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Tissue engineering of bone and cartilage has progressed from simple to sophisticated materials with defined
porosity, surface features, and the ability to deliver biological factors. To avoid eliciting a foreign body response
due to inclusion of allogeneic cells, advances in functional scaffold design harness the endogenous ability of
the body to regenerate. We review advancements in the surface and structural properties of typical polymeric,
ceramic, and metallic scaffolds for orthopedic use. First, we provide an overview of methods and materials, with
a focus on additive manufacturing and electrospinning. Multidimensional physical properties of scaffolds, in-
cluding three-dimensional macrostructure, pore design, and two-dimensional hierarchical surface roughness,
allow tissue regeneration at different spatial and temporal scales. Enhanced biological response can be achieved
through surface functionalization and the use of exogenous factors. Finally, different in vitro and in vivo models
are discussed for translation of these technologies for clinical use.
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Impact Statement

Challenges in musculoskeletal tissue regeneration affect millions of patients globally. Scaffolds for tissue engineering bone and
cartilage provide promising solutions that increase healing and decrease need for complicated surgical procedures. Porous
scaffolds have emerged as an attractive alternative to traditional scaffolds. However, the success of advanced materials, use of
biological factors, and manufacturing techniques can vary depending on use case. This review provides perspective on porous
scaffold manufacturing, characterization and application, and can be used to inform future scaffold design.

Introduction

Scientists and the public have long dreamed of the bi-
onic human, complete with artificial organs. Tissue engi-

neering approaches are well underway to regenerate the most
complex of tissues. Most of these technologies have remained
in the laboratory, although the clinical need is great. By 2030,
572,000 total hip and 3.48 million total knee replacements are
expected to occur in the United States each year.1 In addition,
96,700 hip revisions and 268,200 knee revision procedures
are projected to occur annually. The staggering growth of
procedures points toward a need for regenerative solutions for
bone and cartilage that are scalable, and can remain successful
throughout the life of the patient.

Tissue engineering scaffolds provide a promising way to
repair and regenerate damaged tissues by mimicking the
structural and functional profile of the natural extracellular
matrix (ECM). An ideal scaffold should have the appro-
priate surface chemistry, biocompatibility (optimizing for
decreased inflammation and immune response), porosity and
mechanical properties to integrate with the native host tis-
sue.2 Bone and cartilage are included under the orthopedic
umbrella, but are very different tissues, and require different
approaches to regenerate. Bone is highly vascularized, with
most blood vessels located within 100mm of osteoblasts
synthesizing and mineralizing bone matrix (osteoid).3 Thus,
most tissue engineering approaches for bone attempt to in-
crease vascularization. In contrast, cartilage is avascular.4
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Although bone and cartilage are two quite different tis-
sues, their development is still interrelated. For example, the
transcription factor Sox9 is expressed in chondrocytes and
regulates chondrogenesis, but it also suppresses the later
stages of osteochondral bone formation by negatively reg-
ulating vasculogenesis.5 Thus, orthopedic tissue engineering
strategies should also consider their impacts on neighboring
tissues.

A tissue engineering approach not only includes the
physical properties of the scaffold, but also biological factors
that can enhance regeneration. Instead of building a one-size-
fits-all solution in the laboratory, successful functional scaf-
fold design harnesses the natural regeneration abilities of the
human body. While the natural healing cascade is complex
and varies between bone and cartilage, it is necessary to
understand this basic biology to inform biomaterial design.6,7

Scaffold design strategies include peptides for cell homing
and attachment, proteins for creating a favorable microenvi-
ronment, and cells to facilitate early ECM formation (Fig. 1).
While challenges still exist for bone and cartilage regenera-
tion, progress in these methods highlights advances in our
understanding of the biological response to biomaterials.
In this review, we provide an overview of scaffold compo-
sition and geometry, then focus on two major approaches for
manufacturing porous scaffolds, methods for modifying sur-
face roughness and surface functionalization, and finally the
use of biological models for scaffold evaluation.

