibers and injectable systems, whose development was made easier by the facile fabrication of nanofillers with finer granulometry using sol-gel methods26,27. Overall, the advantage of nanocomposites over traditional composites seems beyond doubt. However, they can still be subject to the intrinsic drawbacks of the composite approach: poor interface properties and inhomogeneous dispersion of the filler in the matrix. They still are composed by two distinct phases and this could sometimes lead to insufficient or unreliable properties at the microscale. In addition, there is a significant regulatory concern associated with the use of nanotechnologies28. Strategies to overcome these limitations by improving the filler/matrix interface with covalent bonding are under investigation29–31, but there is also another way: organic/inorganic (O/I) hybrids with organic and inorganic networks mixed at the molecular level. This characteristic gives them the ability to act as a single phase above nanoscale. They are obtained via a bottom-up approach involving sol-gel chemistry and are usually classified in five classes according to the synthesis route, type of phase interactions and macromolecular structure (Figure 2).
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[bookmark: _Ref78478168]Figure 2: O/I hybrids can be divided in five major classes depending on (i) the type of precursors used in the synthesis and (ii) the nature of the interaction between the organic and inorganic phase in the final material.
Class I and class II hybrids are obtained by polymerizing an inorganic macromolecule (most commonly a network of silicate nanoparticles) in presence of a solubilized organic polymer. Hybrids with weak intermolecular interactions between the organic and inorganic components (molecular entanglement, hydrogen bonding and/or van der Waals forces) belong to class I, while class II are hybrids in which the organic and inorganic chains are covalently bonded. This covalent bonding is for example achieved through previous functionalization of the polymer with inorganic residues, which in turn can react with the inorganic network32. Class III hybrids are prepared via the simultaneous polymerization of both the organic (from monomers) and inorganic (from sol-gel precursors) components in a one-pot synthesis, resulting in a structure similar to class I hybrids (i.e., with weak interactions). Class IV hybrids are similarly obtained via one-pot processing but have strong bonds between the two phases. Finally, class V is a variation of class III in which the silicate precursors are designed so that during the sol-gel process they liberate organic moieties that can react and polymerize to form an organic matrix.
O/I hybrids and nanocomposites are produced through two opposite synthesis approaches, each presenting their advantages and limitations and leading to small structural variations that actually make a significant change in properties. The main benefit of O/I hybrids over nanocomposites lies in the sol-gel process, as the colloidal nature of the sol naturally translates into a homogeneous distribution of inorganic particles throughout the hybrid. These particles are typically few nanometers wide, while those prepared for composites are hardly smaller than 30 nm. Furthermore, in O/I hybrids, the inorganic particles can be assembled into rings and chains that entangle with the polymer, thus resulting in an interpenetration of the organic and inorganic components at a molecular level. As such, the main difference from nanocomposites is that no phase heterogeneity can be identified at the nanoscale and above. A major advantage arises from the fine-scale interactions between the organic and inorganic chains, which results in great tailorability of the mechanical properties and degradation rate, especially in class II or class IV hybrids. A key characteristic of hybrids is that their properties are not merely related to the chemical nature of each constituting material. Careful understanding and application of soft matter and sol–gel chemistries combined can modify the hybrid nanostructure and degree of organization, finally resulting in a unique set of properties that relies on the synergistic effects between components more than on the components themselves5. Thanks to the relatively mild synthesis conditions, hybrids are also often considered as promising drug delivery carriers33. In addition, since the polymer is mixed with the inorganic sol at an early stage, hybrids can be formed using various processing techniques (e.g., sol-gel foaming, electrospinning), without the intrinsic difficulties introduced by binders. This allows for the direct fabrication of scaffolds with complex porous geometries. Porosity control and drug delivery are very strong assets for the development of next generation biomedical products, as proven by the rich patent literature protecting the IP of several hybrid systems worldwide. The controlled delivery of osteostimulative agents such as citric acid34, fisetin35 or strontium36 seems to be the main focus of the industrial interest regarding hybrids. A wide variety of processes to prepare hybrids all based on ring opening polymerization are also protected37. The possibilities are many, but with them also the challenges: the synthesis of hybrids is a very delicate and complex process that requires meticulous tuning, as numerous variables contribute to the final properties of the material. From a sol-gel point of view, the polymer must be soluble in the solvent system used for the synthesis and it must withstand the pH conditions during the reaction. The synthesis of a suitable inorganic phase also presents several challenges, as discussed below.
[bookmark: _Toc57289248]3. The inorganic component: silicates and sol-gel bioactive glasses
In a typical process, the sol-gel synthesis of a bioactive glass is initiated using a silicate precursor (usually tetraethyl orthosilicate, TEOS). By means of acidic catalysis, TEOS moieties hydrolyze to silicic acid and polymerize into nanoparticles that progressively coalesce and crosslink to form a gel. Class I and class II O/I hybrids can be prepared by adding the polymer during this condensation process, before the complete gelation of the system. In this way, the polymer chains can entangle and interlock with the forming silicate network structure. Mixing halfway through gelation is also convenient as the two parts have matching viscosities and will form a stable mixture without significant phase separation. Due to the very different chemical natures of the organic and inorganic components, hybrids have the tendency to separate during synthesis if the reagents and the solvent systems are not optimally compatible. In any case, if processing optimization is not enough, a thoughtful polymer choice and design can further help reduce this risk (e.g. functionalized polymers with increased solubility in the solvent38). The control of pH is also of key importance throughout the process. A change in pH can strongly affect the fabrication of O/I hybrids in several ways, acting on both the polymer and the forming silica network. The sol-gel process is highly influenced by the acidity or alkalinity of the reaction pot: the kinetics of gelation are pH-dependent, with gelation time increasing with pH. Ideally, sufficient working time is required before complete gelation (i.e., if a silicate gel sets too fast it cannot be mixed adequately with the polymeric solution). However, the hybrid should also gel completely within a useful and scalable timeframe. Synthesis pH should be also carefully monitored since strong acidity/alkalinity could be detrimental to the polymer and to other biomolecules introduced into the reaction pot (i.e., for drug delivery), causing their degradation. This creates a trade-off between the minimization of pH to achieve slower gelation and longer handling time, and optimization of pH for the safety of organic moieties and for quicker processing. When choosing polymers for an O/I hybrid, pH is a complex variable to calibrate and it might determine which candidates might be more or less suitable for the purpose.
Currently, an even greater challenge in hybrid research for the development of bioactive materials is the incorporation of ions into the material network. Since pure silicate network are usually considered not sufficiently bioactive (release of silica species alone is not osteogenic39), the use of bioactive glasses as inorganic component is more sought after due to the ability of BGs to incorporate numerous different biologically active elements within their network. The goal is therefore to use complex BG formulations for the synthesis of hybrids to ultimately enhance the biological performance of the final materials. Due to the complex nature of the chemistry involved, however, the incorporation of metallic ions into the silicate network has been challenging so far. Most of the BGs currently used for the synthesis of hybrids are binary systems containing silicon and calcium, while many studies still rely on pure silicate as inorganic phase. The difficulty to incorporate more elements lies in the processing: usually, after the sol-gel synthesis of BGs, a heat treatment (~ 600 °C) is used to stabilize the glass and to decompose metal salts, allowing the subsequent diffusion of metallic ions within the silicate network40,41. The polymers used in hybrids could not withstand such a treatment, so most hybrid systems are aged and dried below 100 °C. As a consequence, metals cannot enter the network and remain in their primary form (salts or oxides for most of them), loosely interacting with the material42. Such an unstable system is not suitable for the synthesis of complex formulations, as all the ions present in the system would tend to precipitate or form secondary phases41. As a consequence, most BGs considered for hybrid synthesis are binary (or rarely ternary) formulations to minimize this effect. Regarding calcium, the quest for ideal calcium sources is still open: from the original syntheses using CaCl2, research in the past decade moved to the use of organic salts of calcium (e.g., methoxyethoxide and ethoxide), leading to more homogeneous incorporation. However, the use of alkoxides is still limited due to their instability (quick hydrolysis in the presence of humidity) and their limited availability: it can be very difficult to find high purity precursors and suppliers are sparse. This works against most scaffold fabrication techniques, which require a significant transitory step between solution and gelation (see for instance, sol-gel electrospinning43). Recently, calcium hydroxide and calcium oxide were also proposed as a promising alternative source thanks to ideal and reproducible gelation time (~ 1-2 h) and reliable low-temperature synthesis of the sols41. In spite of these promising steps forward, having to avoid the usual heat treatment for sol-gel BGs remains an important limitation for the incorporation of ions with therapeutic interest. Efforts are made to find novel routes to stably include calcium in the material with promising results, such as curing or the development of borophosphosilicate formulations. These strategies exploit the inorganic phase as calcium carrier. Alternatively, the polymer phase could be also used. Chelation, for instance, is the ability of certain molecules to coordinate with metal ions to create a stable complex. The incorporation of polymers that can chelate calcium ions is currently under development44–48. It could be an effective strategy to circumvent this issue, obtaining bioactive hybrids that deliver complex ion profiles in a control fashion.
O/I hybrids are a highly promising family of materials with still many open challenges up ahead. As we introduced in this section, to reach these ambitious objectives it is important to tailor and balance several variables and parameters of the two hybrid components, the inorganic as well as the organic. In particular, when reviewing the current literature on the topic, it becomes clear that choosing and/or synthesizing a polymer that meets the applicative requirement is one of the main tasks related to the biomedical use of O/I hybrids. Smart design of the polymer chemistry of hybrids could be an effective strategy within reach to reduce their drawbacks and make them more competitive clinically and commercially, especially when compared to nanocomposites.
[bookmark: _Toc57289249]4. The organic component: state of the art in the use of polymers in hybrids
Polymers used in biomedical applications are generally divided according to their origin into synthetic or natural. The origin of the material is also often associated with trends in behavior, properties, advantages and disadvantages (Table 1). Generally, synthetic polymers, principally saturated and unsaturated polyesters, are preferable for their reproducibility and precise control over reactive side groups and mechanical behavior. However, polyesters are highly hydrophobic (inconvenient for applications in contact with cells), with less functional residues and biologically inert. Natural polymers are sought for their ability to mimic the structure, water content and sometimes even the chemical composition of the extracellular matrix (ECM). They tend to be more biologically active (i.e., can elicit specific responses from cells) than synthetic materials. For instance, dissolution products from gelatin were proven to be able to improve cell response49. In addition, their richness in reactive side groups, such as carboxylic groups. allows for chemical grafting (e.g., functionalization with silanol groups to bond to the silica network in class II hybrids) compared to most synthetic polymers. Being naturally sourced, these polymers can sometimes have limitation in terms of reproducibility and scalability. High batch-to-batch variability remains one of the key drawbacks for the widespread use of many natural polymers as biomaterials.
Early syntheses of O/I hybrids focused on the fabrication of class I hybrids incorporating poly(vinyl alcohol) (PVA)50–53, chosen for its water solubility and biocompatibility. A water solution containing PVA (16 kDa) was introduced to the sol (also water-based) before its gelation. Several organic-to-inorganic ratios were tested. Sol compositions with various silicate (SiO2), calcium oxide (CaO) and phosphate (P2O5) contents were also investigated. The protocol was then applied to sol-gel foam processing to give porous hybrid scaffolds for bone tissue engineering53. The results obtained with this system were promising: the hybrid approach improved the strain to failure compared to BG scaffolds while correctly stimulating the osteogenic differentiation of mesenchymal stem cells (MSCs), tissue mineralization and osteoid formation50. The incorporation of cobalt in the formulation to increase angiogenic performance was also explored53. Unfortunately, due to the high solubility of PVA in water and the weak interactions between organic and inorganic phases, the properties of the material were not durable. As dissolution tests revealed, the polymer was rapidly lost upon contact with water, determining a significant decrease in mechanical properties and overall integrity of the scaffolds50. These results highlighted the need to further investigate and engineer the interaction between the two phases and fostered the focus of research on class II hybrids. When designing class II hybrids, specific polymers that contain ‒Si(OR)3 alkoxysilane groups have to be employed in order to obtain a covalent bonding between the organic and inorganic components. These groups can be intrinsically present in the chosen polymer: a typical example is polydimethoxysilane (PDMS), an organosilicon polymer that can be directly added to a silica sol to prepare an organic/inorganic covalent network. Alternatively, if silane groups are not already available, they can be added using a suitable coupling agent (e.g. glycidoxypropyltrimethoxysilane, GPTMS). In this case, natural polymers were considered to be the best candidate for coupling thanks to the higher occurrence of reactive side groups compared to synthetic polymers: especially, Gabrielli et al.54 demonstrated that coupling occurs through the nucleophilic attack on the GPTMS epoxy ring by amine and/or carboxylic acid groups from the polymers, while thiols and hydroxyl groups were ineffective. In the decade of 2005-2015, research was very active on the development of class II hybrids based on natural polymers, in particular on collagen55, gelatin56, chitosan57 and γ-PGA58. In parallel, a smaller body of work focused on class I hybrids using more stable and longer chain polymers, especially polycaprolactone (PCL), with promising results59. More recently (2015-2020), more refined strategies involving polymer chemistry paved the way to an increase in the use of synthetic polymers over natural ones. This approach avoids the high batch-to-batch variability of natural polymers, offering superior control and reproducibility over the synthesis process, which in turn translates into a more precise set of desired properties in the hybrid material and in the final device.
10
[bookmark: _Ref76140882]Table 1: Advantages and disadvantages of the main classes of polymers used for the synthesis of O/I hybrids
	
