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Abstract There is a growing demand for three-dimen-
sional scaffolds for expanding applications in regenerative
medicine, tissue engineering, and cell culture techniques.
The material requirements for such three-dimensional
structures are as diverse as the applications themselves. A
wide range of materials have been investigated in the
recent decades in order to tackle these requirements and to
stimulate the anticipated biological response. Among the
most promising class of materials are inorganic/organic
hydrogel composites for regenerative medicine. The gen-
eration of synergetic effects by hydrogel composite sys-
tems enables the design of materials with superior
properties including biological performance, stiffness, and
degradation behavior in vitro and in vivo. Here, we review
the most important organic and inorganic materials used to
fabricate hydrogel composites. We highlight the advan-
tages of combining different materials with respect to their
use for biofabrication and cell encapsulation as well as
their application as injectable materials for tissue
enhancement and regeneration.
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Abbreviations
ALP Alkaline phosphatase

ABM Acellular bone matrix
Ag-NPs Silver nanoparticles
BCP Biphasic calcium phosphate

BG Bioactive glass

BMP-2 Morphogenetic protein-2

BMPs Recombinant human bone morphogenic
proteins

BMSC Bone marrow stromal cells

CA Collagen—alginate
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CaP Calcium phosphate (apatite) Introduction
CaP Apatitic nanoparticles
CNSC Carbon nanotube chain Nearly all cells in the body are situated in a three-di-
CNT Carbon nanotube mensional architecture [1]. Geometry and arrangement of
CONP Cerium oxide nanoparticle these three-dimensional structures have strong influences
CPC Calcium phosphate cement on cell morphology, function, and fate. In order to
DPSC Dental pulp stem cell understand the governing complex mechanical and bio-
ECM Extracellular matrix chemical interactions, three-dimensional (3D) model sys-
EHS Engelbreth—-Holm-Swarm mouse sarcoma tems are required [2, 3]. By designing cell culture systems
ELP Elastin-like polypeptide which are able to mimic or simulate the behavior of native
EPO Erythropoietin tissue, profound insights into the fundamental biological
FBS Fetal bovine serum processes are accessible [4]. There are various other
Gel Gelatin motivations for the development of 3D scaffolds and cell
GelMA Gelatin methacrylate culture units. From the design of more physiologically
GG Gellan gum relevant culture systems in biological analysis and drug
GO Graphene oxide development to the regeneration of malign or destroyed
HA Hyaluronic acid tissue, almost all areas of modern biology, medicine,
HA-CPN Hyaluronic acid-g-chitosan-g-poly biotechnology, and life science are affected by these new
(N-isopropylacrylamide) developments. Tissue engineering (TE), for example, aims
HAp Hydroxyapatite to create artificial tissues that are able to exhibit native
hBMSC Human bone marrow-derived mesenchymal  processes and functions [5, 6]. Cells are incorporated into a
stem cells three-dimensional scaffold which can then be delivered
HCA Carbonated hydroxyapatite into the injured or diseased site. Subsequently, the material
hFOBs Human fetal osteoblastic cells can either be integrated into the native tissue or it can
HPMC Hydroxypropylmethylcellulose stimulate the formation of new tissue accompanied by its
IBS Injectable bone substitute own degradation. Therefore, the availability of TE mate-
IEP Isoelectric point rials with precisely controlled physical and chemical
LCST Lower critical solution temperature properties and well-defined biological responses is essen-
MBG Mesoporous bioactive glass tial, and the biomaterial used must be adapted to the
nBG Nano-bioglass environmental conditions of the biological site [5]. These
nHAp Nano-hydroxyapatite conditions are rather complex considering the requirement
oC Osteocalcin of highly flexible and soft materials for skin, cartilage, and
OPF Oligo(poly(ethylene glycol) fumarate soft tissue regeneration to hard, load-bearing materials in
PAAc or Poly(acrylic acid) bone TE.
PAA The dissimilarity and complexity of the potential
PCL Poly(e-caprolactone) applications render the design of scaffold materials extre-
PEG Poly(ethylene glycol) mely versatile and challenging. However, there are some
PEGDA PEG diacrylate fundamental requirements that all scaffold materials need
PEGDMA  PEG dimethacrylate to fulfill, which are as follows: 1. All included materials
PELGA Poly(ethylene glycol)-poly(lactic acid-co- and applied processing techniques need to be biocompati-
glycolic acid)-poly(ethylene glycol) ble. 2. The scaffold needs to be able to withstand the
pHEMA Poly(2-hydroxyethyl methacrylate) mechanical stresses applied to the system and maintain its
PLEOF Poly(lactide ethylene oxide fumarate) mechanical integrity over its lifetime. 3. The microstruc-
PLGA Poly(lactic acid-co-glycolic acid) ture of the material should enable cellular attachment, and
pNIPAAm  Poly(N-isopropylacrylamide) in the ideal case, the integration into the surrounding bio-
polyp Polyphosphate logical microenvironment. 4. Highly porous systems are
PPO Poly(propylene oxide) mandatory to enable cellular migration and proliferation as
Si-HPMC  Silated hydroxypropylmethylcellulose well as the potential ingrowth of surrounding tissue and
SPIONS Superparamagnetic iron oxide nanoparticles  blood vessels (angiogenesis). Less prominent but never-
TCP Tricalcium phosphate theless important considerations are the controlled stimu-
TE Tissue engineering lation of the anticipated cellular response, namely
TTCP Tetracalcium phosphate proliferation, migration, organization, and differentiation.
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Fig. 1 Engineering hydrogel
composites with superior
properties for tissue engineering
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These complex requirements are further complicated by the
need for easy and convenient sterilization, handling, and
processing procedures of all included materials.

Many materials have been applied to develop scaffolds
including numerous synthetic and natural polymers as well
as inorganic materials, ceramics, and glasses, and their
combinations. By combining different materials, one can
benefit from the advantages of both materials while limit-
ing, or in the ideal case eliminating, their individual dis-
advantages. When the materials are chosen wisely,
composite scaffolds emerge which exhibit properties that
are more than the sum of its parts [5-7]. Hydrogels, for
example, provide excellent environments for cell encap-
sulation and culture due to their structural resemblance to
the extracellular matrix found in vivo [8]. Cells can be
incorporated into a hydrogel’s three-dimensional network
which offers structural support while enabling the transport
of nutrients, oxygen, and metabolites to and from the
encapsulated cells [9-11]. Hydrogels are not only useful
for in vitro studies (cellular behavior) in three dimensions,
but they are also capable of delivering cells in a controlled
manner using appropriate carrier morphologies. In addi-
tion, via the incorporation of magnetic moieties into the
carrier system, the delivery can be magnetically triggered
and actuated [12, 13]. Besides the generation of micrometer-
sized cell-containing hydrogel capsules via emulsification
methods, new approaches, grouped in the field of biofab-
rication techniques, are currently uprising [14-16]. The
high viscosity of polymeric precursor solutions and their
rapid gelation in the presence of appropriate cues render
hydrogels as promising candidates for 3D printing and
bioplotting processes [17]. These new manufacturing
techniques enable the generation of arbitrary structures
with precise control of shape and dimensions, which can be

N

l enhanced resistance to degradation

easier manufacturing

used for the creation of 3D tissue models or for the
replacement of damaged tissue in TE applications. How-
ever, in some cases, a precise knowledge of a given defect
or the injured tissue site’s dimensions is not accessible or
too complex to be replicated. In this case, injectable
materials are an obvious choice. The injection of a
hydrogel precursor solution and the subsequent triggered
network formation are attractive considering the highly
flexible nature of hydrogels which will adapt to the given
environmental conditions. Damaged tissue sites can thus be
filled in a rapid, convenient, and minimal invasive fashion.

Although the discussed practices make hydrogels an
outstanding basis for biomedical and TE applications, their
low mechanical strength and unsuitable degradation
behavior often limit their applicability. By the addition of
inorganic fillers, the hydrogel’s properties can often be
enhanced and further adapted to a variety of applications.
Mechanical properties, degradation behavior, and cell-
material interactions are among the most dominantly
affected characteristics resulting from the addition of
inorganic materials to polymeric hydrogel networks. In this
review paper, we aim to discuss the current state-of-the-art
technology in the field of composite materials based on
hydrogel networks incorporating rigid inorganic fillers for
biomedical applications. An overview with regard to the
general characteristics of hydrogels and relevant properties
of available inorganic rigid fillers, which captures the
overall goal of this paper, is illustrated in Fig. 1. Several
reviews about hydrogel nanocomposites for biomedical
applications are available [5, 7, 18, 19]. Here, we focus on
studies which have actually demonstrated the ability of
these materials to be processed in (i) bioprinting or bio-
plotting, as techniques as (ii) injectable materials or as (iii)
matrix materials for cell encapsulation. We thus explicitly
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concentrate in this review article on the addition of pre-
formed inorganic moieties to the hydrogel structure. The
in-situ mineralization of polymeric materials is not within
the scope of this review since these methods have already
been summarized in a comprehensive review by Kretlow
et al. [20]. Other review papers [21-23] have covered
polymer matrix composites for TE scaffolds.

In the following sections, we discuss different kinds
of hydrogels and inorganic materials used for the gen-
eration of composite scaffolds. We briefly highlight their
general characteristics before outlining the difficulties
and problems arising from the use of pure organic or
inorganic materials. Afterward, we review promising
composites and discuss the effects and origins of the
arising material’s properties. Overall, this review intends
to present a comprehensive summary of the field of
hydrogel-inorganic filler composites, given the increas-
ing interest in their use for the fabrication of scaffolds
and matrices via 3D biofabrication, cell encapsulation,
and injectable systems.

Hydrogels

Hydrogels are hydrophilic, physically or chemically
crosslinked polymeric materials, which are specifically
well known for their enormous water-uptake capacity [24,
25]. In biomedical and biotechnological applications,
hydrogels are a commonly applied class of materials. Their
structural resemblance to the extracellular matrix found
in vivo makes them an excellent substrate for cell culture
applications. In addition, their high water content and
biocompatibility allow the cultivation of living cells inside
the polymeric network structure which can conveniently be
shaped and structured into various geometries [5]. The
highly elastic nature of most hydrogels allows for easy
manufacturing and adaption to environmental influences
[26]. By controlling the chemical composition and
crosslinking density, network structure and pore size can be
tuned and customized for a given application [26].
Chemical modification of the polymeric chains allows for
the incorporation of functional motives like integrin-bind-
ing sites promoting cellular attachment, for example. Not
only the chemical properties of the hydrogel can be mod-
ified but also the physical characteristics of the hydrogel
are adjustable. The mechanical properties of most hydro-
gels can be influenced by altering the degree of
crosslinking or the incorporation of additional binding sites
via physical crosslinking. Another beneficial effect is the
stimulus-responsive behavior of some polymers like
poly(N-isopropylacrylamide) (pNIPAAm) [27, 28]. These
stimulus-responsive properties can be used to load the
polymers with drugs or growth factors which will be
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subsequently released upon stimulation of the appropriate
physical or chemical clues [12, 13, 29-31].

The decision regarding the use of hydrogels derived
from natural sources or synthetic polymers depends on the
aspired properties and applications, and it is vigorously
discussed in the literature [24, 32, 33]. While natural
polymers are typically characterized by a high degree of
biocompatibility, they lack reliability and consistency due
to their natural origin leading to troublesome batch-to-
batch variations. By contrast, synthetic polymers are
highly reproducible materials with precisely controlled
chemical and physical characteristics. Unfortunately, they
are classically less biocompatible than natural biopoly-
mers either due to the material properties themselves or
due to harmful residues arising from the manufacturing
process which often involves cytotoxic or non-biocom-
patible organic solvents, starting monomers, or by-prod-
ucts [34].

In the following section, we review the most important
hydrogels used in biofabrication techniques, as injectable
materials and as 3D matrices for cell culture applications.

Natural polymers
Collagen

As the main structural protein in connective tissue, colla-
gen, especially collagen type I, is among the most promi-
nent biopolymers for TE and biofabrication applications.
Each collagen molecule consists of three left-handed
polypeptide helices. The three helices are staggered toge-
ther to form a right-handed triple helix [35]. These so-
called tropocollagen subunits spontaneously self-assemble
into fibrils which themselves assemble into larger fibers
and bundles. This highly organized structure is the origin of
collagens extraordinary tensile strength [36, 37]. In addi-
tion, collagen offers integrin-binding sites allowing for an
excellent attachment of adherent cells [36, 38, 39]. In vivo,
collagen is degraded by enzymatic reactions [36].

Collagen can either be used in the form of soluble col-
lagen which is subsequently transformed into reconstituted
collagen or in the form of tissue-derived collagen. In the
latter case, a mild enzyme treatment is used to remove non-
collagenous proteins from natural tissue. The remaining
insoluble collagenous material is comminuted to obtain
collagen powder. Collagen-based materials are available in
various forms and architectures including sheets, mem-
branes, sponges, gels, and fibers. However, pristine colla-
gen materials are typically characterized by poor
mechanical properties making them inherently unstable.
This drawback can be overcome by densification or com-
posite formation with other structural proteins like elastin
[40-43].



