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Abstract

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, offering 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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1. Introduction

More than five decades ago Professor Larry Hench and his collaborators started working on a new class of
surface reactive materials that would quickly establish itself as crucial in the biomaterials field. Bioactive
glasses are inorganic materials that can react with the physiological environment forming a strong bond to bone
and other living tissues. These materials 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
properties’. Many of them are slight variations from the first composition developed, the well-known 45S5
Bioglass®: 45 SiO,, 24.5 Na,0, 24.5 CaO and 6 wt% P,0s. 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)? to increase material functionality, for instance adding antibacterial activity or other
therapeutic effects (osteogenic, angiogenic). Regardless of the variations in properties due to the specific
formulation, bioactive glasses share the ability to interact with tissue 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 as a consequence of the
contact with physiological fluids and, more specifically, the ions contained in them: release of calcium and
phosphate trigger precipitation of HCA on the glass surface®. This mechanism is dependent on the rate of
dissolution of the glass. 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 in numerous applications, most notably as bone filler for bone and periodontal
regeneration, and dental active repair agent (Novamin®). The latter is arguably the biggest commercial success

I*°. Several products (e.g., BonAlive®, Novabone®, GlassBone®) are available for clinical use. In a

of the materia
typical application, they are mixed with 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 particles®, sometimes performing
almost as well as autograft, the current gold standard. However, allografts of decellularized bone matrix (DBM)
are still the market-leader’ and synthetic alternatives such as porous HA particles are more commonly used than
bioactive glasses®. One reason for this can be ascribed to lack of currently commercially available and approved

BGs: partly due to their low processability and tendency to undergo crystallization during sintering™.

Although research investigated the use of BGs as structural materials for bone regeneration with very promising
biological and therapeutic results, BG scaffolds developed to date are still characterized by insufficient
mechanical properties and by the tendency to crystallize during processing®. This uncontrolled crystallization
can be highly detrimental: it can alter the physical, mechanical and degradation properties of the construct
making it unreliable (e.g., uneven degradation/ion release, unpredictable failure)®°. BGs are brittle, which
impedes their post-processing and their customization to fit the needs of each patient and surgeon. To be
competitive on the market, new BG-based devices should share load with host tissue. The brittle nature of
bioactive ceramics and ceramics can be overcome in clinical practice using fixation devices together with the

synthetic bone graft; 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 the surrounding alkalinity of the environment once implanted. The
same release of ions (mainly Na*" and Ca?*) responsible for the bioactivity of BGs causes a significant increase
in pH upon implantation (or immersion in simulated body fluid). 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. The phenomenon was recently tackled in a

review paper'®.

Researchers are working to develop materials that preserve the beneficial properties of BGs (bioactivity and
controlled biodegradation) 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. In principle, this approach can synergistically unify the
advantage of bioactive BGs microparticles with the ability to prepare complex 3D structures with convenient
fabrication techniques. Some examples of commercially available composites with BG include inorganic-based
composites such as Vitoss BA (BG and tricalcium phosphates) or OssiMend*! (a combination of BG, carbonate
apatite and collagen) and, more recently, polyester-based composites (e.g., PLLA/BG composites by
Noraker)*2. 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 date™**. The addition of a filler to a polymeric
matrix is often linked to a significant increase in mechanical properties, especially in compression®**8. 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. It is also complex to match the degradation of the
two components, 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 low reliability of mechanical properties as a function of 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. However, starting in 1991, a novel approach for the synthesis of
BGs based on sol-gel chemistry was conveniently proposed’. 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 formed, as
discussed elsewhere?. Considering biomaterials that combine sol-gel BGs and polymers, there are two main
directions of development: nanocomposites and hybrids. Sol-gel BG can be made in the form of 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, as the addition of any polymer to



a furnace would result in its immediate combustion. 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 which can be consider 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 two 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 and these polymers might not
have even been synthesized yet. 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 component, 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.