Scaffold Composition and Geometry

Scaffolds for bone and cartilage tissue engineering are
composed of a variety of materials. Synthetic polymers vary
in cost and are generally more readily available than natural
materials, but can have large batch variation. Most commonly
used synthetic polymers include polyglycolic acid (PGA),
polylactic acid (PLA), polylactide-co-glycolide (PLGA), and
polycaprolactone (PCL).8,9 Varying ratios and combinations of
these biodegradable polymers can be used to customize sur-
face, mechanical, and structural properties. Varying surface
chemistry can lead to changes in wettability.10 By modifying
chain length, including protease-sensitive linkages, and using
racemic mixtures, the polymers can be designed to degrade
rapidly or up to years after implantation. In addition, me-
chanical properties of the scaffold can be optimized to serve
different structural purposes throughout the regeneration pro-
cess. These possibilities make them ideal for delivering drugs
or growth factors, and for serving as structural scaffolds that
are eventually replaced with new tissue.11 Shape memory
polymers such as polycaprolactone dimethacrylate are also
attractive for their ability to increase scaffold size after being
exposed to a specific stimulus in the body, thus facilitating
implantation through a smaller wound site.12 Changes in sur-
face roughness at the microscale can also be used to influence
cell attachment and proliferation during initial implantation,
followed by osteoblastic differentiation over time.13

FIG. 1. Scaffolds that har-
ness the natural regeneration
processes of the body to re-
cruit endogenous stem cells
and biological factors for
tissue regeneration.
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In addition to synthetic polymers, polymers found in na-
ture are frequently used for tissue engineering applications.
Collagen type I, a major component of connective tissue, is
most commonly used to mimic the structure and composi-
tion of the natural ECM. Polysaccharides such as chitosan
and polypeptides such as silk fibroin are other naturally
derived polymers that have been used for bone or cartilage
tissue engineering scaffolds.14,15 Silk fibroin scaffolds have
shown promise for cartilage tissue engineering due to their
mechanical properties and versatility. Most recently, 3D
printing has been used to create silk–fibroin–gelatin scaf-
folds that have shown success for cartilage repair both in vitro
using bone marrow-derived stem cells, and in vivo in rab-
bits.16 Silk hydrogels, porous sponges, and electrospun silk
are also approaches to support cartilage regeneration through
a tissue engineering scaffold.15,17,18 Additionally, hydrogels
can be composed of a variety of polymers to provide sub-
stantially different mechanical and structural properties.

Decellularized matrices attempt to provide a more natural
environment for cell infiltration and tissue growth due to their
retention of the native ECM structure, and are a promising
alternative to autografts.19 While demineralized bone matrix
(DBM) is a decellularized tissue commonly used clinically
and adopted at the industry level, ongoing laboratory studies
are exploring the potential for decellularized cartilage, skel-
etal muscle, and other musculoskeletal tissues.19,20 However,
manufacturing challenges prevent scalability of these solu-
tions for clinical use. The decellularization process requires
optimization, and currently lacks standardization across the
industry.

Ceramic scaffolds such as calcium phosphate, bioglass,
and titanium are used heavily in bone tissue engineering
applications, where mechanical strength is important. Hy-
droxyapatite scaffolds resemble the natural composition of
bone, and can be manufactured with varying porosities to
enhance bone ingrowth.21 For bone tissue engineering
scaffolds, metals and ceramics are preferred for their me-
chanical properties and biological compatibility. Titanium
and its alloys are attractive metals because of a naturally
occurring TiO2 oxide layer that increases corrosion resis-
tance and contributes to hardness at the surface. This natu-
rally occurring oxide layer is also naturally hydrophilic,
although can quickly become hydrophobic as it is exposed
to hydrocarbons in the atmosphere. Hydrophilic microrough
TiO2 substrates preserved in solution decreased osteoblast
proliferation and spreading, while increasing osteoblastic
differentiation compared with their more hydrophobic coun-
terparts that were stored under dry conditions.22 Silicon-based
bioglass is a ceramic that is defined by the formation of
hydroxyapatite-like surface layer upon immersion in sim-
ulated body fluid.23 However, use of bioglass is limited by
its degradation properties and brittleness.23

At the most basic level, the function of tissue engineering
scaffolds is to serve as a mechanical support for regenera-
tion of tissue, especially in load-bearing areas. However,
the macro and micro structure of scaffolds must also allow
cell and tissue infiltration, as well as blood vessel and nerve
growth.24 Thus, the size scale and structure of pores within
the scaffold must be considered for optimal biological re-
sponse. For nondegradable scaffolds, pore diameters over
100mm have been considered necessary for cell attachment,
and pore diameters over 300mm for tissue growth.25,26 Other

studies using biodegradable materials indicate that scaffolds
with smaller pore sizes can also be effective.27,28