J Mater Sci (2016) 51:271-310

275

Hyaluronic acid (HA)

Hyaluronic acid (HA) is a linear polysaccharide or more
specifically a glycosaminoglycan (GAG) consisting of
alternating units of glucuronic acid and N-acetylglu-
cosamine (see Table 1 for chemical structure) [44, 45]. HA
is accessible with molecular weights ranging from 100000
to 8000000 g/mol. The extremely high water-uptake ability
(up to 6 L/1 g) results from the highly negative charge of
the polymeric chains. The high affinity to positively
charged ions results in an osmotic pressure which drives
water into the polymer [44]. Since water is noncompress-
ible, HA is able to resist high compressive forces in its
hydrated state. It is found throughout the human body,
most prominently as a structural component in the extra-
cellular matrix (ECM) where it contributes to embryonic
development, morphogenesis, tissue organization, wound
healing, cell signaling, proliferation, and migration [44,
45]. Several cell receptors for HA have been identified

including CD44 which is expressed in a large number of
mammalian cell types [44]. Its natural appearance in the
extracellular matrix as well as chemical structure, which
offers convenient chemical modification, makes HA an
excellent starting material for biotechnological techniques.
In vivo, HA is degraded by hyaluronidase within hours to
days. By chemical crosslinking of the HA chains via car-
bodiimide, click, and photochemistry, or the incorporation
of thiols, methacrylates, dihydrazides, etc., the degradation
times can be significantly improved, and long-term stability
can be achieved [44, 46, 47]. Furthermore, the introduction
of crosslinking points allows for the generation of network
structures with controlled pore sizes [44].

Alginate
Alginate is a linear polysaccharide isolated from brown

algae consisting of alternating units of o-L-guluronic acid
(G) and B-p-mannuronic acid (M) (Table 1) [48, 49].

Table 1 Chemical structures of
relevant hydrogels
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Molecular weight and its distribution as well as M-to-G
block ratio and sequence depend on the origin of alginate
and vary over a wide range. Alginates with molecular
weights between 50000 and 100000000 g/mol are available
[48]. Alginate can be ionically crosslinked in the presence
of bivalent cations, most commonly Ca2+, where two G
units chelate one bivalent ion in the so-called egg-box
configuration [49]. Properties like stiffness and pore size of
the resulting hydrogel depend on the molecular weight and
molecular weight distribution, the M/G ratio, and the
concentration of polymer and crosslinking ions [48]. Under
neutral conditions, ionically crosslinked alginate hydrogels
degrade slowly and become uncontrolled upon losing
chelated ions [48]. The degradation behavior can be con-
trolled by manipulating the polymer’s molecular weight
using gamma-irradiation resulting in lower molecular
weights and accelerated degradation behavior [50].
Degradation can also be enhanced by chemical partial
oxidation by hydrolysis with sodium periodate [51, 52].
The resulting ring-opening cleavage of the carbon—carbon
bond generates an uronate residue which is susceptible to
hydrolytic degradation. Alginate can be easily chemically
modified either by carbodiimide coupling via the car-
boxylic groups or by Schiff’s base formation via the
aldehyde groups resulting from oxidation [52]. The
Schiff’s base reaction can also be used to introduce addi-
tional, in this case, covalent crosslinking points. This also
allows for the incorporation of different polymeric chains,
which significantly alters the hydrogel’s mechanical prop-
erties, degradation profile, and cell-matrix interactions
[53]. Alginate itself does not offer cellular-binding sites
which can be introduced by the covalent coupling with
biomolecules like gelatin or the EDC-mediated coupling
with integrin-binding sites like the tripeptide arginylgly-
cylaspartic acid (Arg-Gly-Asp, RGD) [52, 54-58].

Agarose

Agarose is a linear polysaccharide extracted from seaweed.
It is formed by the a bisaccharide of B-p-galactose and 3,6-
anhydro-o-L-galactopyranose and most commonly known
as component of agar [59]. Agarose can be dissolved in hot
water and forms a gel upon cooling due to the formation of
double helices and their subsequent aggregation [60]. The
gelation process is thermoreversible with gelation temper-
atures depending on the type of agarose or more specifi-
cally on the methoxy content [61]. Agarose forms
physically and chemically strong gels even at concentra-
tions below 1 % [61]. Due to its large pores (100-500 nm)
and adjustable pore sizes which depend on the agarose
concentration, agarose gels offer high diffusion rates and
are commonly used as filters, sieves, or purification sys-
tems [62, 63].

@ Springer

Gelatin

Gelatin is a biodegradable protein which is produced by
acidic or basic hydrolysis of collagen from porcine or
bovine skin, respectively. There are two types of gelatin
available depending on the origin and extraction reaction:
cationic gelatin with an isoelectric point (IEP) of 9 (Gelatin
A) and anionic gelatin with an IEP of 5 (Gelatin B) [64].
The hydrolysis of animal skin results in the breaking-up of
collagen’s triple helix structure producing random poly-
meric gelatin chains [52, 65]. Upon cooling, the random
coils partially reassemble into a triple helix structure
resulting in the formation of a three-dimensional hydrogel
network [66—68]. In vivo, gelatin is enzymatically degra-
ded without the production of harmful side products. In
addition, gelatin contains the RGD sequence of collagen
which offers integrin-binding sites and promotes cell
adhesion [52].

Gellan gum (GG)

Gellan gum (GG) is a linear polysaccharide consisting of a
tetrasaccharide repeat unit composed of two molecules of
D-glucose, one of D-glucuronic acid and one of L-rhamnose
[69]. GG is produced by bacteria and has an average
molecular weight of approximately 500 kDa [69]. At low
temperatures, it forms ordered double-stranded helices
which are transformed into single-stranded chains at higher
temperature making the viscosity of GG solutions highly
temperature dependent [70]. The transition occurs at about
35 °C. In vivo, GG degradation occurs via enzymatic
cleavage in the p-glucose, b-glucuronic acid site, by gellan
lyases [70]. In analogy to alginate, GG forms hydrogels in
the presence of bivalent ions and does not offer integrin-
binding sites.

Chitosan

Chitosan is a linear polysaccharide consisting of B-(1-4)-
linked Dp-glucosamine and  N-acetyl-p-glucosamine
(Table 1). It is derived by partial deacetylation of chitin. Its
molecular weight ranges from 300 to 1000 kDa depending
on origin and preparation method [71]. Under basic con-
ditions, chitosan is insoluble in water but it can be dis-
solved in diluted acids with pH values below 6. Its ability
to form hydrogels is based on the formation of hydrogen
bonds, thus being highly pH dependent. Chitosan can also
be complexed with polyanions due to its high charge
density resulting in three-dimensionally crosslinked com-
posites [71, 72]. Furthermore, chitosan can be easily
functionalized via its hydroxyl or amino groups. In vivo,
chitosan is mainly degraded through lysozyme-mediated
hydrolysis [71, 73].



J Mater Sci (2016) 51:271-310

271

Matrigel

Matrigel is a commercially available hydrogel based on a
protein mixture isolated from the Engelbreth—-Holm—
Swarm (EHS) mouse sarcoma, a tumor rich in extracellular
matrix protein [74]. Matrigel is composed of several
structural proteins found in the extracellular matrix like
laminin and collagen making it an excellent substrate for
adherent cells. Additional additives like growth factors and
proteins are also included. Unfortunately, the composition
of Matrigel is not too well described, which can cause
variability in experimental results thus leading to problems
in data analysis and reproducibility [75]. At temperatures
between 22 and 35 °C, Matrigel polymerizes rapidly into a
three-dimensional hydrogel network. At 4 °C, Matrigel
starts to liquefy. Consequently, sample preparation and
processing need to be performed under cold conditions.

Others

There is a large variety of available biopolymers suitable for
TE applications. Besides the discussed materials various
animal-derived proteins like elastin and silk as well as plant
proteins, e.g., cellulose, soy protein, zein, and their com-
posites have already been explored [42, 76-80]. Although
all these proteins are able to form hydrogels, few of them
have been used in combination with inorganic fillers so far.

Synthetic hydrogels
Poly(ethylene glycol) (PEG) and derivatives

Poly(ethylene glycol) (PEG), also known as poly(ethylene
oxide) (PEO) or poly(oxyethylene) (POE), is one of the
most prominent examples of synthetic polymers used for
biomedical and biotechnological applications. The chemi-
cal structure of PEG is giving in Table 1. It is available
over a broad range of molecular weights covering values
between 300 and 10000000 g/mol [81]. There are also
various geometries like linear, branched or combed chains
available. The nature of the polymer’s end groups depends
on the synthetic procedure and allows the introduction of
specific functional groups or the linkage to other polymers.
Like all polyethers, PEG is highly biocompatible [82].
Nevertheless, it is resistant to hydrolytic or enzymatic
degradation causing concern about accumulation effects of
PEG-based biomaterials [82]. Integrin or other cell-binding
sites need to be specifically incorporated into the polymeric
matrix to enable cellular attachment. PEG-based hydrogels
can be formed by various mechanisms including physical,
ionic, or covalent crosslinking. However, the highest
mechanical stability can be achieved by covalent
crosslinking, for example, by the incorporation of

diacrylate units into the PEG chains (PEGDA) which can
be used to form double bonds upon UV-irradiation [83, 84].
One drawback of PEG and its derivatives is the generation
of acidic by-products by poly(acrylic acid) generation
during degradation [82].

Cyclic acetals are a class of PEG derivatives synthesized
from poly(ethylene glycol) diacrylate (PEGDA) and
5-ethyl-5-(hydroxymethyl)-f3, B-dimethyl-1,3-dioxane-2-
ethanol diacrylate (EHD). In contrast to classic polyesters,
these materials do not produce acidic by-products during
degradation [85]. In addition, they have been reported to
support cell adhesion [86].

Poly(acrylic acid) (PAA) and its derivatives

Poly(acrylic acid) (PAA) and its derivatives are among the
most intensively studies synthetic polymers for biomedical
application (see Table 1 for chemical structure) [87].
Hydrophilicity, swelling behavior, and permeability of
these ionic hydrogels depend on the crosslinking agent, pH
value, and ion composition of the surrounding solution [24,
87].

The PAAc derivative poly(2-hydroxyethyl methacry-
late) (pHEMA) exhibits an excellent optical transparency
and stability in water making pHEMA-based hydrogels
excellent candidates for ophthalmic applications like
intraocular lenses [87]. pHEMA hydrogels have also been
used in drug delivery applications [88]. The chemical
structure of pHEMA is displayed in Table 1. Pure pHEMA
hydrogels are not biodegradable. However, chemical
modification like the introduction of dextran can be used to
induce the degradation behavior of these polymers [87, 89].

Poly(N-isopropylacrylamide (pNIPAAm, also pNIPAm)
is a temperature-responsive PAA derivative (Table 1). This
classic example for stimuli-responsive or smart polymers
displays a reversible lower critical solution temperature
(LCST) phase transition at approximately 33 °C [90]. The
phase-transition temperature can be manipulated by
chemical modification [91]. Having a LCST in the range of
body temperature makes pNIPAAm an excellent drug
delivery material. It can be loaded with biomolecules
in vitro which will subsequently be released in vivo due to
the collapse of the gel [27, 28, 92, 93]. pNIPAAm is
nonbiodegradable, and RGD or other cell-binding motifs
need to be incorporated for cellular attachment.

Semi-synthetic polymers

Semi-synthetic polymers are chemically modified or
functionalized polymers from natural origin. This approach
combines the advantages of biopolymers with the benefits
of the chemical control of the material properties known
from synthetic polymers. Thus, the materials’ chemical and
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physical properties can be tailored specifically for the
particular application, while the common characteristics of
naturally derived polymers like biocompatibility,
biodegradability, and the presence of cell-binding sites are
maintained.

Gelatin methacrylate (GelMA)

The gelation of gelatin is a temperature-dependent, rever-
sible process [66]. In addition, gelatin is rapidly degraded
in vivo. Consequently, the use of gelatin hydrogels as
scaffold materials for TE is limited to temporary applica-
tions. The introduction of vinyl methacrylate groups into
the polymeric backbone allows the generation of perma-
nent, covalent crosslinking points [94]. The vinyl
methacrylate groups can thereby react between themselves
or with vinyl groups of other small molecules, oligomers,
or polymers via photo- or temperature-initiated radical
polymerization.

Hydroxypropylmethylcellulose (HPMC)

Hydroxypropylmethylcellulose (HPMC) is prepared by
high-temperature reaction between cellulose, propylene
oxide, and methylchloride (see, Table 1 for chemical
structure). It shows a lower critical solution temperature
resulting in the gelation of aqueous HPMC solution upon
heating to 75-90 °C. This reversible gelation is mainly
induced by interactions between the methoxy side groups
which makes HPMC-based systems attractive candidates
for drug delivery applications [95, 96]. The gelation tem-
perature is antiproportional to the degree of hydroxypropyl
functionalization and can thus be easily adjusted. Silane-
grafted HPMC (Si-HPMC) has been reported as self-setting
injectable material. Under certain pH conditions, the silane
groups are transformed into silanol groups which react with
each other in a condensation reaction resulting in the for-
mation of a three-dimensional network structure [97].

Challenges of hydrogels

Hydrogels offer many advantages for TE and cell encap-
sulation applications. However, their mechanical strength
is typically too low to persist in load-bearing applications
[26, 32]. In addition, the biodegradation behaviors of many
polymers are not suitable for TE applications. Many of the
hydrogels discussed above degenerate too fast, and the
degradation is accompanied by the generation of acidic
byproducts [82, 98, 99]. Another issue is the lack of cell-
binding sites especially regarding synthetic polymers [32].
In the absence of cell-binding sites, the stimulation of
cellular adhesion and cell-matrix interactions are difficult
to achieve. Consequently, cellular behaviors like
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phenotypic modification and differentiation cannot easily
be controlled [26]. Thus, the missing materials’ properties
need to be introduced by either chemical modification or
the incorporation of a second material exhibiting the
required characteristics [25, 26, 32]. Table 2 summarizes
the discussed hydrogel-forming systems and highlights
their most prominent advantages and disadvantages.