	Polymer group
	Advantages
	Disadvantages
	Ref.

	Synthetic polymers
	Polyvinyl alcohol
	Water soluble
Biocompatible
	Instability in water
	5,51

	
	Poly-(α-hydroxy acids)
	Widespread use as biomaterials
Bioresorbable within months/years
Easy processing
Fine mechanical tailoring
	Functional groups only at chain ends
Hydrophobic and insoluble  
	60,61

	
	Polyethylene oxides
	Many molecular configurations available (e.g., linear, branched)
Fine tailoring of the mechanical properties
	Unable to trigger apatite formation even when combined in hybrids (low degradation rate)
	62,63

	
	Polymethacrylates
	Higher density of reactive groups (for better class II effectiveness)
Chemically versatile
	Non-biodegradable
Limited biological properties

	63,64

	
	Organosilicon polymers
	Unique synergy between polymers and SiO2 thanks to siloxanes
Easy processing (class II)
Chemically versatile
Non-cytotoxic
	Non-biodegradable
	63

	Natural polymers
	Polypeptides
(collagens, silk proteins)
	Surface functionality similar to tissue components 
	Hard to solubilize
Limited reproducibility
Low O/I ratio  
	65,66

	
	Denatured polypeptides (e.g., gelatin)
	Soluble
Increased processability
(compared to collagen)
Outstanding biocompatibility
Rich in reactive functional groups for class II synthesis
	Excessive dissolution rate resulting in anisotropic swelling (class I)
Uneven degradation between organic and inorganic phase (class I)
	49,67,68

	
	Polysaccharides (chitosans, alginates)
	Relevant biological properties (e.g., mucoadhesion, cell encapsulation, antibacterial activity)
Chemically versatile, available with various molecular configurations
Outstanding biocompatibility
	High batch-to-batch variability
Limited mechanical properties
	69,70

	
	Bacterial polymers (e.g., polyhydroxybutyrate)
	Natural synthesis, but with fine control over the properties of the final material
Wide range of polymers that can be produced by bacteria
Versatile mechanical properties
Similar to bioresorbable polyesters
	Complex scale up of synthesis
Few reactive groups
(chain-end)
Extraction is complex and requires the use of harmful solvents
	71


