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POSSIBILITIES OF OBTAINING

AND USING HYDROGEL-BASED BIOMATERIALS
FOR REGENERATION OF HUMAN BONE TISSUE
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Substitution of defects in various tissues, especially bone tissues, is a major challenge in modern medicine. There
is currently no universal method of filling defects which has no drawbacks. Hydrogels are one of the promising
groups of alloplastic materials. At present, you can obtain materials with various biological properties like natural
extracellular matrix using various methods of chemical and physical modification. These biomaterials can be used
as a means of delivering stem cells and bioactive substances to the defect zone. This literature review is devoted
to the various aspects of preparation and use of hydrogel-based biological materials.
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Replacement of bone tissue defects is an urgent pro-
blem in modern traumatology and orthopedic oncology
[1-4]. Bone defects can form from open bone fractures,
fractures with compressed spongy bone tissue, formation
of bone cysts, as well as a result of surgical treatment
(tumor removal, resection of false joints, osteomyelitis
areas, and bone osteotomy) [5]. Some defects are filled
independently in the process of reparative regeneration.
However, filling does not occur when a defect reaches
a critical value [6]. Doctors have several ways of re-
placing bone defects, but each has its own drawbacks.
Autologous spongy bone tissue is limited in the volume
of the donor zone, it does not have mechanical strength.
Moreover, cosmetic and pain problems often arise in
the donor region [7]. Transplantation of bone blocks on
vascular pedicle is complex, requires special equipment
for the operating room and staff training. It cannot be a
routine and generally accessible method [8]. Distraction
osteogenesis requires prolonged use of external fixati-
on apparatus, patient and staff discipline, and may be
accompanied by purulent-septic complications [9]. The
use of cadaveric bone comes with a risk of infection of
the patient. Besides, there are many problems involved
in taking, processing, and sterilizing the material [10].
Similar problems arise when using specially treated ani-
mal bone. Synthetic materials are free from many draw-
backs — they are not limited in volume, materials can be
created with specified mechanical properties, there is no
risk of infection transmission, and biological modifica-
tion over a wide range is possible [11].

In general, ideally optimized materials for replace-
ment of bone defects should meet the following require-
ments: 1) no cytotoxicity and immunogenicity in order to
avoid inflammation; 2) osteoinductive properties (ability
to stimulate differentiation of surrounding progenitor
cells to osteoblasts); 3) osteoconductive properties (abi-
lity of a material to be a three-dimensional matrix for
germination of blood vessels and tissue elements due
to the corresponding pore size and associated porosity,
1.€., to simulate a natural extracellular matrix to ensure
cell adhesion and proliferation); 4) possible presence of
osteogenic properties (ability to be a medium for place-
ment of osteoblast progenitor cells); 5) biodegradability
(possibility of decomposition by endogenous enzymes
or by hydrolysis simultaneously with the substitution
process to create sufficient space for formation of a new
bone); 6) structural stability and mechanical strength,
which can be used to correct defects in the loaded zone
and prevent denaturation during sterilization [4, 12—-16].

DIVERSITY AND OBTAINING VARIOUS TYPES
OF HYDROGELS

Hydrogels are one of the promising groups of allo-
plastic materials that can meet all the above properties.

A hydrogel is a three-dimensional network of hyd-
rophilic polymers that can swell in water and hold dif-
ferent amounts of water (almost 100%) or biological
fluids, while maintaining its structure and properties of
asolid [17].

Hydrogels were first reported in Germany at the end
of the 19th century [18]. Their biomedical use was dis-
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cussed in Czechoslovakia in the late 1950s after pub-
lication of the works of professors Wichterle and Lim
[19], who studied materials based on synthesized poly-
2-hydroxyethyl methacrylate (polyHEMA), which was
later used in the manufacture of contact lenses.

Based on origin of polymers, hydrogels can be sub-
divided into natural, synthetic and semi-synthetic, or
mixed [15, 20].

The most commonly used natural materials inclu-
de polypeptides (collagen, gelatin and fibrin) and po-
lysaccharides (hyaluronic acid, chitosan, alginate and
chondroitin sulfate) [21-23]. The main advantages of
such materials are their low cytotoxicity, high biocom-
patibility and biodegradability, which is facilitated by
in vivo enzymes. However, their main disadvantage is
the difficulty of controlling mechanical properties and
swelling.