Inorganic materials

Inorganic nanoparticles, namely glasses, salts, and poly-
crystalline ceramics, offer high specific surface areas, in
some cases, being enhanced by a highly porous structure
and high protein adsorption. The adsorption of extracellular
matrix glycoproteins like fibronectin and vitronectin is
likely to provide cell-binding sites causing cells to adhere
to the surface of inorganic (nano)materials [100]. Besides
these adhesive effects, several inorganic materials, espe-
cially silicate glasses and calcium phosphates, termed
bioactive ceramics, are known for their release of ionic
species during their dissociation. Many of these ions have
significant biological effects on cell proliferation, gene
expression, differentiation, and extracellular matrix min-
eralization [101]. By doping these materials with additional
ions like Zn, Sr, Mg, and Cu, the biological effects of tracer
elements can also be investigated and exploited [101].
Additional effects of inorganic nanomaterials like aniso-
tropy or electrical stimulation using metallic or carbona-
ceous particles of different shapes can be used for the
controlled direction and organization of cellular growth
and to apply electrical stimuli to affect cell growth and
proliferation [102-104]. In addition, the use of rigid
nanoparticles provides nano-topographic features to the
otherwise soft and flat hydrogel’s surface and imparts
stiffening and strengthening effects to the hydrogel matrix.

In the following paragraphs, we highlight a variety of
inorganic rigid materials which are commonly applied in
TE and cell culture applications focusing on these inor-
ganic systems that have been considered as fillers in
hydrogels.

Calcium phosphates (CaP)

Bone itself is an organic/inorganic composite material
consisting of mainly collagen and calcium phosphate
crystals [105]. Ca,o(PO4)s(OH),, hydroxyapatite (HAp), is
the major component of the bone inorganic phase [106].
Thus, it is not surprising that hydroxyapatite and related
calcium phosphates like tricalcium phosphate (a-TCP and
B-TCP) and biphasic calcium phosphates (BCPs) are per-
manently being investigated in bone TE [107]. Calcium
phosphates are characterized by a high degree of



J Mater Sci (2016) 51:271-310

279

Table 2 Properties of natural and synthetic hydrogels

Polymer

Properties

Adv.

Disadv.

References

Natural polymers
Collagen

HA

Alginate

Agarose

Gelatin

Gellan gum

Chitosan

Matrigel

Synthetic polymers
PEG

PAA

Biocompatible

Self-assembled

Biodegradable

Cell-binding sites

Biocompatible

Biodegradable

Cell receptors

Ease of chemical functionalization
Biocompatible

ITonic crosslinking

Physical crosslinking
Thermo-responsive

Stable gels at low concentrations
Biocompatible

Biodegradable

RGD sequence

Biocompatible

Ionic crosslinking
Biodegradable

Biocompatible

Biodegradable

Ease of functionalization
Complex formation with polyanions
Biocompatible

Biodegradable

Cell-binding sites

Biocompatible

Convenient chemical modification
Large range of MW and geometries
Stability

Variety of derivatives available

Semi-synthetic hydrogels

GelMA

HPMC

Biocompatible
Cell-binding sites
Degradable

LCST

Reversible crosslinking

Low structural integrity at low concentrations

Fast degradation

Chemical modification needed for crosslinking

Non-biodegradable
No cell-binding sites
Solubility

Thermal crosslinking

No cell-binding sites

Solubility

Variation in materials composition
Undefined composition

Non-biodegradable

No cell-binding sites

Non-degradable
No cell-binding sites

Temperature-dependent gelation

pH-dependency

[10, 35-42]

[21, 22, 44-47]

124,34,48-52,54-58]

[59-63]

[34, 58-68]

[44, 45, 70]

[46, 71-73]

[48, 75]

[56, 81, 82, 90]

[24, 57, 58, 87-93]

(66, 94]

[95-97]

Comment Although some of the discussed hydrogel properties can, depending on the processing and application, be interpreted as either
advantageous or disadvantageous, we determined between the two characteristics from a practical viewpoint focusing on the ease of sample
preparation and handling

biocompatibility, they are osteoconductive, and are able to
bind directly to bone [108]. Depending on their composi-
tion and crystallinity, CaPs can be degradable or non-

degradable in the body. Degradability, mineralization, and  apatites [109-111].

biological properties can be tuned by doping with trace
elements (K, Na, Mg, Zn, Sr, Se) which results in calcium
phosphates with a composition closer to natural bone
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Bioactive glasses/ceramics (BG)

Bioactive glass, first discovered by Hench et al. in the late
1970, displays an extraordinary bonding capacity to living
tissue [112]. The release of ionic dissolution products from
BGs results in a highly active interface leading to the
formation of a carbonated hydroxyapatite (HCA) surface
layer when immersed in biological fluids [6]. Bioactive
glasses and ceramics can be divided into three categories
depending on their interaction with biological environ-
ment: Class A biomaterials are osteoproductive and
osteoconductive [6]. They show a rapid surface reaction
and ion dissolution causing intra- and extracellular
response. Class B bioactive materials show solely osteo-
conductivity due to their slow surface reaction and minimal
ion release. Thus, only extracellular responses result. Class
C bioactive materials are resorbed with 10-30 days due to
their high reactivity [112, 113]. The reactivity is highly
dependent on the material’s composition. A detailed
description of the compositions and properties of bioactive
glasses can be found elsewhere [112-114]. Although the
exact reasons and mechanisms are still being investigated,
it has been proven that the ionic dissolution products of
bioactive glasses stimulate cellular behavior inducing in
some cases also an angiogenic effect [101, 115-117]. It has
to be noted that these effects are not always positive but
can also result in harmful pH changes or the release of
cytotoxic ions or intolerable ion concentrations [101, 118].
More recently, nanosized bioactive glasses have become
available and are now being intensively investigated [119-
122]. Due to their high surface area, surface effects and ion
dissolution are more pronounced compared to bulk sys-
tems. In addition, they can be dispersed in polymeric
materials at the nanoscale, an essential advantage for the
fabrication of composite materials, which has opened also
applications in soft TE [123]. To this group not only sili-
cate but also phosphate and borate glasses belong, which
are of relevance for applications in TE [118, 124, 125].
Also mesoporous glasses, e.g., BG (nano)particles con-
taining ordered, nanoscale porosity are becoming highly
prominent and the focus of extensive research [126—129].
Furthermore, ion-doped bioactive glasses are continuously
gaining attention, especially with regard to bactericidal
materials [101, 130, 131].

Clays

Although clay is mostly known for its application as
building material, its medical use goes back to prehistoric
and ancient times when it was used as wound dressing or as
a treatment for stomach ache [132]. Today, it is mainly
used as antacids and antidiarrhoeics or in cosmetic for-
mulations [133]. The medical effectiveness of clay
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minerals results from its structure. Clay minerals are typ-
ically micro- or nanosized particles consisting of layered
2D silicate sheets [133]. Due to their large surface area,
clay particles show a distinct adsorptive behavior. Protons,
peptides, and polymeric materials like proteins or other
biomolecules can be adsorbed onto the minerals surface.
Thus, toxins can effectively be eliminated by clay admin-
istration. The adsorption capacity of clay minerals can also
be used as delivery systems or as physical crosslinking
points of polymeric materials resulting in hydrogels with
extraordinary gelation behavior and mechanical strength
[133-135]. The toxicological effects of clay minerals have
been investigated by several groups. The results indicate
that high clay concentrations reduce cell proliferation
in vitro [136, 137]. However, most in vivo studies do
confirm these findings. Indeed, the extent and origins of the
potential toxicological effects of clays need to be further
and more systematically investigated.

Carbonaceous materials

Carbon nanotubes (CNTs) are rolled sheets of graphene
which can either be single-walled (SWCNTs) or multi-
walled CNTs (MWCNTs) and are generally character-
ized by their high aspect ratio (>0.7). Their special
physical and electrical properties as well as their ability
to pack and align into highly ordered structures have
motivated numerous groups to investigate their applica-
bility as biomaterials in TE applications [138, 139].
Especially interesting with respect to TE is the induction
of cellular organization based on either electrical stim-
ulation or solely directed cellular growth on highly
ordered CNT substrates. Furthermore, CNTs can be used
as vehicles for the delivery of drugs, growth factors,
bioactive agents, or genetic material [138]. Their non-
degradable nature and low solubility are the major
drawbacks, but the latter can be overcome by chemical
functionalization [139].

Graphene oxide (GO) is obtained by oxidation of
graphite and can be dispersed in aqueous media in the
form of thin platelets [140]. The presence of oxygen-
containing groups reduces the irreversible aggregation
behavior known from graphite sheets allowing for the
preparation of homogenous aqueous dispersions [141].
Nevertheless, the dispersion of GO sheets in biological
media often requires stabilization with surfactants or
ultrasound treatment to prevent agglomeration [141]. The
presence of reactive oxygen groups allows for the
chemical modification of GO as well as noncovalent
interactions with polymers and proteins through van-der-
Waals interactions or hydrogen bonding offering an
excellent basis for the preparation of polymeric com-
posite materials [142].
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Superparamagnetic iron oxide nanoparticles
(SPIONSs)

Superparamagnetic iron oxide nanoparticles (SPIONs) are
well known for their excellent magnetic properties
enabling their convenient use in targeted drug delivery
[143]. Their small size facilitates their incorporation into
almost all matrices including uptake into cells and bacteria
[144]. Depending on the preparation method, SPIONs carry
a certain surface modification which can typically be used
to introduce further functionalities [145, 146]. SPIONs can
be dissipated through the natural human metabolic iron
pathway [147]. Particle aggregation and oxidation, which
result in the diminishment or loss of the magnetic proper-
ties, are common complications [144].

Cerium oxide nanoparticles (CONPs)

CONPs are known for a high capability to switch rever-
sibly between oxidative states [148]. This redox property
enables CONPs to efficiently scavenge free radicals mak-
ing it an excellent antioxidant agent. Since medical
implants are particularly susceptible to oxidative damage
caused by inflammation-related oxidative stress, CONPs
are being investigated concerning their pharmaceutical
potential [149, 150]. Unfortunately, cytotoxic effects have
been reported, being caused by cellular internalization and
accumulation of free particles which disturb intracellular
free radical signaling pathways [151, 152].

Others

Indeed, other kinds of inorganic materials have also been
investigated and used in combination with polymers in
composite scaffolds including Au, Ag, Al, Si, Mg, TiO,,
7r0,, CS, graphite, and carbonated fluorapatite [5, 43,
153-163]. Salts such as CaCOj; and polyphosphates have
been also considered in combination with polymers as well
as NaCl crystals which have been used to improve the pore
interconnectivity of polymeric scaffolds [164—166]. In this
review, only those that have been considered in combina-
tion with hydrogel-based composites for cell encapsulation,
biofabrication, and injectable systems are further
discussed.

Challenges of inorganic fillers

Due to their chemical resemblance to the inorganic com-
ponents of bone, calcium phosphates are able to directly
bind to bone making them excellent candidates for bone TE
[101, 167]. Similar high bioreactivity and affinity to bone
tissue are provided by bioactive glasses [112, 113]. How-
ever, these materials are usually brittle making them hard

to handle and unsuitable for many load-bearing applica-
tions. Further difficulties in the use of purely inorganic
materials, in particular highly biodegradable systems, are
caused by the ionic dissolution. Although under given
conditions, dissolution products are able to stimulate cell
metabolism and differentiation, in some cases, dissolution
of inorganic ceramics and glasses may be accompanied by
the release of basic components which show harmful
effects on neighboring cells [114, 168]. Higher mechanical
resistance and flexibility as well as the stabilization of the
pH value during the dissolution processes can often be
achieved by the combination of inorganic fillers with
polymeric carriers as will be discussed in the following
sections [6, 169].

Focusing on the inorganic materials that have been used
in combination with hydrogels, Table 3 summarizes their
relevant properties.

Hydrogel-inorganic phase composites

Interactions between hydrogel networks
and inorganic additives

The idea behind the formation of inorganic/organic com-
posites is the design of materials with superior mechanical
and biological properties. As in all composite systems, in
the ideal case, the disadvantages of both materials are
counterbalanced and thus eliminated by synergetic effects.
The preparation of inorganic/organic composite materials
can be performed by various methods from simple mixing
of the two components to the in situ mineralization of
polymeric scaffolds [170]. The in situ mineralization of
polymers has been recently comprehensively reviewed by
Kretlow et al. [20] and will thus not be included in this
review. Another possibility is the initiation of the poly-
merization/gelation of the hydrogel from the surface of
micro- or nanoparticles, which typically results in extre-
mely tough and resistant hydrogel networks [171-174].
Furthermore, many of these systems have been reported to
show stimulus-responsive and self-healing properties [173,
174]. So far, this technique has mainly be used to generate
organic/organic composites based on polymeric networks
crosslinked via polymeric microgels, micelles, clusters, or
macromolecular microspheres but is generally also appli-
cable to inorganic/organic composite materials [171-174].
Here, we focus on the approach of mixing the two phases to
form the composite, namely, a hydrogel matrix and the
inorganic filler. In order to understand the effects arising
from the addition of inorganic fillers to a hydrogel, the
structural properties of hydrogel networks need to be
considered as well as the interactions at the interphase [18,
19, 175]. As described above, hydrogels are three-
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Table 3 Properties of inorganic fillers used to prepare hydrogel-based composites

Inorganic material Properties

References

Adv.

Disadyv.