Porosity can also indirectly affect cell response by alter-
ing the fluid shear forces on the cell. While it is difficult to
recapitulate the in vivo environment exactly in cell culture,
studies have shown that cells are indeed influenced by me-
chanical forces resulting from fluid flow, and that these
flows are altered based on scaffold porosity.29,30 Additional
studies have shown the importance of smaller micropores
and the role of morphology in facilitating protein adsorp-
tion.31 With little consensus on the ideal pore diameter or
morphology, perhaps the best option is to create scaffolds
with porosity gradients to serve specific functions through-
out the regeneration process.26

As scaffold design becomes more sophisticated, multiple
parameters for characterizing porosity should be considered.
Simple parameters such as total percent porosity and pore
diameter are now being supplemented with more descriptive
characteristics, such as channel tortuosity and surface area
to volume ratio (Table 1). Characterization of pores has also
advanced to include pore shape and curvature. It is impor-
tant to fully characterize scaffolds based on standardized
parameters to reproduce and evaluate results across bio-
logical studies.

Scaffold Manufacturing

Traditional methods for porous scaffold manufacturing
techniques include foam processing, solvent casting, and
freeze drying.2 These methods allow limited control over
scaffold chemistry, macrostructure, and porosity. Other meth-
ods have been proposed to address issues in scalability, sus-
tainability, and spatial control (Table 2 and Fig. 2).32–37

Advances in manufacturing have allowed the develop-
ment of two main technologies for producing tunable scaf-
folds for tissue engineering: electrospinning and additive
manufacturing.

Electrospinning

Electrospinning is a technique that is able to produce micro-
and nanoscale fibers from polymers and composite materials
with tunable diameter, porosity, surface morphology, and fiber
alignment.38,39 Due to a large surface area and high porosity,
electrospun scaffolds can be used for tendon-to-bone, cartilage-
to-bone, and cartilage tissue engineering applications.40,41 The
use of coaxial and other electrospinning techniques has also
allowed development of composite electrospun scaffolds.

Electrospinning has been applied to polymers and ceramic
materials.42,43 Natural polymers, such as collagen44 and silk
fibroin,45 have been proposed to avoid inflammation and
foreign body reaction when implanted in vivo. While the main
organic ECM component of bone is collagen type I, the
presence of collagen type II dominates in cartilage; both have
been employed in electrospinning scaffold applications.44,46

Synthetic polymers are also commonly used; they are less
expensive and have more consistency across batches. The
most commonly used synthetic polymers include PCL, PLA,
and PLGA.47–49 For cartilage tissue engineering, polymer
electrospinning has been combined with hydrogels through
various processing techniques, which provides both structure
and function.50
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The morphology of electrospun nanofibers can be ma-
nipulated by controlling the parameters for electrospinning.
By using a rotating mandrel as the collector, it is possible to
produce aligned fibers to mimic the parallel bundles of
collagen fibrils,40 and tunable crimped nanofibers to vary
mechanical strength.48 Besides mimicking the ECM, the

alignment of electrospun nanofibers can also guide cell at-
tachment migration. Initial work on electrospinning PLGA
scaffolds for cartilage tissue engineering sought to mimic
the native structure of collagen fibrils, and resulted in
electrospun fibers ranging from 500 to 800 nm in diameter.51

Recent work suggests that chondrocytes may prefer larger

Table 1. Parameters for Porous Scaffold Characterization

Parameter Definition Biological response

Total porosity Percentage of total void space Total porosity also affects mechanical strength of the scaffold, which
is especially important for load-bearing applications. An ideal
scaffold would mimic the Young’s modulus of 3–20 GPa for bone
and 10 MPa for cartilage.

Open porosity Percentage of pores that are
interconnected

Interconnected pores can affect cell permeability and tissue
infiltration, as well as growth factor diffusion. For bone, open
porosity is necessary to increase vascularization and can be
measured in scaffolds through microCT or mercury intrusion
porosimetry.

Tortuosity Quantification of twists and
turns through a connected
channel, expressed as the
length of the entire channel
divided by the shortest
distance between starting
and ending points.