[bookmark: _Toc57289250]4.1. Synthetic polymers
[bookmark: _Toc57289251]Aliphatic poly(α-hydroxy acids)
A class I hybrid produced with biodegradable poly(L-lactic acid) (PLLA)72 with Mw of 260 kDa was combined with a binary SiO2-CaO inorganic network using chloroform as solvent and calcium methoxyethoxide (CME) as calcium source. The sol-gel synthesis was performed in ethanol. The hybrid sol was then used to fabricate electrospun mats with a submicrometric fiber network. Compared to the native polymer, the hybrid material showed increased hydrophilicity and induced apatite formation upon immersion in SBF after 12 hours. In addition, PLLA/SiO2-CaO hybrids exhibited a twofold increase in tensile strength compared to a PLLA control. The increase in hydrophilicity is a particularly relevant feature of this system, as the application of PLLA is often hindered by its strong hydrophobicity. Polylactide-based systems, although promising, are also rarely used because of their processing limitations associated with the low solubility of the polymer in typical solvents used for sol-gel chemistry. For these reasons, researchers prefer to use polycaprolactone (PCL) as synthetic polyester for class I hybrids. PCL is an aliphatic polyester with slow degradation kinetics and better solubility, which eases the design of the solvent system to match sol-gel and polymer dissolution. Due to its convenient solubility (for a polyester), PCL-based hybrids were synthesized using several similar protocols. Generally, the sol-gel synthesis is performed in water or ethanol, and the polymer (usually 80 kDa, but other MW were also explored) is dissolved in various solvents, including Methyl Ethyl Ketone (MEK)43,59, chloroform73,74 and Tetrahydrofuran (THF)75. PCL/silica hybrids were synthesized both as monoliths and scaffolds for tissue engineering. Thanks to their relatively simple preparation and ideal mechanical properties as bone fillers, class I PCL/BG hybrids are adequate for scaffold fabrication. Several fabrication techniques were used, including electrospinning and sacrificial template microsphere sintering. Allo et al.43, for instance, used 80 kDa PCL dissolved in MEK to prepare class I hybrids with glass composition of mol% 70 SiO2, 26 CaO, and 4 P2O5 and up to 60% polymer (w/w). The hybrid solution was then successfully electrospun to fabricate fiber mats intended for bone tissue engineering. To increase reproducibility, the viscosity of the electrospinning solution was carefully monitored and standardized. Key results confirmed that hybrids following this procedure were homogeneous, amorphous and thermally stable up to circa 200 °C. The organic and inorganic components were well interpenetrated, with molecular interactions occurring in the form of H-bonds, resulting in improved mechanical properties. In addition, hydroxyapatite (HA) formation occurred on the hybrids already after 6 hours from first immersion in SBF and it was found to increase as  PCL content decreased59. In a follow-up study76, the biological performance of PCL/bioactive glass hybrids fibrous scaffolds was also investigated. Generally, the behavior of mammalian cells (murine osteoblast-like MC3T3-E1) underlined good cell growth and proliferation for all materials, comparable to the ones of a positive control. Only the possible occurrence of minor PCL-dependent cytotoxic effects was reported. Nevertheless, the hybrids can be considered biocompatible. The characterization of targeted bone-associated gene expression confirmed these results, as the expression of alkaline phosphatase (ALP), osteopontin (OPN), bone sialoprotein (BSP), and osteocalcin (OCN) were all significantly higher on the hybrid fibrous scaffolds (p < 0.001) than on a PCL control, suggesting that hybrid PCL/BG fibrous scaffolds may provide a favorable microenvironment to accelerate in vitro bone formation. A similar hybrid material75 (80 kDa PCL and SiO2-CaO bioactive glass) was used to prepare bone scaffolds with a different microstructure, trying to mimic and improve the properties of commercial bovine-derived bone grafts. THF was used as solvent for the polymer, while the sol-gel process was carried out in ethanol. Compared to previous studies43, other Ca sources were explored, moving from traditional CaCl2 to calcium hydroxide, calcium ethoxide and calcium methoxyethoxide, resulting in improved calcium incorporation41,75. A joint approach combining microsphere sintering, hybrid infiltration and porogen leaching was proposed. The material showed similar properties to the ones described above: rapid bioactivity, increased toughness and flexibility. Its fabrication into scaffolds was confirmed viable, with ideal topography and morphology for bone tissue engineering. Interestingly, apatite formation in SBF was not limited to the surface of the constructs, as it generally occurs: by means of particle-induced X-ray emission (PIXE) chemical mapping it was possible to observe the deposition of calcium phosphates in the bulk of the hybrid (Figure 3), a phenomenon that led to better resorption compared to sole surface deposition77.
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[bookmark: _Ref119619520]Figure 3: (A) Porous PCL/BG hybrids prepared by a combination of microsphere sintering, hybrid infiltration and porogen leaching. The panels show (B-D) several SEM views, (E) PIXE elemental mapping and µCT results. Figure adapted from reference 78 with permission of ACS Publications.
This unique behavior was attributed to the superior homogeneity of calcium incorporation using this protocol, as already reported also for similarly prepared BG-gelatin hybrids56,75. The porous constructs were biologically tested both in vitro and in vivo and benchmarked against a commercial purified bovine xenograft (Lubboc®, OST Laboratoires) with very promising results78. The adhesion and differentiation of primary osteoblasts harvested from rat calvaria were significantly promoted in vitro, as confirmed by an increase in ALP enzymatic activity and by the upregulation of RUNX2. Compared to a commercial bovine-bone product, the hybrid scaffolds showed improved adhesive potential, measured by an increase of the ratio between phosphorylated and non-phosphorylated focal adhesion kinases (pFAK/FAK). Higher phosphorylation of FAK indicates higher activation of focal adhesions and therefore higher cell adhesion. The mechanism by which PCL/BG hybrids promote this cell behavior are still under investigation. In vitro results were further corroborated by in vivo testing using a mouse critical size defect model: hybrid scaffolds were characterized by a significantly superior regenerative potential compared to their commercial competitor (Lubboc®). After 3 months of implantation, histological data confirmed ongoing vessel sprouting, mineralization and bone remodeling, supported by ALP activity promotion. This tissue growth was confirmed to be a physiological-like and well-orchestrated phenomenon, with novel deposition of mineralized collagen by osteoblasts and osteoclastic resorption pits. Remarkable micro-computed tomography (µCT) measurements of in vivo implantation showed doubled bone ingrowth compared to the commercial xenograft (Figure 3), suggesting that hybrid scaffolds could considerably outperform current products. Owing to this outstanding performance, the approach was also patented, focusing in particular on the ability of the process to control scaffold porosity79. In addition, these hybrids are synthesized with a relatively simple class I method. For medical device development, this characteristic is greatly valuable: it can potentially reduce industrialization risks, in particular related to regulatory affairs, scaling-up and reproducibility limits.
Aliphatic polyesters are also popular synthetic polymers for the synthesis of class II hybrids. Trials using aminolyzed polylactic acid (PLA) and GPTMS as coupling agent are reported80, although in this case, probably due to the high hydrophobicity of the polyester, the two components were combined using a two-step method: first the polymer was processed into porous membranes, and then the inorganic phase was grafted onto it by aminolyzation, GPTMS functionalization and finally silica sol-gel synthesis. This results in a PLA/SiO2 material that should be described as a silanized membrane rather than a proper hybrid. Once again, PLA shows limitations due to its solubility. For this reason, PCL established itself as a more promising candidate. A series of studies by Tian and coauthors81–84 examined the use of low MW variants of this polymer as possible components of class II silica/PCL hybrids and investigated how processing variable would affect the final properties of the materials. Several PCL precursors were used, including hydroxyl end-capped linear PCL (Mn = 2-4 kDa), vinyl end-capped three-arm star-shaped PCL (Mn = 12 kDa), and hydroxyl pendent groups containing PCL (Mn = 14.5 kDa, 5.0 mol% OH groups), PCL diol (Mn = 1250 g/mol) and PCL triol (Mn = 900 g/mol). The presence of reactive end groups permits the derivatization with 3-(triethoxysilyl) propyl isocyanate (ICPTES), a coupling agent that makes PCL reactive during the sol-gel process, effectively creating covalent bonding between the organic and inorganic phases. The synthesis is performed in a THF/ethanol solvent system. No calcium source was considered in these studies, as the research was not aiming to the treatment of bone defects. Generally, hybrids synthesized with this method are monophasic, transparent, amorphous materials with increased thermal stability compared to PCL. The polymer was successfully incorporated into the inorganic network, with which it interacted both by covalent and H-bonds. The incorporation was found to be dependent on several variables, including the polymer content, MW and number of functional groups per chain, all of which evidenced that the final properties of the material are mostly related to the number of available reactive triethoxysilane groups. Around the same period, Rhee et al.85,86 developed a similar system (triethoxysilane end-capped PCL) and investigated its suitability as bioresorbable biomaterial for bone tissue engineering. They added a calcium source (calcium nitrate Ca(NO3)2) to enhance the bioactivity of the system. The MW of PCL is also different (6700 g/mol). The resulting material showed remarkable mechanical properties, approaching the values characteristic for cancellous bone, and degraded in vitro at a similar rate to the one of PCL86. In addition, apatite formation assays performed in vitro by immersion in SBF confirmed that the addition of calcium can significantly increase the bioactivity of the material, whose surface was completely covered by newly formed crystals after only 9 hours. The correct composition of these formation was verified by SEM imaging and XRD spectroscopy and presented the characteristic shape and XRD peaks of apatite. The authors suggest that un-reacted silanols and soluble calcium salt acted as nucleation sites and accelerator, respectively85. Fostered by the promising results obtained by these studies, more investigations into PCL hybrids with increasingly refined properties were carried out in the past two decades.
In recent years, for instance, more refined inorganic compositions including a significant borate fraction included for its therapeutic effect were proposed87. A non-aqueous sol-gel procedure performed in acetone was developed to prepare novel class II hybrids combining a borophosphosilicate glass composed of mol% 91 SiO2, 5 B2O3 and 4 P2O5 (BPSG) with a triethoxysilane end-capped PCL that was functionalized using GPTMS in presence of trimethyl borate as catalyzer. An array of analyses (FTIR, TGA, XRD and solid state 29Si CP-MAS NMR) confirmed successful fabrication of a uniform hybrid with a well-developed organic/inorganic network, which remained amorphous and transparent up to 60 wt% in polymer fraction. The network was characterized by a dominance of T3 conformations (Tn networks are equivalent to Qn networks, but with one C atom connected to the Si), indicating a well-interconnected structure in which silicon atoms are covalently bond to four bridging atoms, three oxygens and one carbon provided by the functionalized PCL. The dominance of T3 over T4 is due to the absence of any high temperature thermal treatment. Most remarkably, the first investigations into this hybrid showed that BPSG are a possible alternative to Ca-containing glasses to trigger the deposition of physiological-like crystalline hydroxyapatite in vitro with a routine SBF incubation test. According to the authors, this was the first time that calcium-free O/I hybrids incorporating B2O3 were reported and, furthermore, were demonstrated to be bioactive. To our knowledge, BPSG is indeed the only sol-gel inorganic component for hybrids that abandons the SiO2-CaO-P2O5 triad. The exploration of new compositions not only gave successful results in terms of bioactivity: BPSG/PCL hybrids were shown to possess superior mechanical and degradation properties compared to conventional composites prepared using the same organic and inorganic components (i.e., inorganic particles and polymer matrix). This was probably due to (i) the successful formation of covalent bonding between the two phases and (ii) the molecular scale at which the components are mixed, hybrids exhibited more reproducible and higher compressive strength, modulus and toughness compared to composites. The degradation of hybrids was also easier to tailor and control. It was characterized by slow surface erosion, while composites rapidly cracked and lost weight upon immersion in PBS88. In view of its application as bone tissue engineering scaffolds, the processability of BPSG/PCL into porous constructs by solvent-free particulate leaching was confirmed. Compression molding was performed in presence of a porogen (NaCl). The salt was then leached to leave an interconnected porous scaffold with tailorable porosity (44 – 60%). The cytocompatibility of the hybrid scaffolds was confirmed using a MC3T3-E1 murine osteoblastic cell line88. Cell behavior in contact with the constructs and osteogenicity due to boron release was then investigated using stem cells (MSCs)89. Cells successfully attached, proliferated and infiltrated for about 1 mm in the construct. Spreading and focal adhesion formation were excellent. Boron release from scaffolds with 2 mol% B2O3 was correlated with a significant upregulation of ALP and OCN, suggesting differentiation toward the osteoblastic phenotype and ongoing mineralization. Interestingly, hybrids with 5 mol% B2O3, although previously not cytotoxic, had a negative effect on cell differentiation. The authors claim this is possibly a consequence of excessive local release of boron above its cytotoxicity threshold, a shortcoming that might not occur in vivo, where mass transfer is highly superior to the one occurring for in vitro static culture. Further studies perhaps using more refined in vitro culture models (e.g. cocultures, bioreactors) might shed light on the complex matter of boron release and help to better identify the ideal doping of bioactive glass to obtain the desired therapeutic effect, as it was recently reported for copper and its angiogenic potential90. One of the main limits to the use of PCL as organic component of class II hybrids is, as it is for most aliphatic polyesters, its lack of reactive sidechains. This effectively limits the possible bonding sites between the organic and inorganic phases. Chain-end functionalization can only go so far.
Sang et al.91 offered a possible solution to the problem by developing a novel copolymer of caprolactone and GPTMS. One-pot ring opening polymerization (ROP) of poly(CL-co-GPTMS) was performed at 110 °C using benzyl alcohol as initiator and stannous octoate as catalyzer (Figure 4). Various CL/GPTMS ratios were investigated, ranging from 10:2 to 200:2.
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[bookmark: _Ref119619556]Figure 4: Scheme showing the ring opening polymerization of caprolactone and (3-glycidyloxypropyl) trimethoxysilane monomer, forming a poly(CL-co-GPTMS) random copolymer (top). Typical sample and structure of the final materials are also shown (bottom). Figure adapted from reference 91 with permission of ACS Publications.
This leads to a polymer with side trimethoxysilane groups that can hydrolyze during the sol-gel process, leaving silanol groups that can act as starting sites for the polycondensation of the silica network. The use of this novel copolymer offered the possibility to finely tailor the mechanical properties of the final material by independently tuning the organic-to-inorganic and CL/GPTMS ratios. The result is a transparent, amorphous and homogeneous material with a remarkably linear elastic mechanical behavior characterized by high strength, satisfactory strain to failure and no significant hysteresis when subject to cyclic load. The authors claim that this novel approach to the fabrication of PCL-based hybrids is more efficient compared to previously described PCL functionalization. In addition, a preliminary ISO10993-compliant biological evaluation of poly(CL-co-GPTMS)/SiO2 hybrids did not highlight significant cytotoxicity and showed good adhesion of MC3T3-E1 preosteoblasts.
These recent studies highlight how a smart chemical reaction between the organic and inorganic component of a hybrid can open up to novel materials with unique properties, in particular in terms of mechanical behavior. However, research also showed how a conventional class II approach (i.e., a three-component synthesis comprising a polymer, a sol-gel silicate network and a coupling agent) is limited by the availability of reactive groups and by the miscibility of the polymer phase in the sol-gel pot. A further step forward to overcome the issue is the development of class IV hybrids, in which both the organic and inorganic network are formed in situ at the same time and covalent bonds form between the networks. This approach results in greater homogeneity and interpenetration of the two networks. However, it is intrinsically more complex, requiring more careful processing control. When the variables are correctly controlled, this approach can result in the fabrication of hybrid materials with properties that go beyond the simple combination of its components. Interestingly, one of the most successful and remarkable examples of this approach is a case of serendipity92. While developing a protocol for the synthesis of class II PCL/SiO2 hybrids in THF, the unexpected polymerization of the solvent, initiated by the coupling agent (GPTMS), led to the formation of a poly(caprolactone-co-tetrahydrofuran) copolymer and, ultimately, to the fabrication of a novel SiO2/PTHF/PCL-diCOOH hybrid exhibiting unique elastomeric behavior (so-called “Bouncing Bioglass”) with autonomous self-healing properties. The hybrid is synthesized following a three-pot reaction that results in a material described by the authors as a combination of class II and class IV. First, carboxylic acid end-capped PCL (PCL-diCOOH) was obtained through TEMPO oxidation of a low MW (Mn = 530 g/mol) PCL diol precursor. The reaction was performed in THF. The PCL-diCOOH was then grafted with GPTMS using boron trifluoride diethyletherate (BF3Oet2) as epoxide ring activator (Lewis’s acid). During this step, the activated epoxide ring of the coupling agent also acts as an initiator for the polymerization of THF into PTHF, a linear polyether obtained by cationic ring opening polymerization (CROP) at room temperature and pressure (RTP conditions). This unique synthesis protocol is patent protected37. Results obtained by 1H-NMR show that this polymerization occurs only in presence of BF3Oet2 and GPTMS, while PCL-diCOOH is not necessary. The authors propose a possible mechanism of reaction involving first the ring opening of the epoxide and then, as a consequence, the opening of the THF ring and its polymerization into PTHF. The final structure is a combination of PCL and PTHF chains within a SiO2 network, with multiple interactions between components, including covalent bonds, hydrogen bonding, London forces and dipole-dipole interactions (Figure 5).