Calcium phosphates Bone bonding

Bioglass Bioactivity
Clay Biocompatible
High adsorption capacity
CNTs Highly ordered structure
Electrical properties
Chemical modification possible
GO High adsorption capacity
Chemical modification possible
SPIONS Biocompatible
Magnetic properties
CONP Antioxidant

Slow degradation [106-111]
Low mechanical strength

Low mechanical strength [101, 112-131]

[132-137]
Low solubility [138, 139]
nondegradable
Aggregation in biological media [140-142]
Oxidation [143-145]
Aggregation
Cytotoxic effects [148-152]

Inorganic fillers

Nanoparticles

(20-100 nm)

Microparticles

(1-1000 pm)

Anisotropic fillers

(d=1-100nm, I=20nm-250,m)

Synthetic polymers Natural polymers

Poly(ethylene glycol)
Cyclic acetals Gelatin
Poly(ethylene glycol) fumerate Alginate
Silica Bioglass Clay Poly(N-isopropylacrylamide) Chitosan
Iron oxide Calcium phosphate Calcium phosphate Poly(hydroxyethylemethacrylate) Cellulose
Hydroxyapatite Hydroxyapatite Hydroxyapatite Hydroxypropylmethylcellulose Gellan Gum
Calcium phosphate Graphene oxide Poly(acrylic acid) Matrigel
Bioglass Carbon nanotubes Polycaprolactone
Cerium oxide Carbon nanosphere chains Poly(lactide ethylene oxide fumarate)
Composites
Chemical Chemical and physically Physically

crosslinked gel

crosslinked gel crosslinked gel

o1

Fig. 2 Schematic diagram presenting an overview of inorganic materials and hydrogels used for the fabrication of functional composites

showing also their possible interactions

dimensional networks of crosslinked polymeric chains.
These networks can be separated into chemically and
physically crosslinked materials. While chemical
crosslinking is based on covalent bonds between the
polymeric chains and/or their side groups, physical
crosslinking results from noncovalent interactions. These
interactions can be found between the polymeric chains,
polymer chains and ions (which is commonly described as
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ionic crosslinking) or between a polymer and the surface of
the inorganic filler.

The addition of inorganic materials to a polymer solution
can result in different interactions between the two materi-
als, as schematically illustrated in Fig. 2, which generates
different conditions at the interfaces leading to new struc-
tural properties. In the easiest case, a simple mixture of the
two components is obtained. The inorganic particles are
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dispersed in the polymeric matrix, but there are no specific
interactions between the two materials. Another possibility
is the formation of specific physical interactions chemical
bonding between the polymeric chains and the inorganic
material, as described above. This effect results in an
enhancement of the crosslinking density and thus, in the
increased strength and mechanical stability of the polymeric
network. However, the adsorption of the polymer on the
surface of the inorganic additive can also result in the dis-
turbance of the polymeric network structure (especially in
absence of chemical bonds) and thus in weakening of the
mechanical strength of the hydrogel. The discussed classes
of interactions occurring between hydrogels and inorganic
additives are schematically illustrated in Fig. 2.

Properties

By combining the advantages of hydrogels and inorganic
fillers, synergetic effects are generated which, in the ideal
case, are able to counteract individual materials’ disad-
vantages. More specifically, the combination of hydrogels
with inorganic fillers should result in highly biocompatible
materials which can meet the mechanical requirements of
the implanted site, stimulate the desired cellular behavior,
and exhibit well-defined degradation profiles.

Clearly, two families of composites can be developed;
those incorporating degradable fillers such as BGs and
those including persistent fillers such as carbon nanotubes.
In fully biodegradable hydrogel/inorganic filler compos-
ites, there is an important synergetic effect between the
degradation of hydrogel matrix and the dissolution of
inorganic compounds, like bioactive glasses and calcium
phosphate. While the degradation of synthetic polymers
like polyethers and polyester is typically accompanied by
acidic byproducts which often cause a significant inflam-
matory response [98, 99], bioactive glasses release note-
worthy basic dissolution products [176-178]. By
combining polymeric scaffolds with inorganic moieties,
neutral and consequently less harmful conditions can be
achieved during the decomposition of the composite [19].
In addition, the incorporation of inorganic fillers alters the
hydrophilicity and thus the water adsorption of the poly-
meric matrix. The generation of new interfaces and inter-
facial regions can allow water to penetrate more easily,
altering the degradation behavior of the polymeric matrix
and leading to a more homogenous degradation of the
polymer [179]. In general, it is important that the degra-
dations of the inorganic and organic materials are matched.
A simultaneous degradation of both materials is required to
maintain the structural and mechanical integrities of the
system during degradation and to gain the greatest benefits
from synergetic effects: As is well known, in TE approa-
ches, cells should be able to populate, grow, and proliferate

within the system, to synthesize their own extracellular
matrix, while the scaffold is gradually disintegrating giving
space for the newly formed tissue [6].

When a material is implanted into the body, it is rapidly
coated with blood components. Many of these components
are proteins, like fibronectin and vitronectin, which are
typically found in the extracellular matrix [100]. One
common characteristic of several of these proteins is the
RGD-motif which is known to contribute to cellular adhe-
sion via integrin receptors present on the surface of most
cells [180]. Hydroxyapatite, bioactive glasses, and other
ceramic materials, especially the nanosized particles, are
known to be specifically prone to protein adsorption [100,
181]. This characteristic of inorganic particles is particularly
useful in the design of organic—inorganic composite mate-
rials. The adsorption of proteins on the inorganic particles
inside the composite material provides the vital basis for
cellular attachment to many composites in which the
organic material often lacks the mandatory cell-binding sites
[182]. Therefore, the careful choice of the composite’s
components can circumvent the need for chemical modifi-
cation of the polymeric matrix. Although the complex pro-
cess of protein adsorption is not yet fully understood, it is
commonly agreed that this process is one of the most
decisive factors for the cellular and immunologic response
to medical implants and drug delivery vehicles [183—185].
Thus, while designing proper combinations of hydrogels
and inorganic fillers, one should consider predominantly the
protein adsorption at the interface.

Another important reason for the need of composite
materials lies in the enhancement of the mechanical
properties of hydrogel matrices [23]. TE requires specific
mechanical properties, e.g., stiffness and mechanical
strength, especially in load-bearing applications. The
incorporation of inorganic nanoparticles into hydrogels
should lead to superior mechanical strength and stiffness
by keeping the high flexibility of the polymeric matrix
[186]. Consequently, in well-designed hydrogel compos-
ites, mechanical properties, and the previously discussed
advantages of inorganic particles like protein adsorption,
bioactivity, and tailored degradation can synergetically be
combined.

The alteration of the mechanical properties is not only
beneficial for in vivo applications but also for the pro-
cessability of the particular scaffold material. 3D printing
and bioplotting as well as many cell encapsulation tech-
niques require specific physical material’s properties like
viscosity, flow characteristics and stiffness [187-189].
Thus, incorporating inorganic particles into hydrogels can
also be beneficial for facilitating processibility into 3D
structures using techniques as varied as bioprinting, elec-
trospinning, and freeze-drying by inducing changes in the
hydrogel’s viscosity or flow characteristics.
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Applications of hydrogel composites

Conventional cell culture procedures are based on the
adherence of cells fo the surface of a substrate [14]. The
substrate itself can exhibit a three-dimensional architec-
ture. Nevertheless, cells are typically seeded on fop of the
structure. However, it is well known that in the real in vivo
situation cell-cell and cell-matrix interactions occur in
three dimensions [2, 190]. In order to construct functional
biological units to form tissues and organs, it is therefore of
predominant importance to focus on the embedding of cells
into 3D (porous) substrates [190, 191]. The natural cellular
environment in vivo, the extracellular matrix (ECM), is a
three-dimensional fibrous network embedded in a highly
hydrated gel-like matrix [192]. The matrix does not only
offer a 3D scaffold for the cells to grow in but also
mechanical stability, sufficient space to enable the trans-
port of metabolites and nutrients, cell transport, and vas-
cularization as well as biophysical and biochemical clues
[192]. The ECM is a dynamic network which can adapt to
environmental conditions like compression and shear stress
and guide cellular organization and behavior [193, 194].
Given the complexity of the functions of the ECM, it is
easy to understand that the material requirements for man-
made scaffolds cannot be met by one single material but by
the smart choice and combination of various materials. Of
particular challenge is the development of hydrogels and
their composites for biofabrication strategies [17].

Here, we summarize three main approaches focusing on
the generation of 3D scaffolds based on hydrogel-inor-
ganic filler composites, namely: scaffold structures
obtained by novel additive manufacturing methods, more
general techniques for the encapsulation of living cells and
the well-investigated area of injectable materials. These
three areas, although exhibiting some different character-
istics and material requirements, can be unified by their
purpose of generating 3D scaffolds supporting cellular
growth and organization and represent important fields for
applications of hydrogel-inorganic phase composites.

Cell encapsulation

The encapsulation of cells into 3D structures for TE is a
relatively new research area. In this approach, the 3D
hydrogel type matrices act as microenvironments for the
encapsulated cells. Physical and chemical clues can be
specifically altered to stimulate the anticipated cellular
reaction, and these extracellular matrix analogues are
usually applied for the investigation of fundamental cel-
lular behavior in a 3D environment. In addition, the
encapsulation of cells into small, micro-sized hydrogel
compartments allows the independent manipulation or
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delivery of individual cells [195, 196]. Using high-
throughput techniques like microfluidics, these indepen-
dent units can be used in drug testing and development or
as building blocks for the bottom-up generation of larger
cellular superstructures [197]. There is also increasing
effort in considering cell encapsulating 3D hydrogels as
tissue models to investigate tumor development in
advanced cancer research [198-206].

In the following sections, we discuss different composite
materials used for cell encapsulation with applications in
bone (“Examples of cell-containing hydrogel composites
for bone tissue engineering” section) and cartilage (“Ex-
amples of cell-containing hydrogel composites for cartilage
tissue engineering” section) TE, dentistry (“Examples of
cell-containing hydrogel composites for applications in
dentistry” section) as well as materials used for the gen-
eration of cardiac patches (“Examples of cell-containing
hydrogel composites for the design of cardiac patches”
section) and cell delivery/protection systems (“Examples
of cell-containing hydrogel composites for cell/drug
delivery” section).

Composites for cell encapsulation

Examples of cell-containing hydrogel composites for bone
tissue engineering

PEG is a commonly used material in various biomedical,
TE, and drug delivery applications. Despite being available
over a broad range of molecular weights and thus
mechanical stabilities, a further enhancement of the net-
work is often necessary. In addition, PEG lacks the binding
sites mandatory for cellular adhesion. Clay minerals are
receiving increasing attention as mechanical reinforcement
additive for hydrogel matrices. The high surface area of
clay minerals enables physical interactions between the
particles surface and polymeric materials. Thus, chemically
crosslinked gels can be reinforced by the introduction of
additional physical crosslinking points. Improved
mechanical performance including enhanced compressive
and elastic properties was reported for PEG diacrylate
(PEGDA)/clay (more specifically Laponite particles)
composites [207]. Cell-containing PEGDA/clay compos-
ites have been synthesized by simple mixing of all com-
ponents and subsequent photo-crosslinking of the PEG
chains via reaction between the diacrylate units of neigh-
boring chains. Physical crosslink formation between PEG
and the clay particles as well as energy dissipation effects
were shown to lead to the described mechanical rein-
forcement. The swelling behavior of the resulting com-
posite strongly depended on the amount of clay mineral
added. Low clay concentrations caused an increased
swelling behavior due to an osmotic pressure induced
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water influx. High concentrations showed a contrary
swelling behavior. The water uptake of composites con-
taining high amounts of clay can probably be attributed to
the higher density of physical crosslinking points. The
composite exhibited adhesive behavior of encapsulated
human bone marrow derived mesenchymal stem cells
(hMSCs) which was also dependent on the content of clay
particles. Since PEG does not offer any binding sites for
cellular attachment, the adherence and spreading of
encapsulated cells must depend on the protein adsorption
ability of clay mineral particles. This assumption was
supported by an increase in cellular attachment with
increasing clay content.

Enhanced gel mechanics and osteogenic differentiation
have also been reported for calcium phosphate reinforced
oligo(poly(ethylene glycol) fumarate (OPF) [208]. In this
case, cell-binding sites (RGD-units) were incorporated into
the polymeric network and compared to unfunctionalized
OPF, OPF/calcium phosphate and OPF-RGD/calcium
phosphate composites. The incorporation of RGD into the
polymeric matrix enhanced the spreading and viability of
the encapsulated cells. However, the cells were unable to
proliferate in both, RGD-modified and RGD-free OPF
hydrogels. Calcium phosphate addition enhanced the cell-
mediated mineralization of the scaffold which is an indi-
cation of osteogenic differentiation. However, in contrast
to the study of Chang et al. [207] the adhesion of the
encapsulated cells to the scaffold could not be enhanced by
addition of an inorganic filler. It was hypothesized that the
embedding of the particles into the hydrogel matrix hinders
cell migration, adhesion, and spreading. Only the combined
effects of RGD and calcium phosphate resulted in the
increases of cell viability and mineralized matrix
production.

The stimulation of osteogenic differentiation was also
found by Patel et al. [209] in cyclic acetal hydrogels based
on poly(ethylene glycol) diacrylate (PEGDA) and 5-ethyl-
5-(hydroxymethyl)-b,  b-dimethyl-1,3-dioxane-2-ethanol
diacrylate (EHD) reinforced by hydroxyapatite (HAp)
nanoparticles. Upregulation of morphogenetic protein-2
(BMP-2), alkaline phosphatase (ALP) and osteocalcin
(OC) expression of encapsulated bone marrow stromal
cells (BMSCs) was found. The effect was attributed to
either osteogenic effects of HAp particles or the enhanced
adsorption of proteins and osteoblast growth factors on the
HAp particles.

Another example for the stimulation of osteogenic dif-
ferentiation using hydrogel/inorganic phase composites
was presented by investigating 45S5 bioactive glass rein-
forced alginate [210]. The enhanced proliferation, and
differentiation of MC3T3-El and rBMSCs encapsulated
into millimeter-sized composite beads was explained by
stimulating effects of ions, especially silicon ions, released

during bioactive glass dissolution. Consequently, the
incorporation of bioactive glass into cell-containing algi-
nate beads can improve the efficiency of bone formation in
a relatively cost effective and easy way without the need
for expensive proteins or growth factors, thus, increasing
the performance of this cell delivery system in bone
regeneration applications.