Among synthetic substances, biodegradable poly-
mers with controlled microstructure and mechanical
properties, such as polyhydroxyethylmethacrylate (po-
IlyHEMA), polyethylene glycol (PEG) and its derivati-
ves acrylates (PEGDA — diacrylate, PEGDMA — dime-
thacrylate), poly(N-isopropylacrylamide) (PNIPAm),
polyvinyl alcohol (PVA), polyglycolic acid (PGA) and
poly(lactic-co-glycolic acid), polyacrylic acid (PAA),
polyacrylamide (PAM), etc. are more often used [15, 22,
24, 25]. Synthetic polymers have long shelf life without
the risk of increase in immunogenicity. In addition, they
can be produced in large volumes. In turn, the use of
synthetic monomers allows you to set and control the
mechanical strength and elasticity of hydrogels, bio-
degradation, biological and chemical behavior in the
body. The main challenge in this case is the choice of
biocompatible and non-toxic monomers, their polymers,
as well as polymerization initiators [20].

Due to the indicated limitations of synthetic hyd-
rogels, various combinations of natural and synthetic
hydrogels with the best, according to some authors, bio-
logical and mechanical properties, such as chitosan-PEG,
collagen-poly(N-isopropylacrylamide) and chitosan-
poly(vinyl alcohol) are used in biotechnology [26-28].

Polymeric hydrogels are obtained via polymerization
reaction, initiated by radiation (electron beam, gamma
radiation, x-ray or ultraviolet radiation), changes in pH,
temperature or by chemical reactions (click chemistry,
disulfide crosslinking, enzyme-mediated crosslinking,
Michael reaction, Schiff base cross-linking, ionic cross-
linking, self-assembly) [17]. Traditional approaches to
preparation of porous hydrogels include leaching of po-
rous material, gas formation, lyophilization, and elect-
rospinning [22, 29-31].

Despite advances in production of porous hydrogels,
these methods could not provide precise control of pore
size and spatial location of pores. Recently, more advan-
ced additive technologies, such as stereolithography, 3D

printing, and microfluidics, have been used to develop
complex porous microarchitectures [22, 32-34].

METHODS OF MODIFYING HYDROGEL
PROPERTIES

Various chemical and physical modifications are used
to control the biological properties of hydrogels. They
include choosing the composition of monomers, chan-
ging the degree of polymer crosslinking, constructing
different architectures using 3D printing, introducing
various functional groups and nanoparticles that change
the properties of the whole composite.

Selection of monomers determines the production of
hydrogels capable of carrying out a sol-gel phase transi-
tion when heated to body temperature. That is why hyd-
rogels can be introduced into the body in liquid form, that
is, in a minimally invasive way. Such hydrogels include,
for example, poly(N-isopropylacrylamide) (PNIPAm),
hydrogels that become soluble in water at a tempera-
ture below 32 °C and are reversibly converted into gel
form when heated above 32 °C [35]. Thermo-sensitive
injection composite materials with improved mechanical
properties and biological activity can be obtained by
adding to PNIPAm other functional components, such
as PEG, poly(N,N-dimethylacrylamide), and poly(2-
hydroxyethyl methacrylate) [36]. Currently, TSV Gel
(OsteoBiol, Italy) is commercially available, which is
a mixture of animal collagen and gel-forming synthetic
copolymer Poloxamer 407. This drug exists in liquid
form at temperatures below 8§ °C, and begins to turn into
a gel-like state at temperatures above 13 °C. This allows
it to fill defects of complex shape [37].

The monomers selected determine the rate and condi-
tions of degradation of hydrogels in the body. A group of
scientists led by S.P. Zustiak et al. synthesized hydrolyti-
cally degradable PEG hydrogel, composed of PEG vinyl
sulfone (PEG-VS) cross-linked with PEG-diester-dithiol.
Degradation time and the mechanical properties of this
hydrogel can be controlled by altering parameters such as
distance between thiol and ester group in the cross-linker,
molecular weight and polymer density [38].

Various chemical and physical methods for crosslin-
king polymers are important aspects of hydrogel syn-
thesis, allowing to vary physical characteristics. Using
chemical crosslinking, more stable hydrogels with en-
hanced mechanical properties are built through formation
of strong covalent bonds [39]. A physical compound
results from non-covalent interaction, such as van der
Waals forces, hydrogen bonds, hydrophobic bonds and
electrostatic forces [40]. Consequently, the mechanical
strength of physically bonded hydrogels is relatively
lower than covalently bonded ones, but they decompose
more easily in the body. Chemically bound hydrogels
may be less compatible with tissues due to the potential
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cytotoxicity of residual polymerization initiators and
organic solvents, as well as delayed degradation [41].