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[bookmark: _Ref78450702]Figure 5: Schematic representation of the SiO2/PTHF/PCL-diCOOH hybrid, modified from Tallia et al. 92, highlighting the hypothesized GPTMS-mediated covalent bonding between inorganic and organic phases as well as the other interactions between polymer chains.
This complex interlaced structure is thought to be responsible for the elastomeric, self-healing properties of this hybrid. In particular, the bouncy elastomeric behavior is probably related to the in situ formation of PTHF chains which act as soft segments within the network. The organic component has also a key role in self-healing: the complex network of weak intermolecular forces between the organic components can rearrange itself after a damage, thanks also to the elastomeric nature of PTHF, which helps chain rearrangements and accommodates healing. H-bonds are thought to be the major interaction responsible for the healing, however London forces and dipole-dipole interactions probably have a significant role, too.
By reason of its behavior, the authors investigated the application of the material for the regeneration of cartilage, a tissue with unique mechanical behavior and lacking intrinsic regenerative potential. Thanks to a sufficiently wide sol-gel transition period, the gelling hybrid (inorganic-to-organic ratio 80:20) was 3D printed via Direct Ink Writing to produce woodpile scaffolds and their potential in cartilage regeneration was tested against an ATDC5 chondrogenic cell line. The results are encouraging. Besides evidence of satisfactory cell adhesion, viability and proliferation, several markers related to cartilage formation were promoted. The biological characterization showed increased expression of collagen type II, cartilage-specific proteoglycan core protein (CSPCP, or aggrecan) and SOX9. Collagen type II production was accompanied by negligible quantities of type I and type X, varieties of the protein that are associated with the formation of fibrous or osseous tissues, respectively. These findings show that hybrids, thanks to their properties halfway between polymers and bioactive glass, could find application not only as bone substitutes, but also in cartilage regeneration. They might indeed offer a solution to the regeneration of one of the most challenging tissues of the human body.
[bookmark: _Toc57289252]Poly(ethylene oxide) and poly(ethylene glycol)
An alternative synthetic polymer that appears promising as organic component of hybrids is poly(ethylene oxide) (PEO), also known as poly(ethylene glycol) (PEG) when the MW is lower than 100 kDa. PEOs are particularly interesting and versatile polymers for biomedical applications thanks to their relatively low cost and their availability in a variety of molecular configurations (linear or branched) across a broad range of MW, from less than a few hundred kDa to several million. Similar to PCL, PEOs can be end-capped using desired moieties that act as bond sites for the polymerization of a silicate network during sol-gel. The potential of this family of polymers was first explored by Messori et al.93 in a study investigating class II PEO/silicate hybrids as coating materials to prevent the leaching of plasticizer from PVC-based medical devices (e.g. gloves, fluid bags, tubes, catheters and dialysis equipment). PEO-based O/I hybrid coatings were also proposed as a possible strategy to improve the oxygen barrier properties of PLA films for food packaging applications without hindering their transparency94. More recently, the combination of sol-gel silica and PEO/PEG in tissue engineering was also proposed and characterized95. Hendrikx et al.96, for instance, developed an interesting indirect FDM-based technique to prepare porous scaffolds from class II hybrid sols (ICPTES as coupling agent). Several candidate materials were used: five linear PEGs with different molecular weights ranging from 200 to 8000 Da (all MW are given as numeral average Mn) and six PEG-derived branched oligomers, namely four trimethylolpropane ethoxylates (TMPEO) with Mn from 170 to 1014 and two pentaerythritol ethoxylates (PETEO) with Mn 270 and 797. The fabrication approach consists of the 3D printing of a sacrificial PCL woodpile and its infiltration with the hybrid sol. Once the hybrid is set, the PCL template can be leached. The correct choice of solvent is key: PEO comes in handy as it is usually soluble in the ethanol used for the sol-gel process, but insoluble in the organic solvent used for the leaching of PCL (i.e., tetrahydrofuran). This technique, although rather elaborate, leads to scaffolds with tailorable mechanical properties for cancellous bone regeneration (Figure 6).
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[bookmark: _Ref119619451]Figure 6: SEM images of the templates (A-B) and final scaffolds (C-D) obtained by Hendrikx et al. by indirect rapid prototyping of a class II PEG/silicate hybrid show. Figure adapted from reference 96 with permission of Elsevier.
In particular, the mechanical behavior can be controlled by varying the type of organic component: generally speaking, branched polymers lead to a 50% increased compressive strength compared to linear PEG of comparable MW. Moreover, the lower the molecular weight of the chosen organic crosslinkers the higher the mechanical properties of the final hybrid scaffold. Results also confirmed the satisfactory adhesion and proliferation of Saos-2 cells on the scaffolds, with results comparable to a PCL control. Further control over the mechanical properties (e.g. increased stiffness) and biodegradability of this family of PEO-based hybrids can be achieved via the introduction of enantio-pure oligolactides (LA) in the organic precursors, as investigated by Kascholke et al.97 on a range of LA/branched-PEO hybrids. Given that the inorganic component is 100% SiO2, the main drawback of these biomaterials in bone tissue engineering was their low bioactivity, compared to PCL-based hybrids96,97. The authors tried to tackle this limitation in a follow-up publication98 by adding CaCl2 as calcium source. Unfortunately, the PCL leaching process caused also a significant and unwanted calcium loss. When immersed in SBF, the presence of calcium in the sol-gel glass seems to increase the bioactivity of the final scaffolds, as observed by SEM and EDX, however results do not appear fully reproducible and further optimization is needed. An alternative approach to calcium incorporation into PEO-based O/I hybrids consists in the use of calcium methoxyethoxide as calcium source99. CME was combined with low molecular weight PEG300 and PEG600 polymeric precursors and APTES as coupling agent. Generally, PEO-based hybrids hold great promise thanks to their versatile synthesis and the possibility to finely tune the properties of the final material. If a lack of biomineralization is unavoidable, as the authors point out, such not-bioactive formulations would still be of great interest to target non-mineralized tissues that nevertheless demand for precisely adjusted mechanical properties, such as cartilage or tendon97.
[bookmark: _Toc57289254]Methylacrylate-based strategies
When performed in the sol, the in situ reaction of coupling agents with polymers is known to not achieve completion, leaving possibly harmful by-products that are hard to remove. Having more reactive groups could help shift the balance of the reaction and reduce by-products. Methacrylate-based polymers were investigated as a promising candidate to overcome this limitation. In fact, they can be synthesized including coupling sites for the silica network within the polymeric backbone. This in turn results in better integration of the bridging moieties (e.g., alkoxysilanes) and a more tailorable design in which crosslinking degree and MW can be controlled independently. However, the strong chemical advantages of methacrylate-based systems come with the significant drawback of not being biodegradable due to the non-degradable C-C bond in their backbone. Small molecules can  excreted via the kidneys if their MW is less than ~30 kg/mol, as they would pass through the pores of the glomeruli100,101. Hybrids made with MW higher than this cannot be considered as biodegradable. Random copolymers were successfully synthesized from various methacrylate precursors, including 3-(trimethoxysilyl)propyl methacrylate (TMSPMA)102, methyl methacrylate (MMA)103, 2-hydroxyethylmethacrylate (HEMA)104,105 and n-butyl methacrylate (BMA)103.  The already polymerized material, polymethyl methacrylate (PMMA), was also used102,106. When a calcium salt (CaCl2 or Ca(NO3)2) was added, bioactivity was significantly promoted, regardless of the precursor monomers102,104,105. The results of mechanical testing report values of Young’s modulus as high as 4 ± 0.2 GPa for a poly(TMSPMA/MMA)/SiO2-Ca(NO3)2102. Recently, the addition of strontium to a HEMA-based hybrid based was also explored for its osteogenic potential. Interestingly, triethoxyvinylsilane, TEVS, was used as network former instead of more common TEOS107. Although encouraging, the results of these studies suffered severe data scattering and lacked reproducibility. Other authors suggested that an issue might lie within unassessed significant variations in polymer chemistry (e.g., polymer molecular weight, molecular structure of the final network) affecting the organic/inorganic interaction and interpenetration ultimately resulting in widely varying degradation, bioactive and mechanical properties. In an attempt to further deepen the understanding of this drawback and eventually control it, Maçon et al.108 addressed the issue following a triple approach: they developed a novel data manipulation technique elaborating the output data of acoustic atomic force microscopy (AC-AFM) and solid state nuclear magnetic resonance (SS-NMR) in order to understand the relation between hybrid network structure and macroscopic mechanical properties, elasticity in particular. In parallel, they developed a methacrylate-based class II hybrid to use as a test model for their characterization protocols (Figure 7), a high crosslinking density polyTMSPMA/SiO2 class II hybrid (the high crosslinking density is due to the fact that each monomer of TMSPMA has an alkoxysilane residue, the theoretical crosslinking degree of polyTMSPMA is 100%)64. Finally, they investigated the role of polydispersity in determining the material properties by directly comparing the performance of similar class II hybrids in which the organic phase is polymerized by either telomerization or reversible addition–fragmentation chain-transfer (RAFT), resulting in products with similar MW but very different polydispersity (PD) (i.e., higher for telomerization, lower for RAFT). The outcome of these studies is greatly insightful. PolyTMSPMA/SiO2 hybrids are transparent, mesoporous and cytocompatible. The high crosslinking density leads to a significant shift in mechanical behavior, from brittle to ductile, without excessive shrinking or crack formation. Most remarkably, the material shows signs of improved apatite forming ability compared to pure silica, even without the addition of a calcium source64. In parallel, the elaboration of the outputs coming from AC-AFM and SS-NMR allowed the authors to propose a new mechanism of gelation. They suggest that the volumetric density of bridging oxygen bonds (Si-O-Si), measurable via SS-NMR, is a key parameter to identify the structure/property relationships in silicate hybrids. Specifically, the addition of polyTMSPMA was directly linked with variation in elasticity: the polymer acts as spacer, lowering the density of bridging oxygen bonds and, ultimately, increasing chain mobility. More polymeric phase was also correlated to accelerated gelation kinetics. Interestingly, the mechanical behavior of this system is independent from variations in the molecular weight of the polymer and can be controlled by solely tailoring the organic/inorganic ratio. This is probably a consequence of the very high crosslinking density. Regarding the gelation kinetics, they can be controlled lowering the crosslinking degree by alternating TMSPMA and MMA monomers in the polymer backbone, as investigated by other authors109. Regarding the comparison of polymerization techniques, the PD was found to have a significant effect on the properties of high crosslinking density hybrids. It was observed that while gelation is driven by the higher fraction of the molecular distribution, the mechanical and chemical durability properties were not affected. In particular, the gelation of RAFT-based hybrids was significantly slower than that of of telomerization-based hybrids. Being able to carefully tailor a longer gelation time could be of great interest for the application of O/I hybrid sols in conjunction with scaffold fabrication techniques that require uniform rheological properties through the process (e.g., electrospinning, additive manufacturing).
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[bookmark: _Ref119620148]Figure 7: (A) Free radical polymerisation of TMSPMA and hybrid synthesis. (B) Photograph of pTMSPMA/SiO2 hybrids after drying and (C) time taken by the different sols to gel as a function of the molecular weight of pTMSPMA. Figure adapted from reference 108 under Creative Commons License..
All the methacrylate-based hybrids discussed so far were made with polymers of linear architecture. The possibility of synthesizing multibranched polymethacrylates was also studied, confirming the high versatility and potential of this material platform. Randomly branched and star-shaped copolymers of TMSPMA and MMA were prepare using RAFT polymerization. Branched polymers were one-pot synthesized at 70°C, while star-shaped ones underwent a two steps process with re-dissolution in toluene. With this procedure it is possible to prepare well-defined organic precursor and achieve a better tailoring of their properties, thanks to the fine and accurate approach to polymer chemistry. Specifically, architecture can have a significant effect on the mechanical behavior of the final system, maintaining the compressive strength of sol-gel glass while significantly increasing both the toughness modulus and the Young’s modulus (9.6 and 4.5 fold, respectively in the case of star copolymer-SiO2 hybrids). At the same time, variations in polymer chemistry did not affect the cytocompatibility of the hybrids, as verified by culturing an osteoblast precursor cell line (MC3T3-E1). Fostered by these findings, Chung et al.110 proposed a further optimization of the randomly branched and star poly(TMSPMA-co-MMA)/SiO2 hybrids. In spite of the promising results obtained with methacrylate-based hybrids, few studies focused on overcoming their lack of biodegradability. For this reason, the introduction of disulphide-based dimethacrylate (DSDMA) as enzymatically biodegradable branching agent was investigated. Hybrids were prepared as discussed above but adding DSDM to the polymerization pot. The authors suggest that an enzymatically degradable system might be superior to a hydrolytically degradable ones as the former offers a more refined control over degradation kinetics111. These MM-based biodegradable hybrids were compared in terms of mechanical and biological performance to similar non-biodegradable ones and no significant difference was observed. These remarkable results might represent a turning-point for the application of MM-based hybrids within the human body and could pave the way for their forthcoming application in tissue engineering and regenerative medicine.
[bookmark: _Toc57289253]Organosilicon polymers
In parallel to methylacrylate-based strategies discussed above, another approach to avoid the use of coupling agents and still be able to crosslink the polymer to the silicate network is to use polymers that intrinsically contain reactive residues. Polydimethylsiloxane (PDMS) and SiO2 have a strong synergy that started being exploited more than twenty years ago to develop class II hybrids. Initial trials focused on pure silica hybrids112, soon moving to the incorporation of calcium to increase the bioactivity. Because of its limitation in terms of biodegradability and overall biological performance (i.e. PDMS is non-toxic, but very bioinert), research on PDMS-based hybrids focused on the incorporation of multiple elements, such as calcium113–119, strontium119, zirconium120 and titanium115,117,120. Interestingly, it was discovered that a high organic-to-inorganic ratio could hinder calcium incorporation and therefore decrease the bioactivity of the final material118. Titanium and zirconium were added to the system in an attempt to change its mechanical properties and topography. In particular, titanium was chosen to investigate the possible enhancement of bioactivity due to the exposure of Ti-OH groups on the surface of the materials. In addition, authors reported that by carefully adapting the synthesis protocol, titanium can affect the condensation of the silicate network and result in different surface morphologies117. The engineering of titanium incorporation was recently studied by Almeida et al.117 for the preparation of a PDMS-SiO2-TiO2-CaO hybrid. In particular, the investigation focused on how changing the protocol for the chelation of the titanium precursor (Ti-isopropoxide) could have an effect on the properties of the final material. Ti-isopropoxide was either (i) used directly or (ii) mixed with isopropanol before adding it into the synthesis pot. The amounts of precursors and solvents were always left unvaried. Remarkably, the slight variation of procedure led to deeply different structures, microstructures and surface wettability. Samples prepared with the first procedure show relatively lower hydrophilicity (contact angle ~ 125°, Wenzel wetting regime) and a rougher surface topography. These distinctive characteristics influenced the results of the biological characterization (Figure 8). Although both materials were found to be cytocompatible and supported the adhesion and proliferation of an MG63 cell line, rougher, less hydrophilic samples determined a significant increase in ALP activity, indicating that samples produced with the first procedure might have a synergetic combination of surface roughness and wettability that can promote osteogenic differentiation117. These findings were applied in a follow-up study where a portion of calcium was substituted with strontium119, an element known for its beneficial therapeutic effect on osteoblasts. The addition of strontium compacts the microstructure and smoothen the hybrid surface. More importantly the strontium release, well-tailored to be over its therapeutic level but under the cytotoxicity threshold, was proved to improve the osteoblastic response, resulting in a faster overexpression of ALP, especially after 5 days of culture. For longer cultures strontium-containing hybrids are comparable to PDMS-SiO2-TiO2-CaO ones.
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[bookmark: _Ref119622416]Figure 8: SEM micrographs (A-C) showing the change in morphology of PDMS-SiO2-TiO2-CaO hybrids upon immersion in SBF. PIXE mapping results (D) confirm that after 14 a significant deposition of calcium phosphates (i.e., bioactivity) occurred. Figure adapted from reference 119 with permission of Elsevier.