In addition to affecting surface area, tortuosity of scaffold channels
can also affect cell migration and delivery and removal of nutrients
and waste, respectively.

Surface area to
volume ratio

Ratio of total scaffold surface
volume to total scaffold
volume

Surface area to volume should be considered when choosing cell
seeding density and concentration of functionalized factors on
scaffolds for in vitro studies. Degradation rates may also be
affected in degradable scaffolds, impacting drug release.

Pore diameter Diameter of largest sphere
that fits within pore channel

The size of pores has been investigated extensively for facilitating
bone growth, with no clear consensus on the optimal pore
diameter. While pores over 100mm are generally preferred for cell
infiltration and bone ingrowth, recent studies suggest that smaller
pores may be preferable during later stages of growth.

Strut thickness Also known as ‘‘trabecular
thickness,’’ the thickness of
structural supports within
the scaffold

Strut thickness is typically inversely correlated with porosity and
pore diameter, thus affecting cell penetration tissue growth into the
scaffold.

Pore curvature Radius of curvature The degree of concave or convex surface curvature can affect cell
contraction and focal adhesion formation.

Pore circularity Although not a standard
definition, pore circularity
refers to the similarity of
pore channel cross-sections
to circles

Circular, triangular, square and hexagonal pore cross sections
influence cell growth and ECM deposition differently.

Pore gradient Difference in pore diameter,
total porosity, or other
porosity parameter. This is
not standardized and can be
expressed in multiple ways.

Localized and gradient porosity have been proposed to increase
tissue-specific growth during the regeneration process. This allows
nutrient transport throughout the scaffold based on the scaffold and
tissue architecture.

Stiffness Mechanical property
commonly expressed in
units of kPa.

Stiffness of a substrate can affect MSC differentiation into
osteoblasts, which is mediated by integrin signaling. Stiffness is
typically inherent in a material’s composition, but may also change
over time for degradable scaffolds or shape memory polymers.
Dynamic hydrogels also provide a model for understanding cell
response to changes in ECM stiffness during disease and
development.

Swelling ratio The ratio of wet mass or
volume to dry mass or
volume of a hydrogel

Swelling can affect delivery of growth factors or oxygen diffusion,
leading to changes in cell response. Rate of swelling may also
affect cell attachment and proliferation.

ECM, extracellular matrix; MSC, mesenchymal stem cell.
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Table 2. Porous Scaffold Manufacturing Techniques

Technique Applications

Freeze casting Ceramic slurries are most commonly freeze cast, where water from the slurry is sublimated
and results in pores with the morphological characteristics of ice crystals.

Freeze drying/lyophilization A relatively simple technique that can be used with natural materials such as collagen,
gelatin, or silk fibroin, the porosity can be modified based on changes in freezing
temperature and material concentration.

Solvent casting and
particulate leaching

For three-dimensional scaffolds, molds must be created for casting the polymer solution.
Although leaching requires additional processing time, the use of organic solvents
facilitates addition of drugs or growth factors to scaffolds.

Gas foaming Carbon dioxide at high pressure is used to expand the polymer instead of using
temperature or other solvents. Varying pressure can also produce scaffolds with a
gradient porosity.

Phase separation Thermally induced phase separation can be used to separate polymers into their solvent
and solid polymer, resulting in homogenous and interconnected porosity throughout the
scaffold that can be tunable based on cooling rates during processing.

Electrospinning Electrospun fibers can vary from nanoscale to microscale, with alignment and chemical
composition based on processing parameters. Previously restricted to polymers, recent
advances have also allowed for electrospinning of titanium for bone tissue engineering.

Sol–gel Traditionally used colloidal metal oxides, the sol–gel method results in a scaffold with
tunable porosity and chemistry. Biphasic chitosan scaffolds with an affinity peptide have
shown the ability to recruit stem cells for cartilage regeneration.

Additive manufacturing Extrusion methods are mostly polymer based. Solid freeform through sintering can be
applied to both polymers and metals, while laser melting is restricted to metals.

