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helped to unravel the cascades of bone healing, this knowledge has so far not improved the
clinical outcomes of bone defect treatment. Recent findings have allowed us to gain in-depth
knowledge about the physiological conditions and biological principles of bone regenera-
tion. Now it is time to transfer the lessons learned from bone healing to the challenging
scenarios in defects and employ innovative technologies to enable biomaterial-based strat-
egies for bone defect healing. This review aims to provide an overview on endogenous
cascades of bone material formation and how these are transferred to new perspectives in
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biomaterial-driven approaches in bone regeneration.
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Article focus
Bone healing is still a challenge in today’s
clinical routine; Biomaterials provide a
promising tool to treat bone defects;
Understanding the physiology of the
bone healing cascade helps in designing
new biomaterial approaches

Key messages
Despite the plethora of available bioma-
terials to treat bone defects only a small
number reached clinical use
New biomaterial approaches should con-
sider the physiological healing cascade to
better harness the endogenous healing
potential
Future biomaterial approaches aim at mim-
icking biological processes and envision
patient specific tailor made productions

Strengths and limitations
This review addresses a valid clinical
problem and summarises the use of bio-
materials in the field of bone defect heal-
ing. The use of biomaterials is viewed
from the current clinical practise, from

the research perspective, and concludes
with the developments currently arising.
Reviewing the current literature and con-
sideringtheclinicand research approaches
to biomaterials for bone regeneration; it
becomes apparent that harnessing the
endogenous bone healing capacity by
mimicking the biology of bone healing
could define new approaches for bone
defect healing.

Introduction

Modern treatment methods of fracture fixa-
tion have reached a high technological stand-
ard that ensures methodological soundness
of surgery and, globally, a high quality in
medical treatment. However, considerable
clinical problems are so far unaddressed, with
a remaining group of 10% to 20% of delayed
or nonunion situations despite all innovative
treatment methodologies.” Bone loss, defects,
lack of vascularization, soft-tissue damage,
lack of adequate mechanical stability, infec-
tions and tumours remain key challenges for
successful bone healing.2 They hinder or
completely prevent clinical recovery, with
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Fig. 1a Fig. 1b

Fig. 1e

Fig. 1f Fig. 1g

Radiological time course of 59-year-old female patient after bilateral open distal femoral fractures (a, c, e: right leg; b, d, f: left leg). a) and b) radiographs at
admission with bilateral femoral comminuted fractures. Of note is the bone deficiency on the right femur immediately after injury. c) and d) The status after
initial stabilization. Note the shortening and comminution of the right distal femur and the gentamicin beads in the femoral canal of the left femur indicating
post-traumatic infection therapy. e) Images after removal of the plate and external stabilization of the right femur. Note the atrophic nonunion, indicating bio-
logical inhibition of bone healing. f) Radiographs after removal of avital femoral bone and temporary replacement with antibiotic-loaded bone cement of the
left femur. g) Latest radiograph of the follow-up showing both knees replaced with distal femoral replacements; on the left limb, a total femoral replacement
was necessary due to the too small residuum of the femur after resecting all infected and dead bone.

few available intervention measures to successfully over-
come these challenges.? In contrast to pure technological
approaches, regenerative medicine may be a game
changer and, in combination with technologies in frac-
ture stabilization, may enable innovative solutions for
challenging patient settings. Using regenerative medicine
approaches, for the first time, we may be able to address
effectively the underlying mechanisms of the aforemen-
tioned challenges and thereby complement the intrinsic
healing capability of the injured bone. In this review we
intend to summarize the new and innovative strategies
that have emerged from the field of biomaterials in the
area of bone regeneration to gain understanding on their
potential value and future perspectives.

Remaining clinical challenges
An example of a clinically challenging bone healing
situation is given in Figure 1. It shows the time course

of treatment in a patient suffering from bilateral open
distal femoral fractures after a fall from a height. It dem-
onstrates several possible reasons for non-healing of
bone: i) initial loss of bone due to the injury itself; ii)
multiple surgical revisions with impairment of vascu-
larization and the local immune competence; and iii)
infection with osteitis, osteomyelitis and further bone
loss. The patient has been treated with a multitude of
different strategies, which represent the current clinical
standard, including bone transplantation, local therapy
with bone morphogenetic protein (BMP), infection
therapy with antibiotic-loaded cement spacers (Fig. 1f),
and internal and external fixation procedures. All efforts
to fight the infection and regenerate the bone failed. In
consequence, bilateral arthroplasty had to be per-
formed after a complete resection of the distal femurs.
On the left limb, the entire femur had to be replaced
with an implant.
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Fig. 2a

Fig. 2b

Atrophic pseudarthrosis of the radial diaphysis in a 17-year-old girl. a) Antero-
posterior and b) lateral radiograph of the right forearm showing plate breakage
at the site of nonunion (arrow and arrowhead). Also seen is an impingement
of the carpus due to flexion contracture and a radiocarpal collapse.

One of the largest unsolved challenges in bone regen-
eration are defects, as shown in Figures 1a, 1cand le. To
fill such defects, biomaterials are used to restore both
structure and function and, in most cases, provide a
replacement for the lost bone. Depending on the loca-
tion of the bone defect and the type of bone lost (cortical
versus cancellous), the adequate properties for such bio-
materials may vary considerably. The previously men-
tioned patient lost cortical bone in the right femur and
needed a stable replacement of the cortical structure
(Fig. 1a). An alternative might have been a soft biomate-
rial to fill the cortical defect, in which case a stable plate
fixation would be required to provide mechanical stabil-
ity. In such cases, a quick transformation of the softer bio-
material into cortical bone would be needed to enable
full mobilization of the patient. In general, bone forma-
tion and consolidation needs to precede implant loosen-
ing or fatigue failure. If this race is lost, nonunion and
failed implants are the consequences of incomplete oste-
osynthesis, as illustrated in Figure 2.

It is not just trauma but also the loss or resection of
bone due to tumour or infection which can cause critical-
sized defects. In these cases, bone replacement is one part
of the therapy. An ideal biomaterial would serve the pur-
pose of delivering substances, which address the causa-
tive disease of the bone loss. This functionalization of

Fig. 3a

Fig. 3b Fig. 3d

Radiological follow-up of a 44-year-old male patient with infected pseud-
arthrosis of the right femoral diaphysis and large bone defect after shotgun
injury: a) anteroposterior radiograph of the right femur after plate stabiliza-
tion and implantation of a calcium phosphate bone substitute (indicated by
arrowheads) into the defect area without signs of integration or remodel-
ling; b) CT scan after debridement of the defect and removal of most of the
calcium phosphate, and implantation of an antibiotic-loaded bone cement
spacer (indicated by arrowheads) augmented by a metal nail for local antimi-
crobial therapy; c) anteroposterior radiograph after removal of the spacer and
implantation of a vascularized fibular graft (the fibula was harvested from the
ipsilateral leg and fixed with screws into the defect in two parts nurtured by
the same artery); d) anteroposterior radiograph from the ipsilateral lower leg
demonstrates the donor site morbidity after removal of the fibula; e) antero-
posterior radiograph after one-year follow-up. The fibular graft shows good
integration and the implant is without loosening or failure.