Using a photocrosslinkable gelatin  methacrylate
(GelMA) hydrogel, Sadat-Shojai et al. [211] demonstrated
that the compressive modulus of the polymeric matrix can
be significantly enhanced by the addition of hydroxyapatite
(HAp) nanoparticles. The particles could be homogenously
dispersed within the hydrogel network and no influence of
the inorganic filler on the hydrogels swelling ratio was
observed. With increasing HAp concentration, an increase
of the compressive modulus was detected. However, par-
ticle concentrations above 2.5 mg/mL did not result in any
further mechanical reinforcement. It has to be noted that
HAp particles are opaque and thus, their presence might
interfere with the photo-induced crosslinking process of
gelatin methacrylate at high particle concentrations. The
encapsulation of preosteoblastic MC3T3-El cells resulted
in good cell viabilities, growth, cell adhesion, and
spreading for all investigated system with a slight decrease
in cell spreading and metabolic activity with increasing
filler concentrations. This effect can be explained as a
result of the higher mechanical strength of the composite
materials compared to pure gelatin hydrogels.

An example of CNT-reinforced hydrogels was presented
by Wheeler et al. [212]. They used an elastin-like
polypeptide (ELP)—collagen composite as polymeric
matrix and investigated the effect of carbon nanosphere
chains (average diameter 20-40 nm) and bioactive glass
(4585, average particle diameter: 200-350 pm) incorpo-
ration. In both cases, they observed an increase in Young’s
modulus and tensile strength. Simultaneous encapsulation
of MC3T3-El mouse pre-osteoblastic cells revealed high
cell viabilities, cell attachment and proliferation for the
investigated systems as well as the control of pure ELP-
collagen hydrogels. A slight increase in the osteoblastic
differentiation was observed in case of bioactive glass
addition which was explained by the stimulating effect of
the higher mechanical strength of the cellular environment.

Examples of cell-containing hydrogel composites
for cartilage tissue engineering

An agarose-based composite material was investigated by
Khanarian et al. [213] who studied the influence of
hydroxyapatite (HAp) particles on calcified cartilage for-
mation. In the first objective of the study, the behavior of
chondrocytes from the native osteochondral interface (hy-
pertrophic chondrocytes) and deep zone chondrocytes in
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HAp-free and HAp-containing scaffolds was compared. It
was found that the presence of HAp particles had little
effect on the matrix deposition and hypertrophy of deep
zone chondrocytes while hypertrophic chondrocytes
showed a significant increase in matrix deposition and
mineralization. The enhanced mineralization behavior of
hypertrophic chondrocytes is probably a result of the
release of calcium and phosphate ions by the inorganic
filler which are known to up-regulate chondrocyte miner-
alization [214, 215]. The authors note that in contrast to
agarose/HAp composites where no stimulation of deep
zone chondrocytes was observed, enhanced hypertrophy
and matrix deposition of deep zone chondrocytes could be
induced in alginate/HAp composites [216]. It is hypothe-
sized that higher calcium concentrations in the ionically
crosslinked alginate systems stimulates chondrocyte mat-
uration resulting in hypertrophy and elevated matrix syn-
thesis of deep zone chondrocytes. Consequently, it
becomes obvious that besides the identification of suitable
hydrogel and inorganic filler combinations, an adequate
choice of the cellular component is of great importance in
order to control and stimulate the anticipated cellular
behavior. In the second objective, the authors optimized the
dose and size (micro- vs. nanoparticles) of the inorganic
fillers to promote hypertrophy and calcified matrix depo-
sition of both cell types. No influence of the particle size on
the hypertrophy was observed, while cell-laden agarose
gels containing micron-sized HAp particles showed an
enhanced matrix deposition compared to cells encapsulated
in the presence of HAp nanoparticles. This effect can
probably be explained by the improved cell-ceramic
interactions in case of micron-sized particles compared to
nano-scale systems. Matrix deposition increased with
increasing ceramics content up to 3 %. Higher HAp con-
centrations of 6 % led to a decrease in matrix deposition
which might be a result of the limited space available for
extensive matrix elaboration. Matrix deposition, alkaline
phosphatase activity (ALP), compressive strength and
shear moduli were highest for systems containing 3 % of
micron-sized HAp particles which most closely approxi-
mates the mineral nature (content and size) of native tissue
[217, 218]. Furthermore, the authors suggest that syner-
getic effects among mechanical reinforcement, ion release,
matrix deposition, and hypertrophy result in significant
structure—function correlation of the cell-laden hydrogel/
HAp scaffold [215].

Examples of cell-containing hydrogel composites
for applications in dentistry

In a recent publication, Chatzistavrou et al. [219] presented

the use of collagen/fibrin microbeads as a delivery system
for Ag-doped bioactive glasses and dental pulp stem cells
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(DPSCs) in dental applications. They compared pure col-
lagen/fibrin microbeads with DPSC-containing colla-
gen/fibrin beads and beads containing DPSCs in addition to
silver-doped bioactive glass (Ag-BG). They found that
both, cells and bioactive glass, enhance the degradation
process of the microbeads. Microbeads containing cells and
bioactive glass showed the strongest effect on the degra-
dation behavior. In in vitro experiments, no odontoblastic
differentiation was observed inside DPSC- and Ag-BG-
containing beads during culture. However, the same system
showed odontoblast-like cells in in vivo experiments in
nude mice. However, the control group of nonencapsulated
DPSCs showed no differentiation when implanted into the
tooth slides. Thus, the differentiation of DPSCs seems to be
induced by collagen/fibrin beads and/or Ag-BG. The
authors suggest that the ionic degradation product of Ag-
BG improves the differentiation of DPSCs inside the Ag-
BG-containing beads. However, the differentiation behav-
ior of cells encapsulated into pure collagen/fibrin
microbeads was not investigated, and therefore the effect of
Ag-BG particles on the differentiation behavior of the
encapsulated cells can only be hypothesized. Nevertheless,
the authors could show that Ag-BG increases the antibac-
terial activity of the system. A slight decrease in the bac-
tericidal activity of Ag-BG was observed in case of the co-
encapsulation of DPSCs which might be a result of cell-
material interactions or lower amounts of Ag-BG particles
being encapsulated in this case. This study clearly indicates
the ability to encapsulate antibacterial ion-releasing
bioactive glass particles in biodegradable hydrogels, which
offer an innovative alternative to couple osteogenic mate-
rials with antibacterial agents.

Examples of cell-containing hydrogel composites
for the design of cardiac patches

Shin et al. published several studies focusing on gelatin-
based composites for cell encapsulation [220, 221]. In
analogy to the results obtained by Sadat-Shojai et al. [211],
the compressive modulus of UV-crosslinkable gelatin
methacrylate (GelMA) hydrogels could be enhanced by the
addition of an inorganic rigid filler, in this case GO [220].
The strong noncovalent interactions between the gelatin
chains and the GO particles also influenced the degradation
behavior of the polymer. Pure GeIMA hydrogels main-
tained its ordered structure after collagenase-mediated
degradation. Degradation mainly resulted in an increased
pore size. In contrast, GeIMA/GO composites showed a
collapsed, disordered morphology after degradation. In
addition, an increase in metabolic activity of encapsulated
NIH-3T3 cells was observed. This effect could be
explained by an enhancement of cell adhesion in GO-
containing hydrogels compared to pristine hydrogels.
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Fig. 3 Effects of CNT incorporation into GelMA hydrogels on
cardiac cells. a Cell retention and distribution are significantly
improved on CNT-GelMA composites compared to pristine GeIMA
hydrogels. Cell retention (b), viability (c), DNA content (d) and
alignment (e, f) are highly dependent on the amount of CNTs

The same group also reported the mechanical rein-
forcement of GeIMA gels with carbon nanotubes (CNTs)
[221]. Enhanced tensile strength and elastic modulus were
observed. Encapsulated NIH-3T3 cells and human mes-
enchymal stem cells (hMSCs) showed increased spreading
and proliferation inside the composite material compared
to pure GelMA hydrogels with similar stiffness. The
deterred cellular growth and spreading in pristine highly
concentrated hydrogels was attributed to the high density
and low porosity of the material. CNT-reinforced hydro-
gels with the same stiffness exhibited a less dense (more
porous) structure allowing for cellular growth and spread-
ing. The incorporated CNTs also enhanced the polymers’
resistance to degradation by hindering the influx of water
and thus the permeation of collagenase into the hydrogel.
Furthermore, the cell viability was found to be inversely
proportional to longer exposure times in CNT-containing
hydrogels. This effect was explained by the ability of CNTs
to scavenge harmful radical oxygenated species released
during carbon—carbon double-bond formation in the
crosslinking reaction of methacrylate groups.
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incorporated. Highly aligned cells are observed on CNT-GelMA
composites. No significant effects were found on the DNA content
after 3 and 6 days. g Schematic illustration of stretching forces
resulting from cell-CNT interactions. Reprinted from Ref. [222] with
permission. Copyright 2013 ACS Publications

In a related study by the same authors, it was reported
that the mechanical properties are highly dependent on the
amount of CNTs being incorporated into the hydrogel
system [222]. An increase in the compressive modulus was
observed for CNT concentrations up to 3 mg/mL. Higher
CNTs contents weakened the polymeric network. This
phenomenon is probably a result of the high UV-absorption
of CNTs which impedes the UV-induced gelation of
GelMA as has been discussed above for the addition of
HAp particles to GelMA hydrogels. Furthermore, an
increase in cell adhesion, viability, and alignment with the
increasing CNTs content was observed (Fig. 3). Cell pro-
liferation was not influenced by the CNTs incorporation as
shown by the unaltered DNA content in Fig. 3d. The
authors argue that enhanced cell adhesion and stretching
forces resulting from interactions between the cells and the
CNT network cause the increased cellular alignment, as
schematically illustrated in Fig. 3g.

This series of studies thus report the convenient com-
bination of hydrogels with carbonaceous nano-materials,
and further investigations are expected in this field.
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Examples of cell-containing hydrogel composites
for cell/drug delivery

A recent publication by Weaver et al. [223] discusses the
use of cerium oxide nanoparticles as antioxidant fillers in
alginate hydrogels. Cerium oxide nanoparticles (CONPs)
effectively scavenge ambient-free radicals making it a
promising candidate as antioxidant protection material.
However, phagocytosis of CONPs by beta cells showed
significant cytotoxic effects even at low concentrations,
thus limiting the applicability of CONPs as antioxidant in
cell culture and biomedical applications. As the authors
could show, this cytotoxic effect can be eliminated by
embedding cells and CONPs into a hydrogel matrix. The
mesh size of the investigated alginate hydrogel impedes the
diffusion of CONP particles and, thus, their phagocytosis
by the co-encapsulated cells. In addition, it was shown that
the CONP particles can effectively protect the encapsulated
cells from free radical damage when exposed to superoxide
radicals. Consequently, cytotoxic effects can be eliminated
up to high concentrations, while the catalytic activity of the
CONPs particles is maintained. Furthermore, stable
encapsulation and reactivity of the particles could be
demonstrated up to 1 year after encapsulation. The authors
compared the alginate/CONP system to CONP-containing
agarose gels which, by contrast, did not show the antici-
pated long-term stability. It was postulated that specific
interactions between the COO™ terminals of the alginate
chains bind the particles, leading to a stable physical
entrapment and long-term stability. Since agarose does not
contain any carboxyl groups, the interactions between
polymer and CONPs are less significant.

Another alginate-based system for cell and drug delivery
applications was investigated by Ciriza et al. [224]. In this
case, alginate composite microcapsules containing differ-
ent concentrations of GO were produced via extrusion
through a disposable nebulizer and subsequent gelation in
the presence of bivalent calcium ions. Murine C,C,
myoblasts which were genetically engineered to secrete
murine erythropoietin (EPO) could simultaneously be
encapsulated with high cell viability. GO concentrations
between 25 and 50 pg/mL resulted in enhanced viability,
metabolic activity, and membrane integrity of the encap-
sulated cells while concentration of 100 pg/mL seemed to
decrease cell viability and metabolic activity. Most inter-
estingly, it was shown that the presence of GO particles
significantly decreased the amount of EPO released from
the microcapsules thus diminishing the efficiency of the
presented drug delivery system. A control experiment in
which the adsorption of EPO on pristine GO particles was
evaluated indicated that approximately 10 % of the present
protein was adsorbed by the particles which explains the
observed decrease in the amount of EPO released from
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GO-containing alginate microcapsules. The adsorption of
EPO could be significantly reduced by preconditioning GO
with fetal bovine serum (FBS) which introduced a pro-
tective protein coating to the GO nanosheets thus making
the surface unavailable for the adsorption of EPO to the
particles surface.

Given the high number of hydrogel composite systems
for cell encapsulation, which have been discussed in detail
in this section, a comprehensive summary is given in
Table 4, in which, in addition to the materials employed,
the key results and applications are collected.

Bioprinting

Three-dimensional constructs can be manufactured via
layer-by-layer deposition of a polymeric precursor which is
subsequently crosslinked for permanent preservation of the
structural integrity of the generated geometry [197]. This
technique enables the highly controlled production of
scaffold materials for TE. Pore size, overall porosity, and
scaffold dimensions can be precisely controlled [225].
Regarding TE applications this is a crucial step toward
personalized implants. Additive manufacturing techniques
also allow the fabrication of very accurate architectures
consisting of different materials. Furthermore, the respec-
tive placement of different cell types within a scaffold can
be readily controlled with excellent precision [14, 226,
227]. Thus, complex geometries like the ones found in
tissues and organs can be replicated and incorporated with
cells or growth factors with high level of accuracy.