FIG. 2. Different manufacturing techniques for porous scaffolds. Freeze-dried polyurethane scaffold (A), pressed TiO2
scaffolds (B), thermal polymerizable alginate–glycidyl methacrylate freeze-dried hydrogen scaffold (C), demineralized
bone matrix coated with a chitosan thermogel (D), electrospun PEO/PPy conductive scaffolds (E), direct metal laser
sintered Ti-6Al-4V scaffold from human trabecular bone template (F), fibroin–gelatin mixture poured into 3D printed,
dissolvable polystyrene mold (G), zirconia slurry poured into freeze-dried and dissolvable polyurethane scaffold to achieve
porous, fully zirconia scaffold (H), agarose–gelatin microbead produced through a microfluidic system (I). E, F adapted
from Whang et al. and Shimko et al.28,30
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microscale fiber diameters on electrospun scaffolds over na-
noscale fiber diameters.52 These mimic the natural range of
collagen fibrils, which vary based on zone and patient age.53

Composite electrospun scaffolds have been produced that
combine advantages of the biological performance of natural
polymers and the mechanical properties of synthetic poly-
mers. Ceramic scaffolds using hydroxyapatite54 or TiO2

55

have been manufactured as bone graft substitutes for bone re-
pair. In one study, TiO2 nanofiber mats were generated that
had nanofiber diameters of mostly 100–300 nm with 6%
polyvinylpyrrolidone (PVP) and 300–500 nm with 10% PVP.56

MG63 osteoblasts on larger diameter TiO2 scaffolds made with
10% PVP also produced higher levels of osteocalcin compared
with cells on smaller diameter scaffolds. In addition, osteo-
calcin, osteoprotegerin, and vascular endothelial growth factor
(VEGF) were higher on the patterned side of the scaffold
compared with the flat side for scaffolds made with 10% PVP.
Osteocalcin and VEGF were not higher for patterned scaffolds
made with 6% PVP compared with smooth scaffolds of the
same composition, indicating that the response to surface
characteristics was also dependent upon nanofiber diameter.
Three-dimensional titanium mesh scaffolds with micro-
roughness induced by acid etching were also evaluated for
their effects on osteoblast differentiation (Fig. 3).32 Com-
pared with the 2D group, 3D scaffolds with a submicron-
scale texture showed higher levels of osteoblast differentiation
markers, and these effects were mediated by integrin a2b1. In
follow-up studies, silica–titania nanofiber scaffolds also ex-
hibited the ability to positively affect osteoblast differentiation
in vitro.55

Additive manufacturing

Additive manufacturing has paved the way for patient-
specific biomaterials, and holds much promise within the

maxillofacial and orthopedic implant fields.57,58 Additive
manufacturing also provides advantages in cost, scale, and
flexibility over traditional manufacturing methods.59 The
American Society for Testing and Materials has classified 7
different additive manufacturing processes based on deposi-
tion and bonding: photopolymer vat, material jetting, material
extrusion, powder bed infusion, directed energy deposition,
sheet lamination, and binder jetting.60 These methods have all
been used for biomedical applications. For bone applications,
powder bed fusion is most promising and includes selective
laser sintering, selective laser melting, electron beam melting,
and selective mask sintering. These methods can employ
metals, such as titanium–aluminum–vanadium (Ti-6Al-4V),
which have the mechanical ability to withstand the loads ex-
perienced by bone.

Tissue regeneration is dependent in part upon the mac-
roscale scaffold architecture. For large bone defects, full
vascularization into scaffolds has yet to be achieved and
remains a challenge in scaffold design.61 While bone re-
generation occurs on interconnected microporous scaffolds,
cartilage regeneration is more successful on nanoporous
scaffolds with less interconnectivity or smaller pore size,
which leads to hypoxic conditions.62,63 Topological design
studies suggest that bone interfacing scaffolds should mimic
the mechanical properties of the native bone, but they have
not yet offered an ideal porosity configuration that leads to
the best biological response.64,65

Instead of homogenous porosity across the scaffold, re-
cent studies have used additive manufacturing to create Ti-
6Al-4V constructs with trabecular bone-inspired porosity to
enhance vascularization and osseointegration66,67 (Fig. 4A, B).
Further work shows that while the MG63 osteoblast-like cell
line and normal human osteoblasts (NHOsts) exhibit in-
creased osteoblast differentiation maturation markers on 3D
porous constructs compared with 2D surfaces manufactured

FIG. 3. The effect of elec-
trospun nanofiber diameter
and scaffold microstructure
on biological response. TiO2

scaffolds with 6% PVP (A)
had smaller fiber diameters
than TiO2 scaffolds with
10% PVP (B). TiO2 scaffolds
with 10% PVP that were ad-
ditionally micropatterned (C)
induced the highest osteo-
calcin levels by osteoblasts
(D). Statistical significance
determined by p value of
<0.05; * vs. all TiO2 groups;
# vs. flat side of the same
formulation; $ vs. 6% PVP of
the same side. PVP, poly-
vinylpyrrolidone.