It should be considered that the mechanical properties
of hydrogels can affect cell differentiation by various
mechanotransduction pathways through the tension and
integrity of actin cytoskeleton, nuclear mechanics, and
integrin-mediated adhesion and signaling [42—44]. Early
studies using 2D substrates suggested that rigid hydro-
gels promote osteogenic differentiation, while compliant
hydrogels enhance neuro- and adipogenic differentiation
progenitor cells [42, 45]. For example, Huebsch et al.
investigated the effect of stiffness on cells grown on al-
ginate hydrogels. The study demonstrated that osteogenic
differentiation of mesenchymal stem cells was stimulated
by growing cells on 3D matrices with 11-30 kPa rigidity,
while adipogenic differentiation was enhanced with a gel
rigidity of 2.5-5 kPa [45]. It has also been shown that
rapidly relaxing hydrogels promote spreading, prolife-
ration, and osteogenic differentiation of mesenchymal
stem cells [46].

By changing photopolymerization conditions, it
is possible to change such hydrogel characteristics as
stiffness and viscoelastic properties. In S. Yang et al.,
gel stiffness and spatial organization were monitored on
a photodegradable hydrogel matrix using lithographic
masks and photographic coating of soft and hard regions
on a micrometer scale [47]. Results showed that the cells
had a large area and elongated morphologies with incre-
asing hard areas on the hydrogel substrate. In addition,
regular patterns with high stiffness enhanced osteogenic
differentiation of mesenchymal stem cells compared to
randomized patterns. Exact spatial control of the mecha-
nical properties of a hydrogel can mimic the gradually
varying stiffness of the interface between soft and hard
tissue, such as “ligament-bone” or “tendon-bone” [48].

Free diffusion in the thickness of hydrogels is limited.
So, porosity is a decisive physical factor for facilitating
transport of nutrients and oxygen [49]. Absence of ana-
stomoses and blood perfusion can delay tissue regenera-
tion due to difficulties in cell migration and proliferation
[50]. In addition, by altering the size and 3D organization
of the pore system, you can create biophysical signals
that regulate cellular behavior by simulating physical
features at the micro and nanoscale [51].

By creating porous materials in the form of frames
of various architectures, you can reach a compromise
between the permeability of the material and its strength.
Due to some topological optimization features, either cel-
lular porous structures [52] or 3D periodic minimal sur-
faces are selected to find an optimal geometry [53, 54].

If the pore size is too large, the cells recognize their
contact surface as 2D and become more susceptible to
the influence of surface properties of the material, such
as stiffness. When cells migrate through a smaller po-
rous structure, the speed and efficiency of migration are
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more dependent on 3D geometry. Consequently, different
pore sizes are required depending on the 3D geometry
and properties of the frame materials and cell types [51,
55]. For example, mesenchymal stem cells in scaffolds
migrated further when the pore diameter (12 um) was
relatively similar to the cell size than when the pore
size was small (7 pm) or large (17 um) [56]. Fibroblast
migration rate decreases as the pore size of hydrogels
increases across a range from 90 to 150 um [57]. Accor-
ding to literature sources, there are various optimal pore
sizes of implants for induction of regeneration of various
types of tissues: 5 pm pore diameter for vascularization
[58], 5-15 pm for fibroblast ingrowth [59], 20125 pm
for regeneration of adult skin [60] and 100-350 pm for
bone regeneration [61].

One example of altering the properties of hydrogels
by introducing functional groups is the creation of mate-
rials whose swelling depends on the pH of the environ-
ment. This is achieved by incorporating carboxyl groups
into the starting monomers. lonization/deionization of
these groups induces swelling/deswelling depending on
the pH of the medium [62]. In an alkaline medium, car-
boxyl groups are ionized and repel each other, leading
to hydrogel swelling. In an acidic environment, COOH
groups are protonized with charge loss and hydrogel des-
welling with water release. The clinical significance of
this fact is that such scaffolds can selectively deliver bio-
molecules to defect sites where the environment is more
acidic, for example, in ischemia or inflammation. Based
on this, a team of scientists led by Matsusaki prepared a
pH-sensitive semi-interpenetrating polymer network like
heterogels composed of y-PGA (polyglutamic acid) and
sulfonated y-PEG [62]. Hydrogels modified in this way
swell/deswell depending on pH conditions, while the
sulfonic acid groups can increase proton concentration.
As a result, growth factors, such as fibroblast growth
factor-2 (FGF-2), are released as the surrounding acidity
increases. These pH-sensitive hydrogels can be used
to fill defect sites in inflammation or ischemia — these
areas have comparatively acidic pH (<6.5) compared to
surrounding tissues [36].