Fig. 3c

Fig. 3e

biomaterials could be one of the greatest achievements
within the scope of modern biomaterial development. In
the case of infection, the standard treatment for bone
defects is a two-staged or multiple-staged revision surgery
usually with the use of antibiotic-loaded bone cement
spacers in between stages. Figure 3 shows a patient fol-
lowing treatment for a shotgun fracture of the right proxi-
mal femur shaft, who presented with pseudarthrosis with
a significant bone defect and infection with a sinus tract.
Treatment included an attempt to bridge the defect with
a calcium phosphate product, which failed due to the
extent of the defect and the accompanying infection. A
biomaterial, which would offer both bone regeneration
properties for large defects and the elution of antibiotics,
would allow a one-stage approach in this case and, fur-
thermore, would help to avoid the donor site morbidity of
autologous bone graft (Fig. 3d), as performed here with a
vascularized fibular graft. However, autologous bone
transplantation is the gold standard for the treatment of
bone defects, followed by allogeneic bone, the latter lack-
ing osteogenetic properties but, nevertheless, being
almost equally effective in some indications.*

However, it is not just severe traumatic events, such as
gunshots, which can lead to bone defects. Much more
frequent, are bone defects as a consequence of low
impact fractures in elderly patients. In such patients,
eventually also due to osteopenic weakening of the bone,
fractures are frequently combined with a loss in meta-
physeal bone substance leading to significant defects.
Typical locations of such commuted fractures are the
proximal femur, proximal humerus or vertebral body.
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Reconstruction of the fractured bones is often challeng-
ing due to the limited bone quality in the remaining bone
stock, that hinders any rigid fracture fixation by conven-
tional instrumentation. Commonly, such defects are
filled with autologous or allogeneic bone and may even-
tually lead to joint arthroplasty. With an ageing society
and an increase in activity even up to older age, methods
of improving bone regeneration are urgently needed.
Associated with this increase in affected patients are the
rising costs of €37 billion for 3.5 million osteoporotic
fractures per year in the European Union.> With this in
mind, one can estimate the immense need for innovative
therapies to enable the surgeon to provide fast and effica-
cious bone regeneration for their patients.

Biomaterial properties

Biomaterials or implant materials are synthetic or non-
vital natural materials that are used in medicine for thera-
peutic purposes and which are placed within the human
body or are otherwise in contact with the patient tissue.
Within the body, these materials interact in a chemical,
physical, or biological way with the recipient’s biological
system. As these materials often remain within the body,
their biocompatibility is a necessary prerequisite. In bone
regeneration, biomaterials are used to replace the tissue
after disease, injury, or failure due to ageing. As early as
the 16th century, Bernardino de Sahagun, then travelling
with Hernando Cortez, reported on a treatment for bone
nonunion by an Aztec physician using wood that was
inserted into the medullary canal to stabilize the limb,
wood being a material providing a level of biocompatibil-
ity. During the mid 1800s, another material was intro-
duced to stabilize nonunions: ivory.¢ This material offered
the desired stability while still having the advantage of
slow resorption and degradation. Controlled degrada-
tion of a biomaterial is another important property that
has to be considered next to its biocompatibility. In any
event, the degradation should proceed without the gen-
eration of detrimental byproducts that would obstruct
the healing process or, at a later stage, initiate complica-
tions within the human body. The material best suited in
view of degradation within the treatment field of bone is
bone itself. Hoglund” reported the use of bone trans-
plants to stabilize nonunions in 1917, and today, 100
years later, the reconstruction of large bone defects with
either vascularized or non-vascularized autologous fibu-
lar grafts is still seen as an effective treatment opportu-
nity.8 Vascularization is another important aspect to
consider in the context of furthering bone formation with
biomaterials. As vascularization plays a pivotal role dur-
ing the healing process,®'0 it has been proven, that a
delayed revascularization is coupled to a delayed bone
healing.’ Therefore, a biomaterial used in the context of
bone formation should, if not actively furthering angio-
genesis, at least not hinder the naturally occurring revas-
cularization process.

A huge step towards implant materials in bone surger-
ies was triggered by World War I. In the field, gunshot
wounds often included shattered bones. A quick and
easy method was needed to deal with these injuries. Hey
Groves'? reported on the use of metal rods which were
placed in the medullary cavity for stabilization, albeit at
the cost of high infection rates. Another disadvantage of
metal implants at this time was the body’s reaction
towards the material which was encapsulated by fibrous
tissue. It was not until 1931 when the use of stainless
steel nails for fracture fixation was reported that the appli-
cation of metallic implants started to become universally
accepted for the treatment of bone injuries.’3

Metal delivered one important factor for fracture treat-
ment: the stability needed to ensure that the patient
regained the weight-bearing capabilities of the injured
limb, a treatment strategy that also today complies with
the guidelines of the Arbeitsgemeinschaft fir Osteo-
synthesefragen (AO) for fracture treatment. Initial princi-
ples —formulated by the AO to treat bone fractures — were
anatomical reduction, preservation of the vitality of bone
and soft tissue, proper stability of fracture fragments, and
minimization of soft-tissue damage.'* Where a biomate-
rial is needed for a bone defect, this material should pro-
vide an osteoconductive, osteoinductive or even
osteogenic environment.?

Osteoconductivity describes the property of a bioma-
terial structure which provides a framework that favours
new bone formation. The biomaterial, therefore, should
offer an ideal structural environment for hosting cells rel-
evant in bone healing. As stated above, cadaveric allo-
graft bone, available either with a cancellous or a cortical
structure, is considered a biomaterial, offering the ideal
osteoconductive structure. Cortical allografts are some-
times used in reconstructing the femur during revision
hip arthroplasty.’™ While these allografts offer the struc-
ture and stability of bone, this is being offered during the
haematoma phase when they are implanted during sur-
gical treatment. During this healing phase the physiologi-
cally present structure and stability would therefore differ
considerably from that supplied by an allograft material.
The matrix formed within the hematoma? offers the ideal
structure to promote bone healing during the early
stages. Consecutively, in some cases an osteoconductive
structure should vary from the structure of mature bone
to resemble a structure more prone to the bone forming
process during the early healing stages. This could for
example be a structure that copies the growth plate in a
biomaterial targeting the support the process of endo-
chondral bone formation.

Bones major anorganic component is hydroxyapatite
(HA) which nucleates from specific zones on the collagen
fibres deposited by osteoblasts, the bone forming cells.’®
Subsequently, HA has been widely investigated as a bone
substitute and has been proven to have high osteocon-
ductive potential.’” Studies have shown that HA bone
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graft substitutes function as well as bone allografts when
considering the long-term clinical outcome, confirming
their value as a biomaterial in bone replacement.’®

Osteoinduction is a stimulating property of a bioma-
terial that actively induces new bone formation. The first
time an osteoinductive factor was reported was proba-
bly the injection of ‘bone extract’ into muscle by
Levander in 1934 and the subsequent observation of
ectopic bone formation.21 In 1945, such a ‘bone
extract’ was named ‘osteogenin’ by Lacroix.22 The bone
morphogenetic properties of demineralized, lyophilized
bone segments described by Urist led to naming of the
bone morphogenetic proteins (BMPs) in 1971.23.24 Bone
morphogenetic protein 2 (BMP2) and BMP7 are the two
growth factors which reached clinical approval (in 2000
and 2001, respectively) and have been used as very
potent osteoinductive factors to enable bone formation
in cases where a nonunion occurred.?* Neither factor has
ever achieved broad and unlimited routine clinical use
due to safety concerns that imposed severe restrictions
in their clinical application. Recently, BMP7 has been
withdrawn from the market.26 The aforementioned
‘bone extract’” was probably efficient in regeneration
since it also contained and thereby transferred locally
BMPs to stimulate bone formation. Nowadays, such
approaches would be considered less desirable due to
the high risks of pathogen transfection in any clinical set-
ting. The synthetic production of an osteoinductive bio-
material is still considered the preferable approach.
Unfortunately, nothing can compare with the BMPs so
far. Biomaterials are classified as being osteoinductive
when they contain calcium phosphate.?’.28 Also, bioma-
terials containing alumina ceramic, titanium or glass
ceramics were classified as osteoinductive, indicating
that the chemical composition of the biomaterial is
essential for the osteoinductive properties.??