POROUS SCAFFOLDS FOR BONE AND CARTILAGE TISSUE ENGINEERING 19



with the same method, NHOsts were less sensitive to
changes in the percent porosity compared with MG63
cells.68 This corroborates other studies on hydroxyapatite
scaffolds indicating that percent porosity may matter less than
pore distribution, size, and surface parameters.69 Further
in vivo studies in the rat calvaria have shown that 3D printed
Ti-6Al-4V implants with biologically inspired porosity have
the ability to induce vertical bone regeneration.70 These
studies showcase the importance of using biologically inspired
porosity with the potential to be personalized to the patient,
rather than predefined porosity with a homogenous pore dis-
tribution. Additional work has been conducted on 3D printing
of PLGA, PCL, and hydroxyapatite scaffolds for bone tissue
engineering, as well as patient-specific printing of Ti-6Al-4V
for dental implants (Fig. 4C, D).71

One of the challenges of cartilage regeneration is that the
tissue itself is heterogeneous, with gradients in cells, matrix
composition, and mechanical properties. Biofabrication or
bioprinting methods that combine additive manufacturing
of both the scaffold material and biological factors or cells
are attractive for their ability to provide spatial and temporal
control within a single manufacturing step.72–74 Bioprinting
using ECM components and cells is a promising strategy for
providing an appropriate environment for cartilage regener-
ation that mimics the native tissue.75 However, unlike sin-
tering, which requires high temperature or energy to bond a
bed of powder, most biofabrication processes are low in
temperature and extrusion-based so as to not harm the bio-
logical components of the scaffold. Extrusion and inkjet
printing remain the most popular methods for biofabrica-
tion,60 although these methods are limited by their material
specifications and lower resolution.

Because bulk mechanical properties of layer-by-layer
sintered powders are different than that of cast or forged
metals, postprocessing treatments are necessary for ensuring
mechanical compatibility and functionality with the host

tissue.76 Studies have shown dramatic improvements in
elongation at failure and yield strength for additively manu-
factured Ti-6Al-4V parts after thermal postprocessing.77 In
addition, build orientation should also be considered for op-
timizing mechanical properties of additively manufactured
Ti-6Al-4V.78

Endochondral bone formation, requiring first the forma-
tion of cartilage before bone, is favored when mechanical
forces are present at the site.79 Scaffolds for cartilage re-
generation can use this to their advantage by incorporating
dynamic mechanical properties into their design. While the
magnitude of loading for bone and cartilage are different,
the ability for scaffolds to transfer these forces to cells is
pertinent for both applications. Particularly for bone, scaf-
folds with mechanical properties mimicking the host bone
are desirable for both osseointegration through endochon-
dral ossification and prevention of stress shielding once
osseointegrated.

Surface Roughness

While scaffold macrostructure and geometry can be easily
customized and influence later stages of tissue regeneration,
micro- and nanoscale features can more directly impact
biological response. Surface microroughness of solid or-
thopedic implants has been shown to enhance osseointe-
gration in comparison to smooth implants, which tend to
favor soft tissue formation.80 Recent studies suggest that
surface microroughness is just as important for osseointe-
gration and bone regulation in porous scaffolds.66,81 From
studies of osteoblasts on rough titanium surfaces, we know
that microroughness alone is able to alter cell morphology
and induce osteoblastic differentiation.82 This occurs based
solely on the surface roughness, without the use of exoge-
nous factors, and through a different mechanistic pathway
than the canonical Wnt3A pathway.83 The Wnt5A pathway

FIG. 4. Direct metal laser
sintering is a form of additive
manufacturing that can use a
human trabecular bone tem-
plate (A) to produce con-
structs with similar porosity
(B). DMLS can also be used
to produce patient-specific
implants (C) that have been
used clinically with patients
with severe jaw atrophy (D).
DMLS, direct metal laser
sintering.
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has been implicated in osteoblast response to surface rough-
ness, which is also integrated with integrin signaling.84