Alginate is widely used as a hydrogel crosslinked via
ionic interactions due to its high biocompatibility and
ease of gel formation [63, 64]. Alginate hydrogels are
obtained through a combination of solutions of alginate
with calcium chloride, in which Ca*" ions bind to hyalu-
ronate blocks of alginate chains. However, after crosslin-
king, limited release of Ca’" ions from these hydrogels
is accompanied by slow degradation of the material,
which reduces the viability of hydrogel-encapsulated
cells [65]. To solve this problem, Z. Wu et al. increased
the ability of calcium-crosslinked alginate to decompose
by adding sodium citrate, whose citrate ion can chelate to
calcium ions in a hydrogel. By controlling the mole ratio
of sodium citrate/sodium alginate, decay of 3D-printed



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXI' N2 3-2019

alginate hydrogel was regulated, which contributed to
high viability and proliferation of cells introduced into
the hydrogel [66].

By adding various functional groups even to natu-
ral polymers, one can significantly increase the affinity
of hydrogels for water and various protein compounds.
Widespread use of PEG in the medical field is based
on its inherent biocompatibility and ease of control of
physical and chemical properties. However, unmodified
PEG hydrogels are inert and adsorb limited amount of
proteins. In addition, many cell types cannot attach to
PEG hydrogels or have low viability during encapsulati-
on internally [67]. To overcome this limitation, arginyl-
glycyl-aspartic acid (RGD peptide), which is a natural
component of the collagen molecule, is attached to this
type of hydrogels [14]. Additional substrates covalently
bind to the components of the hydrogel using enzymes
or factor XIII transglutaminase, which acts as a catalyst.
Hydrogels modified in this way demonstrate a higher cell
density than PEG hydrogels without RGD peptides due
to faster penetration of mesenchymal stem cells into the
material structure [68].

Another problem that could be solved by adding au-
xiliary substances to hydrogels is excessive shrinkage
of the material when saturated with water. High degree
of shrinkage can lead to a mismatch in size between the
implant and tissues [69]. For example, collagen, which
is the main component of connective tissue and is widely
used in biomedical engineering, has low stability and
can shrink severely after immersion in liquid. This limits
its use for tissue regeneration [14, 70]. To address this
problem, aminated bioactive glass particles were inclu-
ded in collagen, which formed strong chemical bonds
between positively charged amine groups and negatively
charged carboxyl groups of collagen. Mesenchymal stem
cells, cultured in such a hydrogel, had a higher viability
and a more diverse morphology than when using pure
collagen [70].

The low mechanical strength of hydrogels may limit
their use in regenerative engineering of supporting tis-
sues. Since the very high density of hydrogel networks
is accompanied by lower diffusion rate, the mechanical
properties of hydrogels can also be modulated by inclu-
ding various nanomaterials [22, 71, 72]. For example, to
create composite materials for bone tissue regeneration,
such nanoparticles as calcium phosphates [73] and si-
licates [74] are introduced in hydrogels. This increases
their mechanical strength and osteogenic properties. For
example, introduction of hydroxyapatite particles in-
creases the elastic modulus, ultimate deformation, and
strength of the composite by up to 15% compared to
empty hydrogel [75]. Studies of the physical properties
of hydrogels filled with various types of calcium phos-
phates suggest that strength properties (compressive and

tensile strength) can be highly dependent on the type of
calcium phosphate used [64, 76].

Among the variety of calcium orthophosphates, hy-
droxyapatite is a classic and most used component in
the creation of bioimplants both as the main phase [77]
and as coatings or an additional bioresistive phase [14,
78, 79]. However, low resorbability of hydroxyapatite,
due to the calcium/phosphorus ratio (Ca/P ratio = 1.67)
[80], makes it necessary to look for a replacement for
hydroxyapatite. Alternatively, calcium phosphates with
a lower Ca/P ratio or their mixtures are proposed: brus-
hite, monetite and calcium pyrophosphate (Ca/P = 1),
octalcium phosphate (Ca/P = 1.33), tricalcium phosphate
(Ca/P=1.5)[23, 76, 80, 81]. These phosphates belong to
the class of acid phosphates (hydrophosphates). /n vivo
studies have suggested that the biodegradation rate of
alginate-based composite materials decreases depending
on the type of calcium phosphate: maximum for octa-
calcium phosphate, less for tricalcium fascate and sig-
nificantly less for carbonate hydroxyapatite [64]. Upon
dissolution (resorption), they create slightly acidic pH
values in the environment, which leads to partial dissolu-
tion (etching) of hydroxyapatite crystals of the surround-
ing bone tissue. When morphogenetic bone proteins and
other bioactive factors are adsorbed on their surface [82],
they can transit to a dissolved state, which locally creates
higher concentration of bioactive substances and starts a
chain of biological processes, as a result of which bone
tissue forms in this place.