Osteogenesis describes a biomaterial property that
actively supports de novo bone genesis through the
recruitment of osteoblasts. This could be achieved by a
biomaterial stiffness that supports osteogenic differentia-
tion,3° or by providing voids within the biomaterial that
are attractive for cell attachment and differentiation,3' or
by providing stress-relaxation patterns that further bone
formation,3233 or by coupling factors with the biomate-
rial that attract osteogenic progenitor cells.?* Other strat-
egies could comprise biomaterials that include cells
beneficial for bone formation such as angiogenic pro-
genitor cells3336 or drugs to reduce the reactive oxygen
species to enhance the survival of mesenchymal stromal
cells (MSCs).37

In considering biomaterial properties that are benefi-
cial for bone formation, the environment into which the
biomaterial is introduced should always be considered as
well.

Lessons to learn from endogenous material
formation during bone healing

Bone has the unique capability to restore its material
basis. Thus, understanding the endogenous strategy of
bone formation during successful healing could lead to
a blueprint for material scientists in view of the mate-
rial, cellular and signalling components that are essen-
tial to form bone. In the following, we describe the
cascades of bone healing as a complex process com-
prised of several consecutive, partly overlapping phases
that lead to a ‘restitutio ad integrum’ recovery of form
and function. In the majority of cases, bone is able to
regenerate. However, even with advanced medical
care, too high a percentage of patients with bone injury
experience delayed healing or even nonunion. Due to
the difficulties in diagnosing delayed bone healing, the
numbers are probably even higher. The complexity of
the process, and thus the multitude of possible failures
to complete the healing successfully, further under-
scores the problem. Several tissues are involved in the
bone healing process: bone; bone marrow; periosteum;
endosteum; vasculature; surrounding muscle tissue;
and nerve tissue. Many different cells are involved:
erythrocytes; granulocytes; macrophages; fibroblasts;
fibrocytes; chondroblasts; chondrocytes; osteoblasts;
osteocytes; osteoclasts; MSCs; mast cells; megakaryo-
cytes; T cells; B cells; natural killer cells; dendritic cells;
haematopoietic stem cells; endothelial cells; and peri-
cytes. This plethora of cells is an indication of the sig-
nalling molecules and signalling pathways that govern
the healing process. For example, the OPG-RANK-RANK
L (osteoprotegerin — receptor activator of nuclear factor
kappa B — receptor activator of nuclear factor kappa B
ligand) pathway is exploited in bone loss for prevention
and treatment.3® Another pathway that plays a crucial
role in bone treatment is the BMP2-transforming
growth factor beta (TGF-B)-Smad pathway,3%4% with
BMP2 being one of the growth factors that reached
clinical approval for nonunion treatment.?’

These tissues, cells, and signalling pathways govern
the bone healing process through the haematoma and
inflammatory phase that initiates the healing process.
This phase ends with a granulation tissue that transforms
into a soft callus dominated by cartilage. Chondrocytes
become hypertrophic before the callus matures, is miner-
alized and transformed towards a hard callus. In the hard
callus, woven bone develops and the stability of the bone
is thus restored. To regain the former mechanical proper-
ties, the bone then undergoes remodelling according to
the mechanical strains sensed by the tissue upon move-
ment of the limb. Figure 4 shows all decisive phases, their
characteristics, and which functions a biomaterial would
have to exhibit at the respective timepoints in the healing
process.
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Consecutive phases of bone healing are described in view of conditions, processes occurring in normal healing and the biomaterial properties which could
support these phases. The lower row depicts the healing bone tissue in the different phases. Images from left to right: haematoma, haematoxylin eosin (H&E)
staining, one day after injury, sheep; granulation tissue, immune histology for alpha smooth muscle with a methylene green counterstain, seven days after
injury, sheep; cartilage, Movat pentachrome staining, 14 days after injury, mouse; woven bone, Movat pentachrome staining, 21 days after injury, mouse;

remodelling, Movat pentachrome staining, six weeks after injury, rat.

Initial phase

When designing and applying a scaffold to promote
bone healing, one should consider the surrounding in
which the scaffold is placed and what purpose the bio-
material inserted into the bone should fulfill. If we think
about the early healing phase, a simple, biocompatible
and safe scaffold could be a blood clot.3¢ Drawing periph-
eral blood using an anticoagulant, and applying cell or
growth factors before adding a coagulant for clot forma-
tion describes an easy way to incorporate treatment fac-
tors into a scaffold suitable for mimicking the initially
formed tissue in a healing bone. Inserting an artificial clot
from allogenic peripheral blood into a 5 mm bone defect
in a rat femur stabilized with an external fixation system
demonstrated that such a biomaterial does not delay the
bone healing process (Fig. 5).

Implanting a biomaterial is linked to bleeding and sub-
sequent coagulation, a process phylogenetically coupled
to an inflammatory reaction.*? Immune cells are per-
ceived to be the first responders to implanted

biomaterials.4344 A prerequisite for a successful bone
healing is a swift downregulation of the initial pro-
inflammatory reaction.'045-47 This early immune reaction
towards a biomaterial can be detrimental for the healing
if it triggers a strong immune response. For example, chi-
tosan, as a biomaterial, induces dendritic cell maturation
and activation of adaptive immunity, while this is not the
case with alginate or agarose.*84° Biomaterials therefore
should be tested for their immune response and should
create a microenvironment favourable for precursor cells
upon implantation. Precursor cells cannot survive within
an environment of low pH, and high potassium and
sodium concentrations, as seen in pro-inflammatory
conditions.>0

Granulation tissue phase

A highly regulated inflammatory reaction also influences
the angiogenic signalling®! required for the next impor-
tant step within the regenerative cascade of bone forma-
tion: revascularization. Biomaterials can also be specifically
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In a long bone defect model in a rat femur, gap size 5 mm, stabilized with an external fixator, bone healing was compared between a group with an empty
defect and a group receiving an artificial blood clot from allogenic peripheral rat blood (n = 6). Animals were sacrificed after two, four and six weeks, and
analyzed with micro-CT to determine the percentage of mineralized tissue. A) 3D images of uCT evaluation, b) tissue volume in mm3 of the volume of inter-
est analyzed by uCT c) bone volume in mm3 of the volume of interest analyzed by uCT d) the quotient of bone and tissue volume of the volume of interest
analyzed by uCT. No significant difference was found between the groups, confirming the usability of such a biomaterial to add cells or factors during the early
bone healing phase (animal experiments were approved by the local legal representative (G 0428/07) and carried out according to the policies and principles

established by the Animal Welfare Act).*!