Naturally derived materials like alginate-based hydro-
gels are popular ink materials for bioprinting applications.
Alginate offers excellent biocompatibility, with its high
viscosity allowing the printing of stable 3D structures and
mild and rapid gelation process due to ionic crosslink
formation with bivalent ions. Furthermore, alginate can be
processed under physiological conditions [48, 228].
Although extraordinarily tough alginate-based hydrogels—
which offer outstanding durability and are excellent can-
didates for soft TE, cell encapsulation, and extracellular
matrix mimics—have been reported [229], pure hydrogels
do not usually offer the required tensile strength and
fracture toughness mandatory for load-bearing applications
like bone TE [6, 26, 32]. Synthetic hydrogels such as
poly(ethylene glycol) (PEG) offer higher mechanical
strength but often lack the required biocompatibility or
cell-interactive properties [26].

By incorporating inorganic fillers into 3D natural or
synthetic hydrogel scaffolds, several groups have tried to
impart strength and to enhance bio-instructive properties
like cell adhesion or bioactivity while maintaining the
characteristic properties of polymeric systems like



J Mater Sci (2016) 51:271-310 289
Table 4 Summary of composite systems and their properties for cell encapsulation applications
Material Properties of composite Comments Use References
Hydrogel Filler
PEGDA Clay Increased degree of swelling at low Increased osmotic pressure due to Bone tissue [207]
NC concentration hydrophilicity of Laponite particles engineering
Decreased degree of swelling at high Increased crosslinking density due to
NC concentration secondary interactions between PEG
Improved mechanical performance and Laponite and energy dissipating
. . effects lead to enhanced mechanical
Enhanced compressive properties .
) ] properties
Improved elastic properties Hypothesis: Enhanced protein
Enhanced cell adhesion and spreading  adsorption by Laponite particles
of hMSCs influences cell adhesion and
spreading
OPF CaP Decreased mesh size Hypothesis: Bone tissue [208]
Reduced swelling 1. CaP enhance cell differentiation engineering
Enhanced storage modulus 2. Offers nucleation sides
Decreased loss modulus 3. Enhanced mechanical properties
Enhanced cell distribution stimulate osteogenic differentiation
Minimal ALP activity (OBLCs)
Stimulated cell-mediated
mineralization
Cyclic acetal nano-HAp Particularly increased BMP-2 Osteogenic effect of HA or effects of Bone tissue [209]
hydrogels expression (BMSCs) enhanced protein adsorption engineering
Enhanced ALP expression
Upregulated OC expression
Osteoblastic differentiation
Alginate 4585 BG Enhanced proliferation of Ion release from Bioglass stimulates ~ Bone tissue [210]
encapsulated cells (MC3T3-El) proliferation and differentiation engineering
Stimulation of osteogenic
differentiation of rBMSCs and
MC3T3-El
GelMA HAp Enhanced compressive modulus HAp addition enhanced mechanical Bone tissue [211]
Slight decrease in cell spreading and properties and thus cellular behavior ~ engineering
metabolic activity (MC3T3-E1)
ELP—collagen 1. 45S5 BG Increased tensile strength Hypothesis: Bone tissue [212]
2. CNSC Increased Young’s modulus Increased osteoblastic differentiation engineering
Enhanced osteoblastic differentiation due to increased tensile strength of
in case of BG incorporation reinforced polymeric matrix
(MC3T3-El)
Agarose 1. Nano-HAp Enhanced mechanical properties Ion release and mechanical Cartilage [213]
2. Micro- Enhanced matrix deposition reinforcement enhances matrix repair
HAp mineralization, and hypertrophy of deposition and mineralization

hypertrophic chondrocytes
No effects on deep zone chondrocytes

Enhanced mineralization in the
presence of micro-HAp particles (up
to 6 %) compared to nano-HAp

Stronger cell-mineral interactions in
case of microparticles enhances
matrix deposition

High microparticle concentrations
hinder matrix elaboration due to
limited available space

Synergetic effects between
mechanical reinforcement, ion
release, matrix deposition, and
hypertrophy (structure—function
correlation)
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Table 4 continued

Material Properties of composite Comments Use References
Hydrogel Filler
Alginate HAp Enhanced mechanical properties Calcium levels and mechanical Cartilage [213, 216]
Enhanced matrix production and properties stimula@ deep zone repair
mineralization and hypertrophy of chondrqcy te behavior and
deep zone chondrocytes maturation
Collagen/fibrin Ag-BG Enhanced degradation Ionic dissolution products influence Dentistry [219]
Enhanced differentiation in vivo cellular behavior
(DPSCs)
Bactericidal activity
GelMA GO Enhanced compressive modulus Noncovalent interaction between Cardiac [220]
Different degradation behavior GelMA and GO patches
Enhanced metabolic activity (NTH- Strong .afﬁnity between GO and ECM
3T3) proteins
GelMA CNTs Cell viability inversely proportional to  Capturing of radical oxygenated Cardiac [221]
UV exposure time in case of high species by CNTs enhanced cell patches
CNT content viability [288]
Enhanced proliferation of NIH-3T3 Enhanced proliferation due to high
Enhanced tensile strength affinity between CNTs and ECM
teins [289-291
Increased elastic modulus proteins | I
Limited ve def . Mechanical reinforcement due to
imited compressive deformation strong adhesion between GelMA
Preservation of porous structure and CNTs
Enhanced cytoplasmic prolongation Compressive deformation limited due
Enhanced resistance to degradation to rigidity of reinforcement
Cells align with CNTs
Water insoluble CNT backbone
hinders permeation of collagenase
and thus degradation
GelMA CNTs Increased compression modulus (for ~ CNT meshworks act as reinforcements Engineering of [222]
up to 3 mg/mL CNTs; higher CNT UV-absorption of CNTs hinders cardiac
content: weakened gels) GelMA gelation in case of high CNT ~ constructs
Increased cell retention concentrations an
L bioactuators,
Increased cell viability Hvd )
Promotion of cell spreading and y roge
. sheets
elongation
Cellular alignment
Increased R-actinin and troponin I
levels of cultured cardiac tissue
Alginate CONPs Hindered cellular internalization of Mesh size of hydrogel matrix hinders Cell delivery  [223]
CONPs diffusion and thus phagocytosis of
Decreased toxicity of CONPs CONPs by encapsulated cells
Antioxidant
Cytoprotection from superoxide
exposure
Alginate GO Enhanced cell viability, metabolic Adsorption of EPO to GO nanosheets Cell/drug [224]
activity and membrane integrity in reduces protein release delivery

the presence of 25-50 pg/mL GO
nanosheets (C,C;, myoblasts)

Decreased viability and metabolic
activity at higher concentrations
(100 pg/mL)

Decreased release of EPO produced
by co-encapsulated genetically
engineered myoblasts

Adsorption effects can be diminished
by pre-adsorption of FBS to GO
surface
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flexibility and deformability, which will be described in the
following sections [23]. It has to be stated that the incor-
poration of inorganic fillers into hydrogel networks sig-
nificantly alters the properties of the final printed scaffolds
but does not necessarily enhance the pre-gel material’s
properties. The addition of inorganic particles to the
printing solution can result in an increase in the pre-gel
material’s viscosity which can be beneficial for the man-
ufacturing process. However, as it will be discussed below,
this viscosity increase can also be disadvantageous. High
viscosities can complicate the printing process thus limit-
ing the applicable content of inorganic material in the
composite [230]. Furthermore, printing of dispersed parti-
cle systems can cause clogging issues of the printing nozzle
due to unsuitable particles dimensions or their aggregation
[231]. Consequently, the amount, size and aggregation
behavior of the inorganic particles needs to be considered
and must be compatible with the bioprinting setup.

In the following section, we will first discuss bioprinted
hydrogel composites for bone TE (“Examples of bioprinted
hydrogel composites in bone tissue engineering” section).
In the second part, examples of bioprinted hydrogels for
bone and chondral TE will be reviewed (“Examples of
bioprinted hydrogel composites in bone and chondral tissue
engineering” section) before debating bioprinted materials
for applications in general hard and soft TE approaches
(“Examples of bioprinted hydrogel composites in hard and
soft tissue engineering” section).

Composites for bioprinting

Examples of bioprinted hydrogel composites in bone tissue
engineering

Luo et al. incorporated mesoporous bioactive glass (MBG)
into alginate scaffolds aiming to enhance the mechanical
strength, induce bioactivity, and improve alginate’s drug
delivery capacity for bone TE applications [228]. The
composite was prepared by homogenous mixing of alginate
and 40 pm mesoporous bioactive glass particles. The
scaffolds were printed and subsequently crosslinked using
a CaCl, solution. The scaffolds were characterized with
respect to their mechanical strength, degradation, biologi-
cal and drug delivery properties. The introduction of MBG
to the alginate scaffolds resulted in a decreased porosity,
enhanced compressive strength and modulus compared to
scaffolds consisting of pure alginate. Furthermore, the
scaffolds exhibited an enhanced pH stability and attach-
ment of human bone marrow-derived mesenchymal stem
cells (hBMSC). The authors hypothesize that the ion
release from MBG stabilizes the pH of the surrounding
solution and might stimulate the proliferation and attach-
ment of cells due to the release of Si ions. The increased

surface area and roughness resulting from the incorporation
of MBG particles are being considered as alternative
explanation for the enhancement of cellular attachment. In
order to investigate the drug delivery capacity of the
composite, Dextran was incorporated as a model drug.
While pure alginate scaffolds showed a burst release within
0-120 h, alginate/MBG scaffolds released dextran in a
much slower and more sustained manner. The authors
suggest that the formation of an apatite layer on the surface
of the scaffolds hinders the release of the model drug
resulting in a slower and more controlled release profile.
Wang et al. [232] investigated the effect of bioactive
glass addition on the mineralization behavior of bone-re-
lated SaOS-2 cells incorporated in alginate/gelatin scaf-
folds. Cell-containing alginate/gelatin scaffolds were
printed and subsequently supplemented with 55 nm
bioactive glass particles. Although no significant effect on
the proliferation was observed, the mineralization of the
Sa0S-2 cells was enhanced by bioactive glass addition.
As discussed above, alginate lacks the necessary inte-
grin-binding sites to support cellular attachment which can
be overcome by chemical modification or composite for-
mation. Lee et al. [233] investigated a composite consisting
of alginate and collagen mixed with silica particles. The
alginate—collagen composite showed enhanced mechanical
properties compared to the pure components. Silicated
alginate/collagen scaffolds were prepared from the mixed
solutions and subsequently dip coated with a silica solu-
tion. The coated scaffolds showed improved resistance to
degradation, increased compressive modulus, higher pro-
tein adsorption as well as increased proliferation and ALP
activity of seeded mouse pre-osteoblast cells (MC3T3-E1)
as shown in Fig. 4. All these characteristics are probably
based on the Si-induced mineralization of the scaffold. The
formation of an apatite layer on top of the structure
impedes degradation. A synergetic effect of the apatite
layer and released silica ions on the osteoblastic activity of
the cells is a possible explanation for the observed
enhanced ALP activity of the MC3T3-E1 cells [101, 233-236].

Examples of bioprinted hydrogel composites in bone
and chondral tissue engineering

Luo and colleagues investigates the incorporation of cal-
cium phosphate cement (CPC) into alginate scaffolds for
applications in bone and chondral TE [237]. The com-
posites were prepared by either mixing of CPC and alginate
solutions or by multi-channel plotting of alternating algi-
nate and CPC strands. The biphasic CPC/alginate scaffolds
showed a denser structure and enhanced mechanical
properties compared to pure alginate, pure CPC and mixed
CPCl/alginate scaffolds. The direct contact between the
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Surface

Fig. 4 Surface and cross-sectional SEM images of alginate—collagen
composites without (a) and with (b—d) incorporated silica particles
after 21 days in cell culture. e The ALP activity of seeded pre-
osteoblast cells shows a strong dependence on the amount of silica
ions present in the scaffolds. Synergetic effects of resulting from the

CPC particles in the biphasic scaffolds was considered to
be the reason for a further enhancement of the mechanical
properties, as compared to CPC particle embedded in an
alginate matrix.

Another publication by the same group investigated
gelatin/alginate composite scaffolds for bone and chondral
TE [238]. Gelatin/alginate composite scaffolds with or
without incorporation of micron-sized hydroxyapatite par-
ticles were generated by 3D bioplotting and analyzed with
respect to mechanical properties, surface morphology, cell
adhesion, and proliferation. In contrast to the alginate/ge-
latin systems discussed above, the authors used a dual
crosslinking procedure: ionic crosslinking of alginate was
induced by addition of CaCl, to the fabricated scaffolds
followed by the carbodiimide-mediated covalent
crosslinking of the gelatin chains resulting in scaffolds with
superior mechanical properties. The mechanical properties,
compressive strength, and modulus, could be further
increased by the addition of HAp particles. Furthermore,
the incorporation of HAp particles resulted in an increase
of the scaffold’s surface roughness as illustrated in Fig. 5.
However, the inorganic particles had little effect on the
attachment and growth of hBMSCs seeded on top of the
scaffolds. By contrast, gelatin/alginate scaffolds without
HAp showed better cellular attachment and growth than
HAp-containing composites. Potentially negative effects of
the enhanced surface roughness on cell migration as well as
influences of the HAp particles’ negative charge on cell
attachment and the reduced accessibility of cell-binding
sites present in the gelatin chains in the presence of HAp
particles are discussed as possible explanation.
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apatite layer formed on the silicated scaffolds surface, and the release
of silica ions are a potential explanation for the enhanced ALP
activity. Reprinted from Ref. [233] with permission of RSC
Publishing

Nevertheless, a uniform distribution of viable cells is
observed for all scaffolds. The authors emphasize the high
porosity of the 3D plotted structures and suggest the gen-
eration of biphasic scaffolds consisting of a bone-like part
formed by the gelatin/alginate/HAp composite and a
chondral part by HAp-free gelatin/alginate.