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).

Nanocomposite

Bottom-up approach: Top-down approach:
Inorganic gel and polymeric solution A nanoparticulate phase dispersed
are mixed during the reaction within a polymeric matrix
0.1 nm 1nm 10 nm 100 nm 1pum 10 ym
| | | | | |
[ | | | | | ]
mmmm: Hybrids el = Composites

<= Nanocomposites ==

Figure 1: Schematic illustrating the typical differences between hybrids and nanocomposites in terms of structure and
fabrication approach.



Developed by combining the traditional composite approach with novel techniques in inorganic particle and
fiber fabrication, nanocomposites can be considered a top-down approach'®. 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 techniques®.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 bone?*?. Very recently,
for instance, Rocton et al.?? compared the bioactivity of quaternary traditional melt quenched BG microparticles
(Dsp = 60 pum, formulation 46 SiO,, 24 CaO, 6 P,Os and 24 mol% Na,O) with a ternary nano-sized BG
synthesized via sol-gel (Dso = 110 nm, 55 SiO,, 40 Ca0, and 5 mol% P,0s). By 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 performance of the composite (from 0.8 GPa to 1.2-
1.6 GPa, depending on filler content), but it also introduced a more hierarchical topography at the nanoscale,
leading to stronger bioactivity, higher wettability and surface protein adsorption®®. All these characteristics are
known to be beneficial for cell response upon implantation, as several studies confirmed®*®. 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 methods?®?’. 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 are still 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 nanotechnologies®. Strategies to
overcome interface limitations by improving filler/matrix bonding are under investigation®>*, but there is also
another way: organic/inorganic (O/1) hybrids with O/l 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).

Class | and class Il 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 Il 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 network®,
Class Il 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 |

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 I1l 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.

| CLASS | | | CLASS Il |
Physical interactions Chemical interactions
between organic and between organic and
inorganic phases inorganic phases
| CLASS Il | | CLASS IV |
Physical interactions Chemical interactions
between organic and between organic and
inorganic phases inorganic phases
CLASS V |
in situ

Physical interactions
between organic and
inorganic phases

Figure 2: O/ 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.

O/l 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/l 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 Il 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 themselves®. Thanks to the relatively mild synthesis conditions, hybrids are also often
considered as promising drug delivery carriers®. 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. 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.

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 | and class Il O/l
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 solvent®). 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/l 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 osteogenic®), the use of bioactive glasses as



inorganic component is more sought after. However, due to the complex nature of the chemistry involved,
bioactive glasses used in hybrids to date have very simple compositions. Although there are countless of
complex BG formulations with multiple elements, the ones studied for hybrids contain silicon and calcium and,
the most studied inorganic phase for hybrids still remain pure silicate. The incorporation of metallic ions into the
silicate network is challenging due to processing difficulties. 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 network®**". 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, normally), loosely interacting with the material®.
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 phases®. 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 CaCl,, 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 example, sol-gel electrospinning®). 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 sols®’. 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 development“®**. It could be an effective strategy to circumvent this issue, obtaining bioactive

hybrids that deliver complex ion profiles in a control fashion.

O/l 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/l 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 hanocomposites.

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
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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 little
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 response®. In addition, their richness in
reactive side groups, such as carboxylic groups allows for better chemical grafting (e.g., functionalization with
silanol groups to bond to the silica network in class Il 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 greatest drawbacks to the widespread use of many natural

polymers as biomaterials.

Early syntheses of O/l hybrids focused on the fabrication of class | hybrids incorporating poly(vinyl alcohol)
(PVA)*, 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 (SiO,), calcium oxide (CaO) and phosphate (P,Os) contents were also
investigated. The protocol was then applied to sol-gel foam processing to give porous hybrid scaffolds for bone
tissue engineering®. 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 formation®®. The incorporation of cobalt in
the formulation to increase angiogenic performance was also explored®. 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 scaffolds*. 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
ino