designed to support this process. One strategy is to fabri-
cate 3D scaffolds with a functional vasculature to repair
large bone defects. Some initial difficulties within these
strategies could be overcome with new bioprinting tech-
niques.>2 Another strategy uses the angiogenic potential
of specific materials such as silicate ions released from sili-
con-containing biomaterials>3® or strontium- and cobalt-
substituted bioactive glasses.>* Angiogenesis could also
be enhanced by embedding angiogenic factors such as
vascular endothelial growth factor (VEGF) within a bioma-
terial>® or by encapsulating angiogenic cells.35:3¢

Cartilage phase

Biomaterials supporting the cartilaginous phase in bone
healing could be designed by using the growth and dif-
ferentiation factor 5 (GDF5), which has been identified
as being important for this healing phase in bone.>¢
Comparing the stiffness in a critical-sized bone defect
treated with either BMP2 or GDF5 in a femoral osteotomy
model in rats showed that GDF5 did indeed enhance heal-
ing compared with an empty control, and that it had not
reached the bony consolidation seen in animals treated
with BMP2. Histology confirmed that the predominant tis-
sue within the gap consisted of cartilage (Fig. 6).57

Woven bone phase

Tissue cells feel and respond to their microenvironment
which influences their differentiation and thus tissue
development.’85° Whether MSCs regenerate bone or
instead fail to repair a bone injury by inducing fibrous tis-

sue formation therefore also depends on the tissue stiff-
ness and the oxygen supply (Fig. 7).6°

Harnessing extrinsic mechanical signals to influence
MSC differentiation towards bone formation has been
the goal in several biomaterial designs. Simulating the tis-
sue elasticity of collagenous bone with a relatively stiff
matrix induces osteogenic differentiation in naive MSCs.6
Using collagen-glycosaminoglycan (CG) scaffolds that
mimic the extracellular matrix in structure, composition,
and elasticity, a stiffness of 1.5 kPa supported osteogenic
differentiation while a less stiff counterpart of 0.5 kPa
favoured SOX9 (SRY-type high-mobility group box-9)
expression and thus cartilaginous differentiation.é?
Mechanosensing and mechanotransduction are possible
due to the cytoskeleton, specifically the interaction
between actin, integrins, microtubules, focal adhesion
points, and the cytoskeletal pattern.63-66 All of these
involved structures are also essential for cell morphology,
which, in turn, is determined by the substrate form.
Mesenchymal stromal cells differentiating into osteo-
blasts depict an elongated and spread form, therefore a
surface supporting this cell form should improve osteo-
genic differentiation of stromal cells.6” Indeed the lineage
differentiation of mesenchymal stromal cells is depend-
ent on the substrate curvature®® with a convex spherical
surface supporting osteogenic differentiation.®

Remodelling
Remodelling of bone to adapt optimally to the stresses and
strains of load bearing also depends on mechanosensing.
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a) Growth and differentiation factor 5 (GDF5); b) bone morphogenetic protein
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(BMP)-2 application. Histological staining was done with Movat pentachrome

to depict different tissues: yellow, bone; green, cartilage; orange, muscle; light blue, connective tissue; dark red, bone marrow (adapted from Wulsten et
al).” ¢) Graph showing that, when applied within a critical-sized defect in a rat femur osteotomy model, GDF5 with a collagen scaffold favoured cartilage

formation within the callus after six weeks, as compared with BMP2. d) Graph

showing that tissue stiffness within the defect showed solidification after two

weeks with BMP, while GDF5 still had not reached bone stability after six weeks of healing. Control confirms the non-healing of this model without growth

factor application.

Adipose tissue

Fig

Fibrous tissue

.7

Mesenchymal stromal cells (MSCs) are able to differentiate into adipose, fibrous or bone tissue depending on the substrate stiffness; a stiffer substrate favours
bone formation. Successful bone formation also depends on the oxygen tension. A lack of oxygen leads to cartilage formation. These differentiation properties
have prompted numerous research projects in which the substrate qualities were used to steer cell differentiation.

Therefore, biomaterials should be designed to allow a
mechanical stimulation and should not shield the bone
from mechanical forces completely. Balancing implant sta-
bility against stress-shielding is an important factor in the
biomaterial design. If a biomaterial is stiffer than bone, the
consequent stress-shielding can lead to loosening of the
implant’® due to bone loss at the interface. A possible strat-
egy to counteract this could be a 3D-printed fully porous
implant where the material architecture is tuned to reduce
bone resorption due to stress-shielding.”’ Mechanical
stimulation to increase bone formation has been investi-
gated before and proven to be decisive.”27> Due to the
positive effect of a mechanical stimulus for bone forma-
tion, the concept of early weight bearing after fracture is
now already clinical practice, reflecting the need to think

beyond the surgical site to achieve good results in fracture
and bone healing.”¢

Biomaterials in bone regeneration

There are numerous biomaterials designed for bone
regeneration and suitable for cell seeding. While not
exhaustive, the following list indicates the multitude of
possibilities: polyethersulfone (PES) nanofibres,”” Gelfoam
surgical sponges,’8 polycaprolactone (PCL),”? hydroxyapa-
tite/tricalcium phosphate (HA/TCP),8° HA/poly(lactic-co-
glycolic acid) (PLGA),®" HA-coated PLGA/poly(L-lactic
acid) (PLLA),82 PCL functionalized with natural polymer
hyaluronan and TCP,® decellularized bone scaffolds,?4
calcium phosphate cement (CPC),8> apatite-coated silk
fibroin,®¢ fibrin,8” silk,® collagen type 1,8 HA/collagen/

VOL. 7, NO. 3, MARCH 2018



240 T. WINKLER, A. SASS, G. N. DUDA, K. SCHMIDT-BLEEK

chitosan (CTS),°® nano HA/methacrylate-co-acryloayl6-
aminocaproic acid and gelatin-methacrylate-co-poly-
(ethylene glycol)-diacrylate,®” and calcium sulfate.®293 All
of these materials have been shown to be beneficial for
cell differentiation in terms of bone formation, however,
despite this abundance, the biomaterials that are actually
used clinically are not diverse at all and rather limited as
described above.

Novel strategies in treating bone with
biomaterials

New strategies for enhanced biomaterials include bioin-
spired composite matrices,’* biogenic hydroxyapatites®>
or biomimetic organoids,®¢. These indicate the develop-
ment towards biomaterials that copy the naturally
occurring tissues/conditions through our advanced
understanding of the physiological mechanisms coupled
with the highly developed techniques available today. A
common problem encountered in using biomaterial is
the slow implant integration. Novel enhancing methods
of biomaterial integration are therefore a current research
goal.?7-1% An emerging strategy is to release drugs
loaded on an implanted biomaterial at a defined later
timepoint, where they are needed in the treatment
regime. This release can be steered through an external
signal such as an electrochemically triggered,'01-103 acidity-
triggered,'%* pH-triggered'®> or UV-triggered'% mecha-
nism. Nanotechnology'09%.107109 and the integration of
trace elements’0-113 within biomaterials are further strat-
egies to enhance bone formation though biomaterials.

A high number of upcoming strategies will include
immune-mediated tissue regeneration driven by bioma-
terial scaffolds'™* or biomaterials that use the immune
reaction to activate a drug release where and when it is
needed, circumventing systemic treatment effects.’> In
addition, biomaterials can be harnessed to entrap cells,
changing them and subsequently releasing them to fulfil
specific functions which they would otherwise not man-
age.'’¢ As previously described, the interdependency of
the immune and skeletal systems greatly impacts bone
regeneration, hence these future biomaterial strategies
can be used to support bone formation.