Examples of bioprinted hydrogel composites in hard
and soft tissue engineering

Alginate/gelatin scaffolds combined with hydroxyapatite
(HAp) particles were reported by Wiist et al. [230]. They
observed a drastic increase in viscosity which made the
composite difficult to print. The HAp content was therefore
limited to 8 % which was not sufficient for a significant
enhancement of the mechanical properties. However, an
influence of the HAp content on the temperature-dependent
gelation behavior of gelatin was observed. Gelation tem-
peratures of the composites including HAp particles were
higher than those of the pure hydrogel mixtures. Cells were
successfully incorporated into the printing process and no
reduction of cell viability after printing was observed.
Gao et al. [239] compared the biological effects of
hydroxyapatite (HAp) and bioactive glass (BG) particles on
bone marrow-derived hMSCs) in bioprinted poly(ethylene
glycol)dimethacrylate (PEGDMA) composite scaffolds. In
analogy to the results obtained by Patel et al. [209], Gao.
et al. [239] observed high cell viability, increased ALP
activity, and osteogenesis in the presence of HAp particles.
By contrast, cells cultured in the presence of BG particles
showed decreased cell viability and significantly slower
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Fig. 5 Microscopic images of
gelatin/alginate scaffolds
without (a) and with

(b) addition of hydroxyapatite
microparticles. The addition of
HAp particles results in a
dramatic increase of the
scaffolds’ surface roughness as
can be seen from the SEM
images (gelatin/alginate: ¢, d;
gelatin/alginate/HAp: e, f).
Reprinted from Ref. [238] with
permission of RSC publishing

osteogenetic differentiation than cells cultured in HAp-
containing composites. By combining HAp and BG parti-
cles in one PEGDMA hydrogel composite an intermediate
cellular response with values in between the ones deter-
mined for HAp/PEGDMA and BG/PEGDMA composites
was observed. However, it has to be noted that in this study
nano-sized HAp particles were compared to micron-sized
BG particles. The determined effects could thus result from
the different particle sizes and the accordingly higher sur-
face reactivity of the nano-sized HAp particles compared to
the larger BG microparticles. In addition, a decrease in the
hydrogels compressive strength was found after addition of
the inorganic fillers. This result conflicts with observations
reported by Killion et al. [186] who found an increase in
the compressive strength of PEGDMA hydrogels with
increasing BG content using similar particle sizes and
concentrations as reported by Gao et al. [239].

Table 5 summarizes the discussed composite systems
and highlights the properties resulting from the

incorporation of inorganic fillers into the hydrogel matrices.
It is apparent that, in comparison to cell encapsulation
strategies discussed above, the design of hydrogel-inor-
ganic phase composites for bioprinting (biofabrication)
methods for advanced scaffolding systems is much less
developed. In most cases so far, bioactive glasses or CaP
ceramics have been considered as fillers. Given the ability of
bioactive glasses to release specific ions to activate specific
cell responses, e.g., proliferation or collagen production, the
field is currently going to expand to include applications
beyond bone regeneration for example in the field of soft
tissue regeneration or wound healing [123, 240].

Injectable materials
The significance of injectable materials for clinical use lies

in the minimal invasive nature of their administration. The
classical implantation of engineered tissues or fillers
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Table S Summary of composite systems and their properties used in bioprinting techniques

Material Properties of composite Comments Use References
Hydrogel  Filler
Alginate MBG Decreased pore size and Ion release from MBG stabilized pH and Bone tissue [228]
porosity might stimulate cell attachment/ engineering
Increased compressive strength proliferation (Si ions)
Increased modulus Increased surface area and increased protein
dsorpti
Enhanced pH stability adsorption
Improved cell attachment
(hBMSC)
Alginate/  Bioglass No effect on cell proliferation  Addition of inorganic fillers enhanced cell Bone tissue [232]
gelatin plus (Sa0S-2) proliferation engineering
hydrogel  polyphosphate: Enhanced mineralization — no further enhancement by bioglass
1. polyP addition
2. silica
3. biosilica
Collagen— Silica Enhanced resistance to Silica increases mineralization of the tissue =~ Hard/bone [233]
alginate degradation Strong interaction between neg. silica tissue
Decreased water uptake particles and amine groups of adhering engmeering
Higher protein adsorption proteins
Increased compressive
modulus
Increased cell proliferation
(MC3T3-El)
Enhanced ALP activity
Alginate CPC Denser structure Bone and [237]
Increased mechanical osteochondral
properties tissue
Increased ALP activity engneering
(hMSCs)
Gelatin/ HAp Increased surface roughness Increased surface area and negative charge =~ Bone and [238]
alginate Enhanced compressive might hinder cell migration, and attachment  chondral
strength tissue
Enhanced compressive enginecting
modulus
No positive effect on cell
adhesion
Alginate— HAp Increased viscosity Hard and soft [230]
gelatin Increased gelation temperature tissue
engineering
PEGDMA 1. HAp Enhanced ALP activity and Promotion of osteogenic differentiation in the Hard and soft [239]
2. BG (45S5) osteogenic differentiation in presence of HAp nanoparticles could result  tissue
3. HAp/BG the presence of HAp from smaller particle size compared to BG ~ engineering

nanoparticles

Slight cytotoxic effects and
slower differentiation in the
presence of BG
microparticles

Decreased compressive
modulus after inorganic filler
incorporation

microparticles
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requires surgery which is accompanied by additional stress
for the patient. Injectable materials eliminate the need for
an operation [241, 242]. The material is simply injected
into the area of interest, typically bone fractures and
defects, where it will self-organize into the required
structure in a minimal invasive procedure. Mechanical
stability and integrity are achieved by subsequent
crosslinking of the material by light-induced or thermal
gelation, for example [243]. Other systems have been
reported to gel spontaneously relying on click-chemistry
[244, 245] or physiological pH and ion concentrations
which trigger the crosslinking reaction [246, 247]. Fur-
thermore, irregular shaped defects which are difficult to
treat with preformed scaffolds can easily be filled with
injectable materials [248]. One very well-known and
investigated material in that respect is calcium phosphate
cement (CPC). Calcium phosphate cement is self-setting
due to the interaction between acidic and basic calcium
phosphate compounds [248]. The injectable material can be
administered in form of a paste, solution, emulsion or
dispersion allowing the co-injection of a cellular suspen-
sion creating a 3D cell-infused structure [248]. Poor
injectability due to liquid—solid phase-separation (filter-
pressing), brittleness and unintentional material distribu-
tion into the surrounding tissue and blood are some of the
disadvantages of injectable CPCs [248, 249]. Besides
inorganic cements, a broad range of polymeric materials
has been investigated as injectable scaffolds. In contrast to
inorganic materials, injectable polymers are often capable
of handling high mechanical stresses but lack the important
factors for bone regeneration like bioactivity or osteocon-
ductivity. An overview about injectable materials for TE
applications has been published by Hou et al. [248].

The design of injectable composite materials aims to
combine the elastic properties of polymeric systems with
the bioactive and osteoconductive properties of bioactive
glasses and ceramic which will be reviewed in “Examples
of injectable hydrogel composites in bone tissue engi-
neering” section. As discussed in “Bioprinting” section for
bioprinting of hydrogel composites, the addition of inor-
ganic particles to the polymeric solution mainly alters the
properties of the resulting hydrogel rather than the prop-
erties of the pre-gel material. However, the size and
amount of inorganic particles added to a polymeric solution
do certainly influence the rheological properties and thus
the injectability of the system [250] as will be discussed
below. Typically, polymeric solutions exhibit good
injectability while inorganic materials can be difficult to
inject [248, 249]. Consequently, the injectability of the
material needs to be investigated for each composite and
material combination in order to find the most suitable
system. Besides conventional injectable materials, addi-
tional functionalities like magnetic properties for

magnetically triggered drug release, bactericidal effects or
the ability to generate heat via IR-absorption can be
introduced via incorporation of additional moieties as dis-
cussed in “Examples of injectable hydrogel composites
with additional functionalities” section.

Composites as injectable materials

Examples of injectable hydrogel composites in bone tissue
engineering

The incorporation of fillers provides advantages in terms of
mechanical properties and bioactivity. For example, addi-
tion of 20-70 nm hydroxyapatite nanoparticles (HAp) to
PEG hydrogels results in an increased Young’s and tensile
modulus [251]. The resulting composites are extremely
tough and extensible, as illustrated in Fig. 6a. The addition
of HAp nanoparticles significantly increases Young’s
modulus, fracture stress, ultimate strain, and toughness of
the polymeric composite (Fig. 6b, c). These enhanced
physical properties can be attributed to physical interac-
tions between the polymer chains and the HAp nanoparti-
cles. The particles act as physical crosslinking points which
reinforce the photochemically crosslinked hydrogel as
schematically illustrated in Fig. 6d. In addition, the cell
adhesion of pure PEG hydrogels can be overcome by HAp
addition since HAp is known for its high protein adsorption
which induces cellular attachment.

Song et al. [252] compared the influence of porous
aggregates of HAp nanocrystals (ComHA) to compact
micrometer-sized calcined HAp particles (CalHA) on the
mechanical properties of an injectable poly(2-hydrox-
yethylmethacrylate) (pHEMA) hydrogel. They observed an
enhancement of the mechanical properties for both sys-
tems. However, the composites containing aggregates of
HAp nanocrystals were significantly stiffer and showed an
enhanced resistance to crack formation compared to com-
posites containing micron-sized HAp particles. The larger
surface area and the resulting higher absorbance capacity
of the smaller particles were given as possible explanations
for the observed size-dependent reinforcement. The
enhanced absorption of prepolymer chains to the
nanocrystals during hydrogel formation might improve the
interaction and structural integrity of the two components.
In addition, SEM images revealed that the hydrogel-in-
fused nano-sized HAp aggregates flattened into plywood-
like structures upon compression which might provide an
energy-dissipation mechanism, thus leading to an enhanced
resistance to crack formation. Subcutaneous injection of
the composite system (pHEMA-ComHA) proved its non-
degradable nature. However, a slight increase in surface
roughness was observed which might be the result of the
dissociation of the inorganic filler. In vivo experiments
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with cell-seeded composites showed that attachment and
osteogenic differentiation of bone marrow stromal cells
(BMSCs) were supported by the material.

The reinforcement of PEG-based hydrogels by aniso-
tropic hydroxyapatite was also investigated by Fu et al.
[253]. In this case, a thermosensitive co-polymer consisting
of poly(ethylene glycol)-poly(e-caprolactone)—poly(-
ethylene glycol) (PEG-PCL-PEG, PECE) was tested.
Gelation, melting, and crystallization temperature of the
composite could be adjusted by the content of HAp parti-
cles. Due to hydrogen-bond formation between the poly-
mer and the inorganic particles, the melting temperature of
the composite was increased while crystallization and
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gelation temperatures were decreased compared to the pure
polymer. This effect was also reported by Fan et al. as a
result of the incorporation of tricalcium phosphate (3-TCP)
and tetracalcium phosphate (TTCP) into PEG-PCL-PEG
hydrogels [254]. The incorporation of hydroxyapatite in
form of acellular bone matrix (ABM) granules into PEG—
PCL-PEG hydrogels also resulted in a thermosensitive
injectable hydrogel with thermal transition temperatures
around 37 °C and an enhanced resistance toward degra-
dation due to hydrogen-bond formation between the poly-
meric chains and the inorganic particles [255].
Injectability, bone ingrowth, and cell-material interac-
tion of PEG-PCL-PEG composites could further be
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Fig. 7 a pH stabilization and b weight variation of PELGA and
PELGA/HAp hydrogels during 70 days of incubation. The addition of
HAp nanoparticles causes a slight increase of the pH value which has
a significant effect on the weight loss of the hydrogel material. The
pH stabilization hinders the auto-catalyzed degradation of the PELGA

enhanced by the addition of collagen to the PEG-PCL-
PEG/HAP composites [256].

Similar effects were shown by Savestani et al. [257].
They found that polar interactions and hydrogen bonding
between uncrosslinked poly(lactide ethylene oxide fuma-
rate) (PLEOF) and anisotropic hydroxyapatite nanoparti-
cles cause an increase in viscosity and storage modulus.

A distinct influence on the degradation behavior of
injectable, thermosensitive poly(ethylene glycol)-poly(lac-
tic acid-co-glycolic acid)-poly(ethylene glycol) (PEG-
PLGA-PEG, PELGA) hydrogels by the incorporation of
hydroxyapatite particles (HAp) was reported by Lai et al.
[258]. PELGA hydrogels containing HAp nanoparticles
showed a higher pH value than pristine PELGA hydrogels
due to the alkaline dissolution products of the HAp parti-
cles. This increase in pH caused a neutralization of acidic
degradation products resulting from PLGA degradation.
The degradation of PLGA is known to be an auto-catalyzed
process, meaning that the release of acidic degradation
products accelerates the degradation process due to the
decrease in the pH value [98, 99, 259, 260]. In the pre-
sented study, it was shown that the resistance to auto-cat-
alyzed degradation can be significantly enhanced by the
addition of HAp particles. The slight increase in the pH
value enhances the hydrogel’s stability resulting in a sig-
nificant prolonging of the degradation rate: while the pure
PELGA hydrogel showed a weight loss of 85 % after
70 days of incubation, the PELGA/HAp composite exhib-
ited a loss of 25 % after the same amount of time as shown
in Fig. 7.