APPLICATION OF HYDROGEL-BASED
BIOMATERIALS

Research on creation and use of hydrogels is still
largely at the preclinical stage of development. However,
there are reports on the first real applications of the above
principles in creation of artificial organs.

N. Kang et al. (2016) described a method for creating
cell-loaded hydrogel composites (fragments of the bones
of the cranial vault and lower jaw, auricular cartilage
and a fragment of the skeletal muscle) using integrated
3D printer created by the authors for printing organs
and tissues. Here, multicomponent composition of the
hydrogel was used. The mechanical basis of the hydrogel
was polycaprolactone (PCL), whose pores were filled
with a less mechanically strong (but more compatible
with cells) composition of gelatin, fibrinogen, hyalu-
ronic acid and glycerol. The cell component was lines
of fibroblasts and myoblasts, chondrocytes and human
amniotic stem cells. One of the features of the created
materials — a microchannel system that permeates the
entire structure and provides cell nutrition throughout
its thickness. During implantation of the obtained ma-
terials in laboratory animals, it was shown that the cells
included in the material begin to differentiate, grow and
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synthesize their own surrounding matrix at the site of
the absorbable hydrogel [83].

In domestic literature sources, there are examples of
creation of hydrogel-based nanocomposite materials loa-
ded with stem cells [84]. In [22], the authors describe the
creation of a hydrogel matrix based on poly(L-lactide)
obtained by imprint lithography, which was populated
with mesenchymal stem cells. /n vitro studies showed
that stem cells differentiated along the osteogenic pa-
thway, with good adhesion to the resulting material and
high survival.

In another work [85], a preclinical in vivo study of a
fibrin hydrogel-based composite material with tricalci-
um phosphate inclusions and loaded with mesenchymal
stromal stem cells was performed on a model of a critical
defect in the femoral epiphysis of a rabbit. This scaffold
was shown to be able to transfer living stem cells while
maintaining their regenerative potential and the potential
for bone tissue replacement. However, the negative effect
of fibrin hydrogel on the osteoconductive properties of
ceramics in the composite was shown.

In in vivo study by Petrov et al. [86] on an animal
model of a bone defect, the biological properties of bio-
material based on demineralized bovine bone collagen
and hyaluronic acid and chondroitin sulfate were studied
on animal model of bone defect. Histological examina-
tion showed faster and more complete replacement of
ileal defect with newly formed bone tissue when using
biomaterial compared with the control group.

Literature sources describe the preparation and stu-
dy of alginate-based composite hydrogel materials in
laboratory animals (mice and rats) with the addition of
gelatin, as well as octacalcium phosphate (OCP) and
tricalcium phosphate (TCP) crystals. Here, it is shown
that addition of gelatin and calcium crystals helps to
increase strength and porosity. It was suggested that
three-component hydrogels using OCP have better os-
teoconductive properties and faster bone formation [2].

National literature sources describe successful cli-
nical applications of a combination of spongy pelvic
autologous bone and commercially available collagen-
based hydrogels (SFERO®gel LONG, Russia) to replace
critical defects of the femur and tibia in humans. At the
same time, authors point to the role of hydrogel in main-
taining the regenerative process launched by autologous
bone [9].

CONCLUSION

This literature review shows that hydrogels are pre-
sently a very diverse class of compounds, both in chemi-
cal composition and in chemical, physical, and biological
properties. Such a variety seems promising in terms of
creation of biomedical materials that can effectively re-
place the natural structures of the body. Various methods
for modifying the properties of hydrogels provide oppor-

tunities for adapting them to specific clinical situations
in order to meet the needs of a customized approach in
modern medicine. Despite an understanding of the ge-
neral principles of creating an “ideal” tissue-engineering
design for bone defect replacement, real life samples
that meet all the requirements of efficiency and safety
have not yet been obtained. Further research is needed
to create composite materials for effective replacement
of large volumes of lost bone tissue, which would allow
for full and quick restoration of body functions.
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