[bookmark: _Hlk119703827]Table 2: Summary of synthetic polymers used to prepare O/I hybrids, their respective class and synthesis conditions.
	[bookmark: _Toc57289255]Organic phase
	Polymer characteristics
	Inorganic phase
	Hybrid class
	Calcium source (if applicable)
	Inorganic phase (sol-gel) solvent
	Organic phase solvent
	Coupling agent (if applicable)
	Refs.

	PVA
	16 kDa
	SiO2 - CaO
	I
	CaCl2
	Water
	Water 80°C
	-
	51

	PLA
	260 kDa
	SiO2 - CaO
	I
	CME
	Ethanol
	Chloroform
	-
	72

	PCL
	14 kDa
	SiO2
	I
	-
	Ethanol
	Chloroform
	-
	121

	
	80 kDa
	SiO2 - CaO - P2O5
	I
	CaCl2
	Water
	MEK 35°C
	-
	18,43,59

	
	
	SiO2 - CaO
	I
	CE
	Ethanol
	THF
	-
	75,78

	PHB
+
PCL
	437 kDa

48-90 kDa
	SiO2  - CaO - P2O5
	I
	CaCl2
	Ethanol
	Chloroform
+
DMF
	-
	73,74,122

	PCL diol
	2000 g/mol
	SiO2
	II
	-
	THF + Ethanol
	THF
	ICPTES
	81–84

	
	3000 g/mol
	SiO2  - B2O3 - P2O5
	II
	-
	Acetone
	Acetone
	GPTMS
	87–89

	
	6700 g/mol
	SiO2  - CaO
	II
	Ca(NO3)2
	Ethanol
	THF
	ICPTES
	85,86

	poly(CL-co-GPTMS)
	4-20 kDa
	SiO2
	II
	-
	water
	THF
	-
	91

	poly(CL-co-THF)
	530 g/mol
	SiO2
	II/IV
	-
	water
	THF
	GPTMS
	92

	PEG
	600 g/mol
	SiO2
	II
	-
	directly in polymer solution
	Ethanol
	ICPTES
	93

	
	300, 600 g/mol
	SiO2  - CaO
	II
	CME
	directly in polymer solution
	Ethanol
	APTES
	99

	PEO derivatives
	170 - 8000 g/mol
	SiO2
	II
	-
	ethanol 55°C
	-
	ICPTES
	96,98

	poly(EO-co-LA)
	1000 - 3000 g/mol
	SiO2
	II
	-
	ethanol 55°C
	-
	ICPTES
	97

	PTMSPMA
	2.5 - 30 kDa
	SiO2
	II
	-
	water
	Ethanol
	-
	108

	PMMA-co-PTMSPMA
	10 - 60 kDa
	SiO2
	II
	-
	water
	THF
	-
	103,110

	PDMS
	550 g/mol
	CaO - SrO - TiO2
(+ SiO2 from polymer)
	II
	Ca(CH3COO)2
	water + isopropanol
	-
	-
	117,119

	polymer of HEMA/TEVS
	-
	CaO - P2O5
(+ SiO2 from polymer)
	IV
	CaCl2
	directly in polymer solution
	ethanol
	-
	107