In current therapeutic regimes, we still have to rely on
the fixation of bone with non-degradable metal implants.
Implant removal is still a problem, in part due to the diffi-
culty of removing the material in cases where the osseoin-
tegration was very successful or in the case that the material
breaks during removal efforts. Therefore, the development
of degradable metals that will provide the initial stability to
enable early weight bearing, also providing mechanical
stimulation due to the loss of stiffness in consequence of
their beginning degradation, and upon bone consolidation
a complete degradation to render removal procedures
superfluous are underway.!17,118

A trend that has already reached the clinic is the 3D
printing used to produce personalized implants for bone

replacement.’9121 Future efforts will be focused on
designing and producing these implants as biomaterials
with all of the aforementioned properties, with the final
aim being to replace them with vital and fully functional
bone.

Combining biomaterials with osteogenic, angiogenic
oranti-inflammatory cells to enhance their pro-osteogenic
properties provides a powerful therapeutic option. Today,
the gold standard to enhance a bone scaffold is still the
addition of autologous spongiosa. Harvesting autolo-
gous bone graft from the hip is often painful for the
patient, and the available bone is also limited. In addi-
tion, the autologous material does not always carry a
high potential to generate bone, depending on the
donor’s age and comorbidities. Therefore, further strate-
gies are under investigation. As autologous material cells
from peripheral blood,3%3¢ platelet-rich plasma (PRP)!22
and RIA aspirate'?3124 are alternatives for autologous
bone graft with less patient morbidity, they are, however,
less efficient. Consequently, intensive research efforts are
underway to harness mesenchymal stromal cells to
enhance bone healing. More than 400 clinical trials are
currently investigating the potential of these cells for clin-
ical applications.’

In conclusion, the data presented in this review con-
sider the current treatment options for problematic bone
healing cases. The information presented also provides an
overview of the directions in which the field of bone regen-
eration with respect to biomaterials for enhancing fracture
and defect treatment is moving. Considering the endoge-
nous bone healing cascade and possible intervention strat-
egies, embracing regenerative medical approaches could
be considered the future in treatment options to enhance
bone healing. The reason for this is that knowledge of the
biological cues — of what the bone needs in order to heal is
rapidly growing. In parallel, the field of biomaterials has
evolved and is now able to create solutions that mimic bio-
logical processes in an unprecedented way. Furthermore,
technical advances in biomaterial science, such as 3D
printing, allow the creation of complex biological struc-
tures that may drive regeneration and possibly exceed the
intrinsic healing capabilities of the body.

References
1. Haas NP. Callus modulation—fiction or reality? Chirurg 2000;71:987-988.
2. Willie BPA, Schmidt-Bleek K, Cipitria A, et al. Designing biomimetic scaffolds
for bone regeneration: why aim for a copy of mature tissue properties if nature uses a
different approach? Soft Matter 2010;6:4976.
. Killington K, Mafi R, Mafi P, Khan W. A systematic review of clinical studies
investigating mesenchymal stem cells for fracture non-union and bone defects. Curr
Stem Cell Res Ther 2017 (Epub ahead of print) PMID: 28914208.
Putzier M, Strube P, Funk JF, et al. Allogenic versus autologous cancellous bone
in lumbar segmental spondylodesis: a randomized prospective study. Eur Spine J
2009;18:687-695.
Hernlund E, Svedbom A, Ivergard M, et al. Osteoporosis in the European Union:
medical management, epidemiology and economic burden. A report prepared in
collaboration with the International Osteoporosis Foundation (IOF) and the European
Federation of Pharmaceutical Industry Associations (EFPIA). Arch Osteoporos
2013;8:136.

w

bl

o

BONE & JOINT RESEARCH



®

~

-]

©

1

1

=y

12.

13.

14.

1

(1,

16.

17.

1

1

(-]

2
2

- O

2

o

26.

28.

29.

30.

3

32.

33.

34.

35.

A REVIEW OF BIOMATERIALS IN BONE DEFECT HEALING, REMAINING SHORTCOMINGS AND FUTURE OPPORTUNITIES FOR BONE TISSUE ENGINEERING

Bircher H. Eine neue Methode unmittelbarer Retention bei Fracturen der
Rohrenknochen. Arch Klin Chir 1886;34:410.

. Hoglund E. New method of applying autogenous intramedullary bone transplants

and of making autogenous bone-screws. Surg Gynecol Obstet 1917;24:243.

. Lenze U, Pohlig F. Knebel C, et al. Autologous fibula transplantation for

reconstruction of bone defects. Orthopade 2017;46:648-655.

. Schell H, Duda GN, Peters A, et al. The haematoma and its role in bone healing. J

Exp Orthop 2017;4:5.

. Schmidt-Bleek K, Petersen A, Dienelt A, Schwarz C, Duda GN. Initiation and

early control of tissue regeneration - bone healing as a model system for tissue
regeneration. Expert Opin Biol Ther 2014;14:247-259.

. Lienau J, Schmidt-Bleek K, Peters A, et al. Differential regulation of blood

vessel formation between standard and delayed bone healing. J Orthop Res 2009;27:
1133-1140.

Hey Groves EW. On the application of the principle of extension to comminuted
fractures of the long bone, with special reference to gunshot injuries. Br J Surg
1914,2:429-443.

Smith-Petersen M. Intracapsular fractures of the neck of the femur. Treatment by
internal fixation. Arch Surg 1931;23:715.

Miiller ME, Allgower M, Schneider R, Willenegger H. Manual of Internal
Fixation. Second ed. Berlin: Springer Verlag, 1979.

. Fillingham Y, Jacobs J. Bone grafts and their substitutes. Bone Joint J

2016;98-B(Suppl A):6-9.

Nudelman F, Pieterse K, George A, et al. The role of collagen in bone apatite
formation in the presence of hydroxyapatite nucleation inhibitors. Nat Mater
2010;9:1004-1009.

Kim SS, Sun Park M, Yong Jeon 0, Choi C, Kim BS. Poly(lactide-co-glycolide)/
hydroxyapatite composite scaffolds for bone tissue engineering. Biomaterials
2006;27:1399-1409.

. Aulakh TS, Jayasekera N, Kuiper JH, Richardson JB. Long-term clinical

outcomes following the use of synthetic hydroxyapatite and bone graft in impaction in
revision hip arthroplasty. Biomaterials 2009;30:1732-1738.

. Levander G. On the formation of new bone in bone transplantation. Acta Chir Scand

1934;74:425.

. Levander G. A study of bone regeneration. Surg Gynecol Obstet 1938;67:705.
. Levander G. Tissue induction. Nature 1945;155:148-149.

22.
23.
24,

Lacroix P. Recent investigation on the growth of bone. Nature 1945;156:576.

Urist MR. Bone: formation by autoinduction. Science 1965;150:893-899.

Reddi AH, Huggins C. Biochemical sequences in the transformation of normal
fibroblasts in adolescent rats. Proc Nat/ Acad Sci USA 1972;69:1601-1605.

. Schmidt-Bleek K, Willie BM, Schwabe P, Seemann P, Duda GN. BMPs in bone

regeneration: less is more effective, a paradigm-shift. Cytokine Growth Factor Rev
2016;27:141-148.