In an early effort, Daculsi et al. reported a novel
injectable polymer composite [261]. The so-called inject-
able bone substitute (IBS) consisted of a biphasic calcium
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hydrogel leading to a major prolongation of the degradation time of
the polymer as can be seen by the drastically reduced weight loss of
the PELGA/HAp composite compared to the pristine hydrogel after
70 days of incubation. Reprinted from Ref. [258] with permission (©
IOP Publishing, Reproduced with permission. All rights reserved)

phosphate/hydroxypropylmethylcellulose (HPMC) com-
posite. Upon implantation in trabecular bone the composite
resorbed rapidly while the colonization of the transplanted
site by osteogenic cells and bone ingrowth was observed.
The concept of HPMC as carrier for calcium phosphate
ceramics and cements has continuously been improved. In
a later study, the same group investigated the effect of
particle size on injectability and bone ingrowth [250, 262].
The comparison of IBS consisting of BCP granules with
diameters in the range of 40-80 pm and 80-200 um and
HPMC led to the conclusion that ceramic degradation,
resorption, and bone colonization were higher in case of
smaller particles. Bioactivities and bone-filling abilities
were similar for both particle sizes. In an in vivo study,
good injectability and effective bone filling was also
demonstrated for particle sizes between 200 and 500 pm
[263].

In order to further improve the mechanical properties of
HPMC/calcium phosphate composites, a silane-function-
alized HPMC (Si-HPMC) was developed [264]. Under
appropriate pH conditions, the silane groups of the silane-
functionalized HPMC will be transformed into silanol
groups, which react with each other via condensation
forming a 3D network structure. This self-hardening
property increases the mechanical stability of Si-
HPMC/calcium phosphate materials after injection [265].
Bone marrow stromal cells (BMSCs) can directly be
injected with the composite material. The cells exhibit high
cell viability (95 %). The composites show promising
results with respect to osteoblast invasion and bone for-
mation upon percutaneous injection into mice. By contrast
on the other hand, in case of cell-free or pure Si-HPMC, no
bone formation was observed.
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A similar work was published by Sohier et al. [266].
Instead of using 40-80 um BCP particles, larger particles
with diameters between 80 and 200 um were used. In
contrast to the observations of Trojani et al. [265], no cell
attachment and proliferation were observed although the
investigated particle size was reported to enable cellular
attachment. It was reported that the discrepancy between
the two studies lies in the difference between in vitro and
in vivo experiments. Due to a lack of enzymatic degrad-
ability, Si-HPMC can only be degraded via phagocytosis
by macrophages [267, 268]. In vivo, the presence of
inflammatory cells enables Si-HPMC degradation, and
thus, migration of encapsulated cells through the polymeric
network to the inorganic particles where cellular attach-
ment takes place [265]. The issue of limited degradation
and consequently limited adhesion to the inorganic parti-
cles in vitro could be circumvented by seeding cells onto
BCP particles prior to composite formation or by addition
of collagen to the Si-HPMC hydrogel [266]. In this case,
both cellular attachment and suitable proliferation were
observed.

In a more recent study, Si-HPMC was investigated in
combination with CPCs [269]. The composites proved to
be easily injectable, fast setting, and exhibited enhanced
fracture toughness [269].

The combination of natural polymers with bioactive
glasses and ceramics has also been reported in the con-
text of injectable scaffolds. Moreau et al. demonstrated
that chitosan/CPC composites show enhanced mechani-
cal properties compared to pure cements [270]. Further-
more, the stability of chitosan was significantly
improved. Upon mixing with CPC, the pH value of the
chitosan solution was increased. Since chitosan is only
soluble in acidic solution an enhanced resistance to
degradation resulted.

Nguyen et al. reported the generation of chitosan/BCP
composites [271]. The composite material’s mechanical
compressive strength increased with the amount of BCP
nanoparticles added due to the adhesion of the polymeric
chains onto the BCP particles surface causing a rein-
forcement of the hydrogel matrix. In addition, the attach-
ment and proliferation of mesenchymal stem cells (MSCs)
seeded onto the surface of the materials could be enhanced
by incorporation of BCP particles. These effects are
probably a result of the increased surface roughness after
BCP addition to the polymeric matrix as well as the high
serum protein adsorption to the CBP nanoparticles which
are known to show a positive effect on cellular behavior
like adhesion and proliferation [272].

Similar results were obtained using GG/bioglass com-
posites [273]. The influence of sol-gel versus melt-derived
bioactive glasses on the mechanical properties, degradation
behavior, microbial and cellular response of the composites
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was investigated. In case of sol-gel-derived glasses, an
increased resistance to degradation and enhanced
mechanical properties were observed. Antibacterial activity
was increased while MG63 cells seeded onto the scaffolds
showed limited adhesion. The opposite behavior was found
for melt-derived glasses: Increased degradation, decreased
Young’s modulus and good cell adhesion were found. The
different observations are attributed to the different
chemical stabilities of sol-gel and melt-derived glasses.
Enhanced ion release from sol-gel derived glasses, espe-
cially Ca®", are considered as origin for the higher resis-
tance to degradation and increased mechanical strength.
Released Ca®" ions could be incorporated into the GG
network reinforcing its structure and thus mechanical sta-
bility and resistance to degradation. Similarly, dissolution
of the sol-gel-derived glasses can contribute to antibacte-
rial effects resulting from increased pH, ion release and
ionic strength [274-276]. However, these high ion release
profiles may also have cytotoxic effects causing low cel-
lular attachment [277]. By contrast, the melt-derived glass
investigated showed enhanced release of magnesium ions
which are known for their positive influence on cell
adhesion and proliferation [101].

Fedorovich et al. [278] reported similar observations in
in vivo experiments using composites of Matrigel and BCP
microparticles or apatitic (CaP) nanoparticles. Apatitic
nanoparticles showed osteoinductive properties and
induced osteoclast activation of encapsulated multipotent
stromal cells (MSCs). However, no bone formation was
observed. In contrast, bone formation was observed in case
of BCP microparticles-containing composites. Injection of
pure Matrigel showed no osteogenesis. The lack of bone
formation capacity of small particles was reported to be
related to the close particle packing which impedes vas-
cularization. Another explanation for the different biolog-
ical response of the two systems was found in the particle’s
chemical stability. While the BCP particles had been sin-
tered at elevated temperatures resulting in an enhanced
crystallinity and chemical stability, the CaP particles were
synthesized by a wet-chemical procedure without further
sintering treatment. Consequently, the CaP particles were
less resistant to degradation causing osteoclast activation
and reducing osteogenesis.

Examples of injectable hydrogel composites
with additional functionalities

pNIPAAm hydrogels are also interesting as injectable
materials due to their thermo-responsive behavior. Growth
factors or proteins like recombinant human bone mor-
phogenic proteins (BMPs) can be incorporated into the
polymeric matrix, directly be delivered to the injection site
and subsequently be released. The incorporation of BCP
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and superparamagnetic iron oxide nanoparticles (SPIONs)
into pNIPAAm hydrogels has been shown to increase the
resistance to degradation and enhance the mechanical
properties of pNIPAAm block-co-polymers [279]. These
reinforcing effects were attributed to hydrogen bonds
forming additional physical crosslinking points in the
polymeric networks. In addition, enhanced ALP activity of
mesenchymal stem cells (MSCs) and human fetal
osteoblastic cells (hFOBs) was observed in pNIPAAm/
bioactive glass composites [249, 280]. Furthermore, the
incorporation of magnetic moieties into the polymeric
network structure may allow for a magnetically controlled
on-demand release of encapsulated drugs.

The combination of antibacterial effects and bioactive
properties of injectable materials based on dextran/car-
boxymethyl cellulose (CMC) hydrogels supplemented with
silver nanoparticle coated bioactive glass particles (Ag-
BG) was demonstrated by Wren et al. [281]. The control
systems, pure dextran/CMC hydrogel and BG-doped dex-
tan/CMC hydrogel showed no bactericidal effect, distinct
antibacterial properties were observed for Ag-BG-doped
hydrogels. Among the tested bacteria species, E. coli cul-
tures showed the most pronounce effects while other spe-
cies, S. aureus and S. epidermidis, revealed a higher
resistance to the antimicrobial compound which is proba-
bly a result of their higher cell wall complexity compared
to E. coli [282].

A multifunctional PEG-based hydrogel system was
investigated by Sahu et al. [283] who introduced graphene
oxide (GO) nanosheets as physical crosslinking points for
poly(ethylene glycol)—poly(propylene oxide)—poly(ethylene
glycol) (PEG-PPO-PEG, Pluronic) hydrogels. Under
appropriate conditions (e.g., 0.4 wt% GO, 0.25-1 wt%
Pluronic, 37 °C), the mixture formed a hydrogel due to
hydrophobic association between the inorganic sheets and
the polymer chains which increased with increasing tem-
perature due to the increased hydrophobicity of PPO at
elevated temperature. In addition, hydrogen bonding
between the GO surface and the PEG chains occurred. No
gel formation was observed for high Pluronic concentrations
which might be a result of an extensive adsorption of PPO
chains onto the GO surface preventing hydrogen-bond for-
mation between GO and PEG and thus, stable crosslinking.
The gelation process was not only concentration but also pH
dependent due to protonation—deprotonation of carboxylic
groups (-COOH) which interfered with the formation of
hydrogen bonds. Furthermore, the near-IR absorption of GO
particles could be used to generate heat and thus, to induce
gelation resulting in a light-sensitive system. In vivo, no
noticeable degradation was observed during the 8 weeks
post-injection.

The different discussed hydrogel-inorganic filler com-
posites are summarized in Table 6, where the systems

investigated, key findings, and applications are collected
enabling a rapid comparison.

Conclusion and outlook

The combination of hydrogels with inorganic fillers leads
to materials with superior properties for applications in the
biomedical field. Synergetic effects occur which influence
the mechanical behavior, degradation profiles and interac-
tions with biological species. Hydrogel networks can be
reinforced and the processability of inorganic materials like
glasses and cements can be significantly improved by the
combination of inorganic and organic materials. It is of
crucial importance to choose the two components wisely.
Particle size, preparation technique, dissolution effects and
physical properties like UV-absorption need to be consid-
ered to ensure the successful and beneficial incorporation
of inorganic materials into hydrogel networks. If all criteria
are fulfilled, highly biologically active materials with tai-
lored degradation profiles and mechanical properties result.
As discussed in this review article based on published
work, these materials are particularly interesting for TE
applications using modern additive manufacturing tech-
niques, as injectable materials or for the encapsulation of
cells in 3D network structures to study the effect of the
extracellular environment and architecture on cellular
behavior.

The addition of inorganic fillers to polymeric matrices is
especially useful to enhance the mechanical stability of the
system. The introduction of additional physical crosslink-
ing points enables increased tensile strength, shape recov-
ery, and energy dissipation under compression or shear
stress which is of great benefit for TE applications. Fur-
thermore, inorganic fillers can help to stimulate the
behavior of cells encapsulated inside the hydrogel matrix.
The effects which influence cellular behavior like prolif-
eration and differentiation are complex, especially in three
dimensions. The general biological processes in three
dimensional environments need to be more comprehen-
sively investigated in order to draw incontrovertible con-
clusions about the cellular behavior in composite materials.
Besides the great progress made in these fields, many
effects arising from the combination of inorganic and
organic materials are still poorly understood and it can only
be hypothesized about their origins. One reason for this
lack of a fundamental understanding is the complexity of
the evolving systems. Many combinatorial effects need to
be considered which is often challenging since the behavior
of the individual components is not in all cases well
understood. For example, the biological effects of ions
released from bioactive glasses are still not comprehen-
sively uncovered. By combining bioactive glasses with
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polymeric materials new questions arise. The released ions
can have a significant influence on the polymeric material,
especially in case of ionically crosslinked gels like algi-
nate. The released ions can thus be scavenged by the
polymeric chains which will alter the ion release profile
and consequently, the cellular response to these materials.
Thus, these complex interactions need to be considered and
carefully investigated further. Although basic require-
ments, such as biocompatibility and biodegradability, are
valid for all discussed applications, each application makes
additional demands on the materials properties. In addition,
for cell encapsulation experiments the appropriate cell
population needs to be identified for a given hydrogel/
inorganic filler system in order to stimulate the anticipated
cellular response. To tackle all these requirements the
composites need to be specifically designed or able to adapt
for a given application. While most applications have
focused on bone tissue given the bioactive character of the
fillers used, e.g., bioactive glasses, CaP, new research areas
for soft tissue regeneration like wound healing are started
to be explored [123]. The introduction of additional func-
tionalities by incorporation of carbonaceous fillers (CNTs,
GO) or magnetic nanoparticles remains a viable field for
further research enabling the control of cellular growth and
behavior by anisotropic structural elements, electrical or
magnetic stimulation [284, 285]. Furthermore, the incor-
poration of magnetic or fluorescent particles as well as
inorganic elements can be used for simultaneous in vivo
imaging of the administered materials. This strategy would
allow for the detection or monitoring of the implanted
materials via fluorescent methods or magnetic resonant
imaging techniques enabling a direct observation of the
material’s position, integrity, and fate during and after
implantation [18, 285]. The introduction of specific func-
tionalities, microstructures, molecular adsorption, and
mechanical properties are also of significant importance for
the active recruitment of cells in vivo. Of course, the
migration and invasion of cells to and into the implant are
important considerations for the design of successfully
engineered artificial tissues and implants. Many strategies
have been proposed and are currently being explored to
enable the active recruitment of cells to the implantation
site. Advanced materials which recruit cells via chemical,
mechanical or electrical cues can be envisioned. To this
effect, lessons can be learned from natural recruitment
strategies like the active recruitment of stem cells by
tumors or sites of injury [286, 287].

The applications of the discussed composite systems are
not solely limited to regenerative medicine. They are also
valuable model systems for the investigation of cell-ma-
terial interaction, cellular behavior in three-dimensions,
migration behavior, and tumor growth or as more complex
tissue models in drug testing and disease treatment. The

huge variety and diversity of available materials and
applications result in an immense scope which needs to be
examined in order to find the most suitable system for a
given application. Various interesting and promising
results have been gained already, and materials with
enhanced processibility and mechanical properties which
display the anticipated cellular behavior have been
designed. Nevertheless, more studies are inevitable to gain
a comprehensive understanding of the governing process
and to widen the application fields of this class of com-
posite systems.
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