4.2. Natural polymers
[bookmark: _Toc57289256]Polypeptides
Due to their main structural role in most connective tissues, collagens are obvious candidates for a wide range of biomedical applications. In particular, since one aim of O/I hybrids design is to mimic the natural structure of bone, researchers explored the combination of type I collagen with silicates and bioactive glasses as an approach leading to the development of materials with a close resemblance to physiological bone tissue5,55. Collagen has a complex hierarchical supramolecular structure based on triple helix fibrils determining unique mechanical properties123, significantly superior to other natural polymers. They are usually described using the so-called “stacking model” originally described by Hodge and Petruska124. In addition, collagen is characterized by its ability to nucleate mineralization125,126 while also being remodeled by enzymes involved in physiological bone regeneration mechanisms5. Furthermore, synergistic effects between collagen and silica naturally occur in deep sea siliceous sponge species (Monorhaphididae)127. The fibrillary structure of collagen is able to act as template for silica self-assembly, which in turns results in the mineralization of the polymeric matrix (Figure 9). This phenomenon is referred to as biosilicification and, in nature, is responsible for the formation of complex and remarkably tough multilayer nanostructures that caught the attention of biomaterials research.
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[bookmark: _Ref78560901]Figure 9: In biosilicification, the normal polycondensation of silica (A) can be tailored using an organic template (B). In panel (C) a typical structure of silica condensing on tropocollagen fibrils is shown (inverted SEM). Figure adapted from reference 128 with permission of John Wiley & Sons, Inc.
Using the sol-gel hybrid approach to synthetically mimic biosilicification and produce bio-inspired collagen-silica hybrid seems a promising and feasible strategy to obtain hierarchical 3D structures that resembles bone tissue. However, due to its complex molecular structure, processing collagen is a complex matter. Its solubility is very low and it can be dissolved only in acetic acid at low concentration. Several studies showed that a stable suspension of regenerated collagen can be prepared from tropocollagen, the structural subunit of collagen fibrils consisting of three polypeptide strands arranged in an α-helix. Tropocollagen is first dialyzed to remove salts used during extraction, then allowed to self-assemble into fibrils, freeze-dried and resuspended in a Tris-HCl buffer. With this approach class I hybrids of regenerated collagen and silica were successfully produced using various precursors, including TEOS129–132, tetramethoxysilane (TMOS)126, potassium silicon tris-catecholate127 and sodium silicate127,133. The maximum polymer content that could be attained was nevertheless relatively low (~ 15-30%) compared to other hybrid materials. In a typical biosilicification synthesis process132, hydrolyzed TEOS and a buffered collagen suspension are vigorously mixed, resulting in spontaneous gelation. Gelation kinetics can be controlled by tailoring the organic-to-inorganic ratio and the concentration of collagen, probably as a consequence of electrostatic interactions between negatively charged silica and positively charged groups of collagen, mainly amines131,134. The combination of hybrid synthesis and a composite approach was also investigated, blending collagen-silica hybrids with particulate bioinorganics (e.g. α-tricalcium phosphates129, hydroxyapatite135). Class I collagen-silica hybrids are homogeneous, bioactive134 and biocompatible (using human MSCs128 and also in vivo in rats132,135). In addition, the relative amount of collagen has significant impact on their mechanical properties126: the introduction of the biopolymer into the inorganic matrix determines significant increases in compressive modulus, ultimate strength and strain at fracture.
Compared to other polymers used for hybrid synthesis, the chosen inorganic precursor used in synthetic biosilicification has higher impact on the final structure obtained. Due to the highly hierarchical self-assembly of collagen and silica, changing the precursors can be the determining factor between obtaining a nanofibrillar tropocollagen dispersion in a silica matrix or silica-coated collagen macrofibers127. An in-depth investigation into the role of silica precursors on the final structure of bio-inspired collagen-silica hybrids was conducted by Eglin et al.127, who observed that all studied silicates (i.e. silicon alkoxides, silicon catecholates and silica nanoparticles) can only be added in limited amounts to collagen before they hinder the self-assembly properties of the polymer. In fact, collagen-silica hybrid fabrication could be successfully prepared only using regenerated tropocollagen with a low self-assembly degree. The limited amount of silica that can be used, coupled with the limited solubility and processability of collagen, presents a significant bottleneck for the successful application of this type of hybrid. For their limited processability and the disadvantages associated with bio-inspired biosilicification (e.g. low reproducibility, very limited organic-to-inorganic ratio), the use of collagen for hybrid synthesis has been often deemed unsuitable5.
The significant limitations of collagen can be overcome using gelatins, a family of hydrolyzed collagen derivatives that retain the biomimicry attractiveness of collagen and the presence of reactive functional groups, while being highly soluble in water. Class I136,137, but mostly class II gelatin-silica hybrids137–140, were successfully synthesized avoiding the limits of collagen biosilicification. The use of gelatin over collagen is a remarkably effective way to overcome the severely limited processability of native collagen. Gelatin-silica hybrids are scalable and can be manufactured into porous tissue engineering scaffolds using a wide variety of fabrication techniques, including sol-gel foaming68,139, freeze-drying68,139,141, electrospinning142,143, sacrificial template leaching56,  solution blow spinning (SBS)138 and direct gel 3D printing143. As for other natural polymers, the synthesis of hybrids without the use of TEOS is also reported142. The strategy, however, has limited tailorability of the coupling degree, which cannot be controlled independently from gelatin content5. In a typical synthesis procedure, GPTMS is generally used as coupling agent and TEOS as silica precursor. Gelatin is dissolved in water, while the polycondensation of silica can be performed either in ethanol or in water. In a recent relevant study by Greenhalgh et al.138, the use of tert-butyl alcohol (TBA) was also suggested as a better solvent for freezing-based processing, such as lyophilization or cryo-SBS.
In class II hybrids, the congruent release of gelatin and silica following similar degradation rates indicated the successful synthesis of a hybrid. In addition, significant increases in the peaks of Tn species associated with increasing GPTMS:gelatin molar ratios also confirmed the presence of O/I covalent bonding68. Calcium nitrate (Ca(NO3)2) and calcium ethoxide (CE) were proposed as possible calcium sources. The use of calcium alkoxides such as CE is particularly promising and results in a more homogenous distribution of calcium inside the material56,137. This, in turn, leads to better apatite-forming ability throughout the whole bulk of the material and not just on its surface. Gelatin-silica hybrids have remarkable biological properties thanks to the optimal biocompatibility of gelatin and the osteostimulative ion release of the inorganic network. To date, the main drawbacks of this family of hybrids are (i) the difficulty to standardize their properties due to the intrinsic variability in composition, and as a consequence in properties, of gelatins5, and (ii) the limited reproducibility of their swelling/degradation properties as a consequence of the mismatch between the solubility of the organic and inorganic phases56.
Polysaccharides
The investigation of polysaccharides as components of O/I hybrids focuses mostly on chitosan and to a lesser extent on alginate. One study also reports the use of starch104. As mentioned in previous sections, natural polymers are convenient due to their close resemblance to the ECM, high water content for optimal cytocompatibility and abundance of reactive side residues. Chitosan is no exception. The main strategy adopted when preparing chitosan O/I hybrids is to covalently bond the polysaccharide (rich in –NH2 and –OH moieties) to the inorganic component (i.e., class II). Only few studies explored the preparation of freeze-dried tissue engineering scaffolds based on class I chitosan hybrids144,145. Although this straight-forward approach results in constructs with satisfactory morphology (pore size = 20-300 μm, interconnected porosity = 97 %), the mechanical properties and cytocompatibility of class I chitosan hybrids is often unsatisfactory, probably due to phase separation and presence of residual reagents, respectively. In addition, class I chitosan hybrids tend to suffer from loss of mechanical stability and permselectivity (i.e., anisotropic preferential permeation) as a consequence of low homogeneity and uneven swelling between the organic and inorganic phases146. These findings pushed research to develop hybrids with covalent bonding between the silicate network and the polysaccharide. In particular, when grafting silanes on chitosan, GPTMS is the coupling agent of choice. The mechanism of coupling was extensively studied by Connell and collaborators147, to shed light over the several hypotheses existing at the time. NMR investigations proved that acid catalyzed covalent bonding between primary amines of chitosan (often expressed by the degree of deacetylation, DDA) and epoxides occurs. Variations in pH did not change the reaction yield or the amount of by-product, but it has an impact on the mechanical properties, especially for high organic content (65%). High amounts of organic component can disrupt the silica network and speed up dissolution rate. Given the central role of primary amines in constituting the bond, tailoring the DDA of chitosan to engineer specific hybrid properties could be an interesting development into the research on chitosan hybrids. However, to date, we did not find any report specifically exploring this property. Research investigated instead the role of another key characteristic of chitosan: molecular weight, exploring the potential of both low MW (~ 50-150 kDa)57,146–150 and high MW (> 200 kDa)148,151–153 chitosans. Generally, low MW is preferred for in situ approaches based on the sol-gel synthesis of a glass network in presence of chitosan. High MW chitosan on the other hand was used to prepare flexible hydrogels with an inorganic component. Although strictly speaking not a hybrid, the material produced with this approach show very interesting properties worth mentioning. The presence of GPTMS grafted on the polymer, if properly tailored, can modulate the mechanical properties of the hydrogel while improving cell adhesion, proliferation and differentiation of osteoblasts153. Remarkably, GPTMS induces the mineralization of the cell layer when compared to a non-bioactive chitosan control. This property can be further enhanced by the addition of a calcium source (CaCl2) during the synthesis of these hydrogels152. In addition, a follow-up study contributed to a better understanding of the physical and biological role of GPTMS. There seems to be an optimal level of GPTMS grafting at which both short (adhesion) and long term (proliferation, ALP activity) cell behaviors are positively influenced (Figure 10). Above 0.5:1 GPTMS-to-chitosan molar ratio the coupling agent started inhibiting cell growth. When below this threshold, increasing amounts of GPTMS were correlated with better cell attachment and improved ALP activity. The authors suggest that these cell behaviors are probably due to increased hydrogel stiffness and the release of osteogenic silicates151.
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[bookmark: _Ref119703331]Figure 10: Reaction scheme of the synthesis of class II chitosan/silicate hybrids (top) and their effect on the culture of MG63 osteoblasts at 1, 3 and 6 days. Note how increasing amounts of inorganic component greatly enhances the adhesion of cells on the material. Figure adapted from reference 153 with permission of Elsevier.
For the in situ formation of a sol-gel silica network in presence of chitosan, lower MW products are generally used. Similarly to other class II hybrid syntheses, chitosan-GPTMS is first prepared by mixing the two precursors in acidic water. The low pH is necessary both to catalyze the nucleophilic reaction of GPTMS with chitosan and to protonate the polymer, making it soluble in water. If the pH is not low enough (> 5), chitosan does not completely dissolve. On the other hand, if the pH is too low, the epoxy rings spontaneously open and form diols, impeding the grafting entirely. In particular, for GPTMS in water the formation of diols is pH-dependent (a variation in pH alters the equilibrium), while in presence of chitosan is not the equilibrium that is affected by the pH, but rather the reaction kinetics147. Although the mechanism varies in presence of chitosan, the results is still that higher absolute amounts of diol are produced the lower the pH. To overcome the issue, Wang et al.149 propose to use a pH of 4 as optimal compromise between reactivity and solubility. Once GPTMS-chitosan is prepared, it can be mixed with previously hydrolyzed silicate precursor (usually TEOS) and left to gel and age for a few days. Further processing can be performed, including air drying to produce films154, as well as supercritical CO2 drying150  or freeze-drying149 for porous scaffolds. Authors seem to agree that the main advantage of class II chitosan-based hybrid resides in their enhanced mechanical properties. Although not particularly tough, the hybrid synthesis process results in a rubber-like material with high elongation at break, as recently reported by Reyes-Peces et al.150. The elastomeric behavior depends on the GPTMS grafting density and it is completely absent in class I chitosan hybrids, characterized by higher elastic modulus (11.2 MPa) and significantly lower maximum strain values (12.2%), the typical mechanical behavior of chitosan. This case study is a good example of how the preparation of class II hybrids, differently from class I, offers the possibility to design materials with properties that radically differ from the ones of the original components. These unique characteristics are particularly notable for hybrids with high organic content (e.g., 60:40 O/I ratio) and could come in handy during surgery, simplifying the implantation thanks to their ability to be squeezed into place and quickly recover their shape without deteriorating the mechanical properties. Coupling this behavior with a clever choice of fabrication technique could offer a promising solution to complex osteochondral tissue engineering problems. The highly anisotropic morphology of freeze-dried scaffolds, for instance, was identified as an attractive candidate for the regeneration of sub-articular cartilage. Thanks to their ability to form complexes with divalent cations, chitosan hybrids are particularly interesting as a possible solution155 to the problem of calcium incorporation41.