Sreekumar V, Aspera-Werz RH, Tendulkar G, et al. BMP9 a possible alternative
drug for the recently withdrawn BMP7? New perspectives for (re-)implementation by
personalized medicine. Arch Toxicol 2017;91:1353-1366.

. Wang P, Zhao L, Liu J, et al. Bone tissue engineering via nanostructured calcium

phosphate biomaterials and stem cells. Bone Res 2014;2:14017.

de Misquita MR, Bentini R, Goncalves F. The performance of bone tissue
engineering scaffolds in invivo animal models: A systematic review. J Biomater Appl
2016;31:625-636.

Habibovic P, de Groot K. Osteoinductive biomaterials—properties and relevance in
bone repair. J Tissue Eng Regen Med 2007;1:25-32.

Huebsch N, Lippens E, Lee K, et al. Matrix elasticity of void-forming
hydrogels controls transplanted-stem-cell-mediated bone formation. Nat Mater
2015;14:1269-1277.

. Lee K, Weir MD, Lippens E, et al. Bone regeneration via novel macroporous

CPC scaffolds in critical-sized cranial defects in rats. Dent Mater 2014;30:
e199-207.

Darnell M, Young S, Gu L, et al. Substrate stress-relaxation regulates scaffold
remodeling and bone formation in vivo. Adv Healthc Mater 2017;6:1601185.
Chaudhuri 0, Gu L, Klumpers D, et al. Hydrogels with tunable stress relaxation
regulate stem cell fate and activity. Nat Mater 2016;15:326-334.

Cipitria A, Boettcher K, Schoenhals S, et al. In-situ tissue regeneration through
SDF-1alpha driven cell recruitment and stiffness-mediated bone regeneration in a
critical-sized segmental femoral defect. Acta Biomater 2017;60:50-63.

Sass FA, Schmidt-Bleek K, Ellinghaus A, et al. CD31+ cells from peripheral
blood facilitate bone regeneration in biologically impaired conditions through
combined effects on immunomodulation and angiogenesis. J Bone Miner Res
2017;32:902-912.

36.

3

~

38.

39.

4

-

42

44.

45,

46.

47.

48.

49.

50.

5

-

53.

54.

55.

56.

57.

58.

59.

60.

6

-

62.

63.

241

Preininger B, Duda G, Gerigk H, et al. CD133: enhancement of bone healing by
local transplantation of peripheral blood cells in a biologically delayed rat osteatomy
model. PLoS One 2013;8:652650.

. Geissler S, Textor M, Schmidt-Bleek K, et al. In serum veritas-in serum sanitas?

Cell non-autonomous aging compromises differentiation and survival of mesenchymal
stromal cells via the oxidative stress pathway. Cell Death Dis 2013;4:€970.

Fassio A, Rossini M, Viapiana 0, et al. New strategies for the prevention
and treatment of systemic and local bone loss; from pathophysiology to clinical
application. Curr Pharm Des 2017 (Epub ahead of print) PMID: 28707576.

Luo K. Signaling Cross Talk between TGF-B/Smad and Other Signaling Pathways.
Cold Spring Harb Perspect Biol 2017;9:a022137.

. Wu M, Chen G, Li YP. TGF- and BMP signaling in osteoblast, skeletal development,

and bone formation, homeostasis and disease. Bone Res 2016;4:16009.

. Cardon AD, Bailey MR, Bennett BT. The Animal Welfare Act from enactment to

enforcement. J Am Assoc Lab Anim Sci 2012;51:301-305.
Opal SM. Phylogenetic and functional relationships between coagulation and the
innate immune response. Crit Care Med 2000;28(Suppl):S77-S80.

. Anderson JM, Rodriguez A, Chang DT. Foreign body reaction to biomaterials.

Semin Immunol 2008;20:86-100.

Reinisch A, Etchart N, Thomas D, et al. Epigenetic and in vivo comparison of
diverse MSC sources reveals an endochondral signature for human hematopoietic
niche formation. Blood 2015;125:249-260.

Reinke S, Geissler S, Taylor WR, et al. Terminally differentiated CD8* T cells
negatively affect bone regeneration in humans. Sci Trans/ Med 2013;5:177ra36.
Schmidt-Bleek K, Schell H, Lienau J, et al. Initial immune reaction and
angiogenesis in bone healing. J Tissue Eng Regen Med 2014;8:120-130.
Schmidt-Bleek K, Schell H, Schulz N, et al. Inflammatory phase of bone healing
initiates the regenerative healing cascade. Cell Tissue Res 2012;347:567-573.
Carroll EC, Jin L, Mori A, et al. The Vaccine Adjuvant Chitosan Promotes Cellular
Immunity via DNA Sensor cGAS-STING-Dependent Induction of Type | Interferons.
Immunity 2016;44:597-608.

Park J, Babensee JE. Differential functional effects of biomaterials on dendritic
cell maturation. Acta Biomater 2012;8:3606-3617.

Street J, Winter D, Wang JH, et al. Is human fracture hematoma inherently
angiogenic? Clin Orthop Relat Res 2000;378:224-237.

. Schmidt-Bleek K, Kwee BJ, Mooney DJ, Duda GN. Boon and bane of

inflammation in bone tissue regeneration and its link with angiogenesis. Tissue Eng
Part B Rev?2015;21:354-364.

. Byambaa B, Annabi N, Yue K, et al. Bioprinted Osteogenic and Vasculogenic

Patterns for Engineering 3D Bone Tissue. Adv Healthc Mater2017;6:1700015.
Dashnyam K, El-Figi A, Buitrago JO, et al. A mini review focused on the
proangiogenic role of silicate ions released from silicon-containing biomaterials. J
Tissue Eng 2017;8:2041731417707339.

Kargozar S, Lotfibakhshaiesh N, Ai J, et al. Strontium- and cobalt-substituted
bioactive glasses seeded with human umbilical cord perivascular cells to promote
bone regeneration via enhanced osteogenic and angiogenic activities. Acta Biomater
2017;58:502-514.

Sharmin F, McDermott C, Lieberman J, Sanjay A, Khan Y. Dual growth factor
delivery from biofunctionalized allografts: sequential VEGF and BMP-2 release to
stimulate allograft remodeling. J Orthop Res 2017;35:1086-1095.

Coleman CM, Scheremeta BH, Boyce AT, Mauck RL, Tuan RS. Delayed fracture
healing in growth differentiation factor 5-deficient mice: a pilot study. Clin Orthop
Relat Res 2011;469:2915-2924.

Wulsten D, Glatt V, Ellinghaus A, et al. Time kinetics of bone defect healing in
response to BMP-2 and GDF-5 characterised by in vivo biomechanics. Eur Cell Mater
2011;21:177-192.

Discher DE, Mooney DJ, Zandstra PW. Growth factors, matrices, and forces
combine and control stem cells. Science 2009;324:1673-1677.

Discher DE, Janmey P, Wang YL. Tissue cells feel and respond to the stiffness of
their substrate. Science 2005;310:1139-1143.

Burke DP, Kelly DJ. Substrate stiffness and oxygen as regulators of stem cell
differentiation during skeletal tissue regeneration: a mechanobiological model. PLoS
0One2012;7:¢40737.

. Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity directs stem cell

lineage specification. Cel/ 2006;126:677-689.