Specifically, integrin a2b1 has been found responsible for
osteoblast response to titanium surface microtopography,85

which is important for understanding both the direct and in-
direct effects of surface roughness on bone growth. A re-
cently published review highlights the role surface roughness
on mesenchymal stem cell (MSC) response on bone interfac-
ing titanium implant surfaces.86 Beyond cell response, surface
roughness may also provide structural nucleation sites for hy-
droxyapatite precipitation.87

In addition to microscale topography, the nanotopography
of biomaterials can shape stem cell destiny, and may affect
the adhesion and differentiation of stem cells.88,89 Oxidized
nanostructures on titanium are typically achieved through
thermal or electrochemical treatments. Thermal and hydro-
thermal treatments occur at high temperatures, although at
longer time scales spontaneous nanostructures have formed
on pure titanium surfaces stored in saline at room temper-
ature.90 Additively manufactured Ti-6Al-4V scaffolds anod-
ized to produce 70 nm diameter nanotubes showed significantly
greater new bone volume compared with scaffolds without
surface processing.91 Acid etching followed by treatment
with H2O2/NaOH and pickling can also generate a combined
micro-/nanotopography on additively manufactured 3D Ti-
6Al-4V scaffolds.66

More recently, the addition of nanoroughness to micro-
roughness to create a hierarchical surface topography has
become attractive for increasing biological response on ti-
tanium surfaces.92 This also mimics the natural structure of
native bone. Individual hydroxyapatite plates are 25–50 nm
in diameter, and collagen molecules are 1.23 nm in diameter
and 300 nm in length.93 Although cell response to nanotopo-
graphy is not completely understood, emerging reports suggest
that it may also occur through a different pathway than re-
sponse to microtopography.94 The nanotopographical features
of biomaterials have been identified as able to influence cell
behaviors by affecting the conformation of integrin-binding
proteins, changing the availability of binding sites, and modi-
fying integrin signaling.95 Evaluation of MSC proliferation and
osteogenic differentiation on nonwoven and patterned poly-L-
lactic acid (PLLA) nanofibrous meshes fabricated by electro-
spinning showed that nanofibrous meshes were able to direct
cell morphology through their nanotopographical features and
nanofiber orientation. A nanotextured surface presented by
patterned nanofibrous meshes provided a more effective
microenvironment for osteoblastic differentiation of MSCs
when compared with nonwoven nanofibrous meshes. This
topography-driven commitment was found to be related in
part to the RhoA-ERK signaling pathway, as well as the
regulation of Runx2 gene expression.96

Surface microroughness can be difficult to achieve ho-
mogeneously across surfaces of a 3D scaffold. Physical line-
of-sight methods such as grit blasting or spray coating are
not always able to reach internal pore surfaces.66,97 Even
clinically used coatings such as hydroxyapatite are not al-
ways stable, and can lead to mechanical failure after re-
peated loading.98 Etching and oxidation remain two surface
processing methods that, when performed in a controlled
environment, can affect all surfaces of a 3D scaffold. While
alkali treatments can alter the mechanical properties of ti-
tanium scaffolds, acid etching is used for surface roughness

of implants that are currently in clinical use.81 For many
scaffolds, a combination of acid etching and direct surface
oxidation has been used to induce hierarchical micro- and
nanoroughness. Studies have shown that osteoblasts tend to
favor the sharp peaks generated by acid treatment, while a
superimposed oxidized nanoroughness can enhance this re-
sponse.92