The synthesis of class II alginate-based hybrids is another viable route for the synthesis of O/I hybrids with a natural polysaccharide as organic component156,157. Similarly to chitosan, the interest in alginate stems from its ability to crosslink into a hydrogel in presence of calcium ions. As previously discussed, the incorporation of calcium into the silica network of hybrids cannot be performed as it requires temperatures higher than 400°C. The exploitation of polymers with chelating properties has been considered as a possible alternative to circumvent this obstacle and improve the bioactivity of hybrids. Studies on alginate grafted with 3-aminopropyltriethoxysilane (APTES) and crosslinked with CaCl2 have indeed confirmed how the presence of both siloxanes and calcium can significantly increase the apatite formation of the bare polysaccharide in vitro157, as well as in a rat tibia in vivo model156. Most remarkably, data showed that the presence of calcium alone does not result in bioactivity since silanol groups (Si-OH) are the moieties providing nucleation sites for the deposition to begin157. Encouraged by these findings, research focused on the synthesis of alginate-silica hybrids incorporating calcium within the polymer matrix. The synthesis normally occurs in water. Similarly to chitosan, GPTMS was proposed as coupling agent and an in-depth investigation of the mechanisms and homogeneity of reaction was reported by Vueva et al.158 using NMR, FTIR and ToF-SIMS. The epoxide ring of GPTMS bonds to the carboxylic acid groups of alginate forming an ester bond. However, as discussed for chitosan, GPTMS tends to form diols. This competing reaction was found to be predominant over the GPTMS hydrolysis/condensation, keeping the yield of the grafting reaction low. In addition, ToF-SIMS analysis showed that silicon ions are heterogeneously distributed within the hybrid, possibly as a consequence of poor integration of GPTMS in the silica network formed from TEOS. That is, in acidic conditions and once hydrolyzed, GPTMS tends to condense and form -Si-O-Si- bonds with itself. In agreement with similar studies conducted on chitosan147, the results suggest that two separate silicate networks coexist (one from TEOS, the other from GPTMS) and that GPTMS is more acting as a crosslinker for alginate than as nucleation site for the silica network. The results of the degradation and bioactivity study seems to support this hypothesis, too: higher GPTMS content was associated with higher silica release rate in SBF, possibly because the poor co-condensation between GPTMS and TEOS determined higher density of TEOS with Si-OH, more accessible to the attack of water. Research to date indicates that high-yield alginate hybrid synthesis remains a complex goal. Possible routes for improvements are the use of alginate derivatives and/or the exploration into other coupling agents, one being ATPES. In spite of this challenge, alginate still remains a very promising material especially for biomaterial processing in direct contact with cells (e.g., bio-inks). In this context, class I hybrids, with their less aggressive conditions, could offer a more viable alternative. A successful application of this concept was recently proposed by Oh et al.159, who investigated the potential of combining alginate and pre-polymerized hydrated silica (TMOS in water as precursor) into class I alginate/silicate cell-laden hydrogels (Figure 11).
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[bookmark: _Ref79142080]Figure 11: Alginate/silica hybrid hydrogel prepared for cell encapsulation by Oh et al.159 (A) Schematic diagram illustrating the experimental procedure and the structure of the resulting hydrogel, including a TEM image (top right). (B) Cell viability and proliferation, measured by MTS after 3h and 7d from encapsulation, respectively (**, p < 0.01). (C) Hematoxylin/eosin-stained cross-section of cell-encapsulating hydrogels implanted subcutaneously in rats. The images show healthy elongated cells, collagen fibrils formation (white arrow heads) and macrophages (black arrows). Figure adapted from reference 159 with permission of John Wiley & Sons, Inc.
[bookmark: _Toc57289258][bookmark: _Toc57289257]Thanks to the presence of the silicate network, this approach not only led to gelation at room temperature without the addition of additional crosslinkers (e.g., CaCl2), but was also responsible for significant improvements in the properties of alginate as cell carrier. In particular, hybrid gels were more resilient to degradation and mechanically tougher (higher compressive strength and modulus with comparable strain at break). The presence of silica significantly improves cell adhesion and proliferation when using a 2D model. These results were confirmed first using a 3D in vitro model of encapsulation of 3T3 cells, followed by the in vivo implantation of gels with encapsulated MSCs in five weeks old Sprague–Dawley rats (MSCs isolated from the same species)160. Most importantly, the in vivo study highlighted the higher biostability of the hybrid gels compared to the alginate control, indicating that this approach can provide cells with a better substrate for longer-term growth. Cell-laden materials could be an innovative application of O/I hybrids in tissue engineering. Future work should be encouraged, especially looking into other encapsulation polymers, other cell types and, most importantly, the addition of other biologically relevant ions.
Polymers obtained by bacterial synthesis
As previously discussed, the problem of calcium incorporation is a key challenge for the development of successful O/I hybrids. Due to the toxicity of nitrates, CaNO3 should be avoided and other routes of calcium incorporation should be investigated. While a significant body of work investigates the use of other calcium sources (e.g. CaCl2, calcium alkoxides) to incorporate the ion in the inorganic network, the possibility of using the polymer phase as a carrier is also under scrutiny, as already reported for chitosan and its ability to form complexes with calcium (i.e., chelate)  and other divalent ions46. A similar approach was attempted using another polymer of natural origin, poly (γ-glutamic acid) (γ-PGA), a biopolymer produced by bacterial synthesis and known for its calcium chelating ability45. Chelation properties were associated with an ability to promote mineralization: some reports have indeed suggested that sequences of glutamic acid found at the end of collagen fibrils can nucleate the deposition of HCA161. Class II γ-PGA O/I hybrids are generally based on GPTMS as coupling agent. They are known for their remarkable mechanical properties and their good calcium incorporation. Their regulatory approval and scale-up, however, are potential barriers to the market. Since γ-PGA is produced by fermentation, concerns could raise regarding its reproducibility and reliability, especially in terms of MW and racemic structure5. Generally, class II γ-PGA O/I hybrids have been developed following three main approaches: (i) free acid form of γ-PGA combined with a silicate network, (ii) salt forms of γ-PGA with ions of interest (e.g., calcium, strontium) combined with a silicate network or (iii) salt forms of γ-PGA with ions grafted with GPTMS, but without silicate self-assembly (i.e., the only source of silicate is the coupling agent).
Free acid form γ-PGA functionalized with GPTMS and combined with a silicate network were proposed as biomaterials for bone and cartilage tissue engineering58,162 and as injectable pH-responsive biosensors163. The functionalization of the raw polymer is usually performed in DMSO to properly dissolve the free acid form of γ-PGA, insoluble in water in absence of cations. Simultaneously, the use of DMSO as solvent avoids side reactions between GPTMS and water164. Since γ-PGA is rich in carboxylic acid side groups, the hypothesis is that acid-catalyzed ring opening of the epoxy by DMSO occurs165, followed by nucleophilic attack and formation of an ester bond. After coupling and before mixing with the silica sol, a calcium source can be added to the organic network. However, this incorporation process must include a moisture-assisted drying step for the successful chelation of calcium by γ-PGA162. One of the possible ways to optimize the calcium incorporation is exploring more efficient calcium sources. For instance, CaCl2 was successfully replaced with calcium methoxyethoxide (CME) in a class II hybrid prepared from the free acid form of γ-PGA functionalized with GPTMS in DMSO44. The use of CME results in significantly lower gelation time, better incorporation and reduced network connectivity. The latter, in particular, decreases because of calcium acting as network modifier when introduced as CME. Most remarkably, using CME as precursor for class II γ-PGA hybrids can lead to compressive strength similar to 70S30C bioactive glass stabilized at 700°C, with a two-fold increase in modulus compared to hybrids synthesized with CaCl2-based protocols44.
Alternatively, calcium (or other ions) can be incorporated into γ-PGA synthesizing its salt form. Calcium γ-polyglutamate (γCaPGA) can be used as organic phase44,48,166–168, avoiding DMSO altogether and directly mixing the salt form of the polymer in a water-based inorganic sol. However, the amount of calcium that can be incorporated with this method is low and the ions tend to associate with the carboxylic acid groups of γ-PGA, reducing the number of sites available for GPTMS coupling. Moreover, GPTMS coupling performed in water has lower yield due to the occurrence of competing diol formation164. In spite of these drawbacks, the results obtained with this method are encouraging. Class II O/I hybrids with 40 wt.% γCaPGA can successfully and homogeneously incorporate calcium and silicates, resulting in the fast formation of HCA within 1 week of incubation in SBF. They present competitive mechanical properties, with high compressive strength (~500 MPa) and strain at failure (>26%), that can be tailor by varying the MW of the polymer48 and the GPTMS: γ-PGA ratio44, among other factors. The competitive mechanical properties are retained also after processing into scaffold: a similar protocol was used to prepare and electrospin a silicate and sodium γ-PGA hybrid that showed a significant improvement in tensile strength and elongation at break compared to a polymeric control167. The release of silicate and ECM-like fibrillary network were also associated with the promotion of cell proliferation and differentiation toward a desirable osteoblastic phenotype. Electrospun mats of γ-PGA hybrids containing calcium166,169 and strontium168 were also successfully prepared (Figure 12).
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[bookmark: _Ref119622058]Figure 12: Hybrid γ-PGA-based fiber mats fabricated by electrospinning. Macroscopic appearance (left) and SEM micrographs showing the fibrous micro- and nanotopography. Figure adapted from reference 166 under Creative Commons License.
Contrary to previously described examples, these hybrids do not contain a self-assembled silica network and their only silicate source is the coupling agent (usually GPTMS, although APTES is also reported169). Nevertheless, investigations into their therapeutic potential confirmed that the release of biologically active ions have a beneficial effect on cells. Silicate and calcium released from γSr/CaPGA hybrids promoted mineralization, resulting in the formation of a superficial apatite-like layer after only 3 days, while strontium release was associated with higher proliferation and increased ALP activity, indicating the early onset of osteogenic differentiation168.
Poly(3-hydroxybutyrate) (PHB) is another biopolymer obtained by bacterial synthesis and used for the preparation of O/I hybrids. It belongs to a group of naturally occurring polyesters called polyhydroxyalkanoates (PHAs). PHAs are well-known in biomaterials science for their tailorable mechanical behavior, their competitive degradation properties and their bioactivity. However, compared to γ-PGA, the application of PHAs in hybrids is still at an earlier stage of development. To date, their main use is in combination with PCL for the direct electrospinning of hybrid sols33,73,74,122. PHB and PCL are usually blended at a 7:3 ratio. They are then combined with various sol-gel derived inorganics, including pure silica33,73,122, binary (S70C30)122 and ternary (S58)74 bioactive glasses. CaCl2 and TEP were used as calcium and phosphate sources, respectively. The possibility to use this material as a drug delivery carrier was also explored using the antibiotic levofloxacin as a model drug33. The electrospinning process has been proven robust and reproducible up to an organic-to-inorganic ratio of 50:50 and it is an effective way to combine the high stiffness of PHB, the flexibility of PCL and the osteostimulative properties bioactive glass122. Interestingly, the bioactivity of hybrids was not superior to the one of PCL and PHB alone. The addition of bioactive glass, either binary or ternary, was not sufficient to significantly promote the mineralization of these fiber scaffolds in SBF. No increase in bioactivity compared to a polymeric control was observed for either binary or ternary glasses. The authors suggest that this uncommon result could be due to inadequate surface chemistry. The hypothesis, supported by related research142,170, is that the solvent system used to prepare the sol-gel glass plays a role in determining the overall bioactivity of the system, possibly by coordinating the self-assembly of the silica network and, as a consequence, the availability of nucleation sites for apatite deposition122. Nonetheless, the biological properties of PHB/PCL/silica hybrids are encouraging. In vitro testing performed using an MG-63 cell line confirmed the biocompatibility of this technology, regardless of the formulation used (no difference in cell viability at 24 hours). Cell proliferation, osteoblast differentiation and mineralization were improved on hybrid fiber mats compared to a tissue culture polystyrene (TCPS) control. The release of biologically active ions (i.e., silicates, calcium, phosphates) determined a remarkable increase in ALP activity and mineralization in PHB/PCL/S58 hybrid scaffolds with an organic-to-inorganic ratio of 5:1. A minor increase was also assessed for polymeric electrospun substrates. This highlights the promoting role that topography has on cells, in parallel with material chemistry. In particular, cell adhesion and proliferation were significantly improved by the nanotopography introduced by electrospinning, both in polymeric and hybrid mats. This is a well-known benefit of choosing a complex and hierarchical 3D topography over a simpler 2D culture substrate21 and highlights the importance of synergistically pairing biologically active materials with a well-engineered scaffold design.