Murphy CM, Matsiko A, Haugh MG, Gleeson JP, 0'Brien FJ. Mesenchymal
stem cell fate is regulated by the composition and mechanical properties of collagen-
glycosaminoglycan scaffolds. J Mech Behav Biomed Mater 2012;11:53-62.

De R, Zemel A, Safran SA. Theoretical concepts and models of cellular
mechanosensing. Methods Cell Biol 2010;98:143-175.

VOL. 7, NO. 3, MARCH 2018



242

64.

65.

66.

67.

68.

69.

10.

n.

72.

13.

14.

5.

76.

1.

78.

19.

80.

81.

82.

83.

84.

86.

87.

89.

Bershadsky AD, Balaban NQ, Geiger B. Adhesion-dependent
mechanosensitivity. Annu Rev Cell Dev Biol 2003;19:677-695.

Huang S, Ingber DE. The structural and mechanical complexity of cell-growth
control. Nat Cell Biol 1999;1:E131-E138.

Schwarz US, Bischofs IB. Physical determinants of cell organization in soft media.
Med Eng Phys 2005;27:763-772.

Mathieu PS, Loboa EG. Cytoskeletal and focal adhesion influences on mesenchymal
stem cell shape, mechanical properties, and differentiation down osteogenic,
adipogenic, and chondrogenic pathways. Tissue Eng Part B Rev2012;18:436-444.
Lee SJ, Yang S. Substrate curvature restricts spreading and induces differentiation
of human mesenchymal stem cells. Biotechnol J2017;12:1700360.

Werner M, Blanquer SB, Haimi SP, et al. Surface curvature differentially
regulates stem cell migration and differentiation via altered attachment morphology
and nuclear deformation. Adv Sci (Weinh)2016;4:1600347.

Srinivasan P, Miller MA, Verdonschot N, Mann KA, Janssen D. Strain shielding
in trabecular bone at the tibial cement-bone interface. J Mech Behav Biomed Mater
2017,66:181-186.

Arabnejad S, Johnston B, Tanzer M, Pasini D. Fully porous 3D printed titanium
femoral stem to reduce stress-shielding following total hip arthroplasty. J Orthop Res
2017;35:1774-1783.

Claes L, Blakytny R, Besse J, et al. Late dynamization by reduced fixation stiffness
enhances fracture healing in a rat femoral osteotomy model. J Orthop Trauma
2011;25:169-174.

Claes L, Blakytny R, Gockelmann M, et al. Early dynamization by reduced fixation
stiffness does not improve fracture healing in a rat femoral osteotomy model. J
Orthop Res 2009;27:22-27.

Glatt V, Evans CH, Tetsworth K. A concert between biology and biomechanics: the
influence of the mechanical environment on bone healing. Front Physiol 2017;7:678.
Glatt V, Miller M, Ivkovic A, et al. Improved healing of large segmental defects
in the rat femur by reverse dynamization in the presence of bone morphogenetic
protein-2. J Bone Joint Surg [Am]2012;94-A:2063-2073.

Brink PRG, Verleisdonk E, Blokhuis TJ. Earlier weight-bearing mobilisation after
fracture fixation. Ned Tijdschr Geneeskd 2017;161:D1533. (Article in Dutch)
Ardeshirylajimi A, Dinarvand P, Seyedjafari E, et al. Enhanced reconstruction of
rat calvarial defects achieved by plasma-treated electrospun scaffolds and induced
pluripotent stem cells. Cell Tissue Res 2013;354:849-860.

Bilousova G, Jun H, King KB, et al. Osteoblasts derived from induced pluripotent
stem cells form calcified structures in scaffolds both in vitro and in vivo. Stem Cells
2011;29:206-216.

Jin GZ, Kim TH, Kim JH, et al. Bone tissue engineering of induced pluripotent
stem cells cultured with macrochanneled polymer scaffold. J Biomed Mater Res A
2013;101:1283-1291.

Hynes K, Menicanin D, Mrozik K, Gronthos S, Bartold PM. Generation of
functional mesenchymal stem cells from different induced pluripotent stem cell lines.
Stem Cells Dev2014;23:1084-1096.

Levi B, Hyun JS, Montoro DT, et al. In vivo directed differentiation of pluripotent
stem cells for skeletal regeneration. Proc Nat! Acad Sci USA 2012;109:20379-20384.
Jeon OH, Panicker LM, Lu Q, et al. Human iPSC-derived osteoblasts and
osteoclasts together promote bone regeneration in 3D biomaterials. Sci Rep
2016;6:26761.

Zou L, Luo Y, Chen M, et al. A simple method for deriving functional MSCs and
applied for osteogenesis in 3D scaffolds. Sci Rep 2013;3:2243.

de Peppo GM, Vunjak-Novakovic G, Marolt D. Cultivation of human bone-
like tissue from pluripotent stem cell-derived osteogenic progenitors in perfusion
bioreactors. Methods Mol Biol 2014;1202:173-184.

cell

. Wang P, Song Y, Weir MD, et al. A self-setting iPSMSC-alginate-calcium

phosphate paste for bone tissue engineering. Dent Mater 2016,32:252-263.

Duan X, Tu Q, Zhang J, et al. Application of induced pluripotent stem (iPS) cells in
periodontal tissue regeneration. J Cell Physiol 2011;226:150-157.

Ko JY, Park S, Im Gl. Osteogenesis from human induced pluripotent stem cells:
an in vitro and in vivo comparison with mesenchymal stem cells. Stem Cells Dev
2014;23:1788-1797.

Ye JH, Xu YJ, Gao J, et al. Critical-size calvarial bone defects healing in a mouse
model with silk scaffolds and SATB2-modified iPSCs. Biomaterials 2011;32:5065-5076.
Sheyn D, Ben-David S, Shapiro G, et al. Human induced pluripotent stem cells
differentiate into functional mesenchymal stem cells and repair bone defects. Stem
Cells Transl Med 2016;5:1447-1460.

. Xie J, Peng C, Zhao Q, et al. Osteogenic differentiation and bone regeneration

of iPSC-MSCs supported by a biomimetic nanofibrous scaffold. Acta Biomater
2016;29:365-379.

91.

92.

93.

94.

95.

97.

98.

99.

100.

101.

=1

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112,

13.

114.

T. WINKLER, A. SASS, G. N. DUDA, K. SCHMIDT-BLEEK

Ji J, Tong X, Huang X, et al. Patient-derived human induced pluripotent stem cells
from gingival fibroblasts composited with defined nanohydroxyapatite/chitosan/
gelatin porous scaffolds as potential bone graft substitutes. Stem Cells Trans! Med
2016;5:95-105.

Hughes EAB, Grover LM. Characterisation of a novel poly (ether ether ketone)/
calcium sulphate composite for bone augmentation. Biomater Res 2017;21:7.

Ren C, Song Y, Xue Y, Yang X, Zhou C. Evaluation of bioabsorbable multiamino
acid copolymer/nanohydroxyapatite/calcium sulfate cage in a goat spine model.
World Neurosurg 2017;103:341-347.

Anitha A, Menon D, Sivanarayanan TB, et al. Bioinspired composite matrix
containing hydroxyapatite-silica core-shell nanorods for bone tissue engineering.
ACS Appl Mater Interfaces 2017;,9:26707-26718.

Turner RJ, Renshaw JC, Hamilton A. Biogenic hydroxyapatite: a new material
for the preservation and restoration of the built environment. ACS Appl Mater
Interfaces 2017;9:31401-31410.

. Richards DJ, Coyle RC, Tan Y, et al. Inspiration from heart development:

biomimetic development of functional human cardiac organoids. Biomaterials
2017;142:112-123.

Albertini M, Fernandez-Yague M, Lazaro P, et al. Advances in surfaces and
osseointegration in implantology. Biomimetic surfaces. Med Oral Patol Oral Cir
Bucal 2015;20:e316-e325.

Ratnayake JTB, Mucalo M, Dias GJ. Substituted hydroxyapatites for bone
regeneration: A review of current trends. J Biomed Mater Res B Appl Biomater
2017;105:1285-1299.

Ghanem A, Kellesarian SV, Abduljabbar T, et al. Role of osteogenic coatings on
implant surfaces in promoting bone-to-implant contact in experimental osteoporosis:
a systematic review and meta-analysis. Implant Dent 2017,26:770-777.

Eliaz N, Metoki N. Calcium phosphate bioceramics: a review of their history,
structure, properties, coating technologies and biomedical applications. Materials
(Basel)2017;10:334.

He L, Sarkar S, Barras A, et al. Electrochemically stimulated drug release from
flexible electrodes coated electrophoretically with doxorubicin loaded reduced
graphene oxide. Chem Commun (Camb)2017;53:4022-4025.

Jin Z, Giiven G, Bocharova V, et al. Electrochemically controlled drug-mimicking
protein release from iron-alginate thin-films associated with an electrode. ACS App/
Mater Interfaces 2012;4:466-475.

Loffler S, Seyock S, Nybom R, Jacobson GB, Richter-Dahlfors A.
Electrochemically triggered release of acetylcholine from scCO2 impregnated
conductive polymer films evokes intracellular Ca2+ signaling in neurotypic SH-
SY5Y cells. J Control Release 2016;243:283-290.

Wang T, Wang D, Liu J, et al. Acidity-triggered ligand-presenting nanoparticles
to overcome sequential drug delivery barriers to tumors. Nano Lett 2017;17:
5429-5436.

Khutale GV, Casey A. Synthesis and characterization of a multifunctional gold-
doxorubicin nanoparticle system for pH triggered intracellular drug release. Eur J
Pharm Biopharm 2017;119:372-380.

Hang C, Zou Y, Zhong Y, Zhong Z, Meng F. NIR and UV-responsive degradable
hyaluronic acid nanogels for CD44-targeted and remotely triggered intracellular
doxorubicin delivery. Colloids Surf B Biointerfaces 2017;158:547-555.

Bral A, Mommaerts MY. Invivo biofunctionalization of titanium patient-specific
implants with nano hydroxyapatite and other nano calcium phosphate coatings: A
systematic review. J Craniomaxillofac Surg 2016;44:400-412.

Gong T, Xie J, Liao J, et al. Nanomaterials and bone regeneration. Bone Res
2015;3:15029.

Venkatesan J, Kim SK. Nano-hydroxyapatite composite biomaterials for bone
tissue engineering—a review. J Biomed Nanotechnol 2014;10:3124-3140.

Weng L, Boda SK, Teusink MJ, et al. Binary Doping of Strontium and Copper
Enhancing Osteogenesis and Angiogenesis of Bioactive Glass Nanofibers while
Suppressing Osteoclast Activity. ACS Appl Mater Interfaces 2017;9:24484-24496.
Yu W, Sun TW, Qi C, et al. Evaluation of zinc-doped mesoporous hydroxyapatite
microspheres for the construction of a novel biomimetic scaffold optimized for bone
augmentation. Int J Nanomedicine 2017;12:2293-2306.

Yang X, Xu S, Chen X, et al. Intra-bone marrow injection of trace elements co-
doped calcium phosphate microparticles for the treatment of osteoporotic rat. J
Biomed Mater Res A 2017;105:1422-1432.

Robinson L, Salma-Ancane K, Stipniece L, Meenan BJ, Boyd AR. The
deposition of strontium and zinc Co-substituted hydroxyapatite coatings. J Mater
Sci Mater Med 2017;28:51.

Sattler S, Rosenthal N. The neonate versus adult mammalian immune system in
cardiac repair and regeneration. Biochim Biophys Acta2016;1863:1813-1821.

BONE & JOINT RESEARCH



115.

116.

17.

118.

19.

120.

121.

122.

123.

A REVIEW OF BIOMATERIALS IN BONE DEFECT HEALING, REMAINING SHORTCOMINGS AND FUTURE OPPORTUNITIES FOR BONE TISSUE ENGINEERING

He M, Wang Q, Shi Z, et al. Inflammation-responsive self-regulated drug release
from ultrathin hydrogel coating. Colloids Surf B Biointerfaces 2017;158:518-526.
Koshy ST, Mooney DJ. Biomaterials for enhancing anti-cancer immunity. Curr
Opin Biotechnol 2016;40:1-8.

Zhao D, Witte F, Lu F, et al. Current status on clinical applications of magnesium-
based orthopaedic implants: A review from clinical translational perspective.
Biomaterials 2017;112:287-302.

Witte F. Reprint of: The history of biodegradable magnesium implants: A review.
Acta Biomater 2015;23(Suppl):S28-S40.

Li C, Cheung TF, Fan VC, et al. Applications of Three-Dimensional Printing in
Surgery. Surg Innov2017;24:82-88.

Choy WJ, Mobbs RJ, Wilcox B, et al. Reconstruction of thoracic spine using a
personalized 3D-printed vertebral body in adolescent with T9 primary bone tumor.
World Neurosurg 2017;105:1032.e13-1032.e17.

Crafts TD, Ellsperman SE, Wannemuehler TJ, et al. Three-dimensional printing
and its applications in otorhinolaryngology-head and neck surgery. Otolaryngol Head
Neck Surg 2017;156:999-1010.

Chahla J, Cinque ME, Piuzzi NS, et al. A call for standardization in platelet-rich
plasma preparation protocols and composition reporting: a systematic review of the
clinical orthopaedic literature. J Bone Joint Surg [Am]2017,99-A:1769-1779.
Kuehlfluck P, Moghaddam A, Helbig L, et al. RIA fractions contain mesenchymal
stroma cells with high osteogenic potency. /njury 2015;46(Suppl 8):S23-S32.

243

124. Sinclair SS, Horton CO, Jeray KJ, Tanner SL, Burgl KJ. Fat layer from medullary

canal reamer aspirate for potential use as a supplemental osteoinductive bone graft
material. J Stem Cells 2015;10:79-90.

125. Squillaro T, Peluso G, Galderisi U. Clinical trials with mesenchymal stem cells:

an update. Cell Transplant 2016;25:829-848.

Funding Statement
Studies were supported by the Berlin-Brandenburg Center for Regenerative
Therapies (BCRT) and by grants from the German Research Foundation (FOR 2165:
DFG SCHM 2977).

Author Institution
T. Winkler: Clinical aspect of the review article.
F. A. Sass: Literature research, Writing the manuscript.
G. N. Duda: Manuscript writing.
K. Schmidt-Bleek: Literature research, Manuscript writing.

Conflicts of Interest Statement
None declared

© 2018 Author(s) et al. This is an open-access article distributed under the terms
of the Creative Commons Attributions licence (CC-BY-NC), which permits unrestricted
use, distribution, and reproduction in any medium, but not for commercial gain, pro-
vided the original author and source are credited.

VOL. 7, NO. 3, MARCH 2018