Table 3: Summary of synthetic polymers used to prepare O/I hybrids, their respective class and synthesis conditions.
	Organic phase
	Polymer characteristics
	Inorganic phase
	Hybrid class
	Calcium source (if applicable)
	Inorganic phase (sol-gel) solvent
	Organic phase solvent
	Coupling agent (if applicable)
	Refs.

	Gelatin
	Porcine type A
	SiO2
	II
	-
	water
	acidic water
	GPTMS
	68,139

	
	-
	SiO2 (coupling agent) – CaO
	II
	Ca(NO3)2
	directly in polymer solution
	formic acid
	GPTMS
	142

	
	-
	SiO2 (coupling agent)
	II
	-
	directly in polymer solution
	acidic water
	GPTMS
	141

	
	Type B
	SiO2 - CaO
	II
	CE
	ethanol
	water
	GPTES
	56,137

	Chitosan
	Low MW: 50-190 kDa
DDA > 75%
	SiO2
	II
	-
	water
	acidic water
	GPTMS
	57

	
	High MW: 310-375 kDa
DDA > 75%
	SiO2 (coupling agent)
	II
	-
	directly in polymer solution
	acidic water
	GPTMS
	148,151–153,155

	
	50-150 kDa
	SiO2
	II
	-
	water
	acidic water
	GPTMS
	147,149

	Chitosan/PVA
	Chitosan:
High MW, DDA > 75%
	SiO2  - CaO - P2O5
	I
	Ca(NO3)2
	water
	acidic water
	-
	145

	Alginate
	M/G ratio = 2.4
	SiO2 (coupling agent) – CaO
	II
	CaCl2
	directly in polymer solution
	water
	APTES
	157

	Calcium alginate
	-
	SiO2 - Ca2+
	II
	in polymer
	water
	acidic water
	GPTMS
	158

	γ-PGA
	-
	SiO2 - CaO
	II
	CaCl2
	water
	DMSO 80°C
	GPTMS
	58,162

	
	-
	SiO2 - CaO
	II
	CME
	water
	DMSO 80°C
	GPTMS
	44

	
	800-1200 kDa
	SiO2 (coupling agent)
	II
	CaCl2
	directly in polymer solution
	water
	APTES
	169

	Calcium γ-PGA
	30-120 kDa
	SiO2 - Ca2+
	II
	in polymer
	water
	acidic water
	GPTMS
	48

	
	200-500 kDa
	SiO2 (coupling agent) - Ca2+
	II
	in polymer
	directly in polymer solution
	acidic water
	GPTMS
	166

	Strontium/Calcium γ-PGA
	1500-2500 kDa
	SiO2 (coupling agent) - Ca2+ - Sr2+
	II
	in polymer
	-
	water
	GPTMS
	168



[bookmark: _Toc57289259]5. Summary and outlook
Following the discovery of bioactive glasses and the progress in sol-gel chemistry started in the ‘70s, organic/inorganic hybrids emerged as a promising class of biomaterials with unique structure and mechanical properties. In the field of biomaterials, they were originally developed to overcome weaknesses of the composites used in orthopedics and bone tissue engineering. With sol-gel-based hybrid synthesis, an inorganic network, usually silicate, can be combined with polymers using a bottom-up approach, blending them at a supramolecular level. The absence of an organic/inorganic interface typical of composites avoids the great majority of complications normally associated with interfacial defects, voids and degradation mismatch. Thanks to Direct Ink Writing, it has been possible to achieve porous scaffolds with satisfactory mechanical properties to mimic bone. Compared to composites, hybrids tend to have more homogeneous and predictable degradation, more tailorable and reproducible mechanical properties and a reduced risk of catastrophic mechanical failure. The organic phase can play a key role in the determination of these properties. A clever choice of polymer and synthesis chemistry will highly influence the mechanical behavior of the hybrid, leading to tough structural materials, rubber-like elastomers and even self-healing properties. In addition, thanks to the soft chemistry approach of hybrid synthesis, biologically active molecules that would be otherwise degraded by thermal treatments can be loaded within the organic/inorganic network offering advantages compared to other drug loading techniques (e.g., absorption). O/I hybrids were even confirmed as suitable carriers for drug delivery systems and cell encapsulation devices.
Using different polymers can have a significant impact on the outcome for each application. In this review, both natural and synthetic polymers were discussed, with their respective advantages and disadvantages. While natural polymers are usually sought for their higher ability to mimic natural tissues, their high water content and biocompatibility, synthetic polymers offer more reproducibility and superior control over the chemistry route. The target tissue of hybrids also shifted over the years, with more authors proposing the application of hybrids for the regeneration of cartilage and osteochondral tissues.
We anticipate that in the coming years research will continue focusing on investigating new synthesis approaches to achieve a finer tuning of the properties of the hybrid material. In particular, there seems to be a general trend toward the preference of class II hybrids owing to the unique sets of properties that can be obtained as a consequence of the covalent bond between the organic and inorganic phase. Investigations into new combinations of sol-gel bioactive glasses with natural polymers unexplored to date should be also considered. A notable example are silk proteins: fibroin and sericin. Similarly to collagen, these proteins seems to have an intrinsic biomineralization potential due to their unique self-assembly. This peculiar property could make them promising candidates as organic phases of O/I hybrids in the near future.
Increasing and optimizing the biological complexity of hybrids by adding active agents is also a hot topic in the field. Generally, the goal can be reached following two major strategies: (i) loading drugs such as antibiotics, phytotherapeutics or osteostimulative agents during the synthesis of the material and (ii) study more complex inorganic formulations that include therapeutic metal ions that can be released over time in vivo. The two approaches can be also implemented at the same time, a feature that makes hybrids a promising way to develop implantable materials with well-tailored, multifaceted beneficial effects. Given the encouraging results and promising opportunities explored so far, O/I hybrids are expected to remain a key subject in biomaterials sciences, fostering the discovery of new combinations of polymer and inorganic phases and new synthesis routes, hopefully ultimately leading to their routine clinical application.
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