Surface Functionalization and Exogenous Factors

Currently, bone tissue engineering involves use of a bone
graft either from a cadaver (allograft) or directly from the
patient (autograft). Allografts can cause inflammation and
potential host rejection, but moderate applications of current
formulations have shown positive results.99–101 Autografts
are considered the most popular and preferred bone graft;
however, they often require an additional surgery with po-
tential complications, and are limited by the amount that is
available in a given patient.102 Therefore, natural and syn-
thetic bone grafting substitutes have become an alternative
method for regenerating bone.102,103 For large defect areas, a
structural scaffold may not be enough to support complete
regeneration. In these cases, exogenous factors and peptides
can be functionalized to the scaffold surface to enhance re-
generation. Indeed, functionalized growth factors on scaffold
surfaces may present a more controlled mode of delivery
compared with soluble delivery. It is possible to design scaf-
folds that present more than one factor and to control their
spatial and temporal delivery. For example, incorporating both
VEGF to stimulate vasculogenesis and bone morphogenetic
protein 2 (BMP2) to stimulate osteogenesis in layer-by-layer
assembled polyelectrolyte films increased bone formation to
33% compared with films with BMP2 alone.104 Use of func-
tionalized scaffolds may better mimic the natural presentation
of growth factors by the ECM, in contrast to soluble factors
secreted by cells. Tissue engineering strategies should also
consider endogenous growth factor presentation when opti-
mizing local factor delivery.105

Tissue engineering has evolved to include the combina-
tion of a scaffold matrix with cells and biologically active
molecules to form a construct that promotes tissue repair
and regeneration. These three basic components work to-
gether to establish an appropriate niche for tissue regener-
ation.106 While scaffolds and biomaterials were originally
designed as a substitute to organs, scientists are starting to
design scaffolds that integrate with and enhance the natural
regenerative processes of the human body. Recent work
suggests that anatomically correct scaffolds combined with
growth factor delivery can regenerate articular cartilage
without cells.107 A major challenge for establishing this
niche is to recruit and facilitate cell differentiation at the site
of repair. Often the number of endogenous cells capable of
migrating onto a scaffold and differentiating into the desired
tissue is not sufficient for this approach. Current work has
focused on the use of autologous cells that are harvested
from the patient, expanded in culture, and finally implanted
back into the patient, although complications can result at
each step.108,109

Instead of implanting cells with the scaffold, an alternate
strategy is to recruit MSCs directly to the site after implan-
tation. Arginine–glycine–aspartic acid (RGD), a peptide de-
rived from fibronectin in ECM, is best known for enhancing
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cell adhesion on synthetic material surfaces.110–113 The MSC-
homing peptide, E7, has been developed using phage dis-
play and conjugated to PCL electrospun meshes, which
have shown the ability to attract MSCs in vivo. In addition,
the E7-conjugated PCL electrospun meshes are specific for
MSC recruitment, compared with the RGD-conjugated PCL
electrospun meshes that attract multiple cell types.41 These
approaches recruit the body’s existing population of stem
cells, which is attractive for saving time and decreasing
immune response.

Other scaffolds have used chemotactic and peptide
functionalization for cell homing.107,114–116 Modification of
coaxial PCL electrospun scaffold with codelivery of E7 and
recombinant human transforming growth factor beta-1
(rhTGF-b1) for cartilage regeneration has also shown suc-
cess in targeting MSCs in tissues of interest with high ef-
ficiency (Fig. 5).117 The scaffolds not only enhanced bone
marrow-derived MSC adhesion and growth, but also pro-
moted their chondrogenic differentiation in vitro. This was
due to the combination of nanoscale fibers that mimicked
the physical structure of the ECM118 and supported MSC

growth; recruitment of MSCs by E7 on the PCL shell of the
coaxial fibers, and controlled release of rhTGF-b1 encap-
sulated in the core of coaxial fibers to MSC chondrogenic
differentiation.

E7 has been conjugated onto the surface of DBM and
delivered within a chitosan hydrogel as a single functional
biomaterial for in vivo cartilage repair with a one-step sur-
gical procedure (Fig. 6).119 The biofunctional scaffold was
able to sustain a large number of cells within the micro-
fracture clot during the sol–gel phase transition of chitosan,
with mechanical support provided by the solid matrix to en-
able neocartilage formation and maturation. Additionally,
conjugation of the affinity peptide to the scaffold facilitated
the recruitment and homing of additional MSCs from the
subchondral marrow and peripheral blood to enhance car-
tilage regeneration and integration within the host tissue.

rh-BMP2 and BMP7 are approved for clinical use in
certain spinal, long bone, and maxillofacial procedures,
and have shown positive results when used with scaffolds
in vitro.71,120–124 Up to 85% of BMP use is off label.125

Studies show that BMPs can be detrimental when used in

FIG. 5. Electrospun coaxial PCL fibers with rhTGF-b1 were surface modified with an MSC homing E7 peptide (A).
BMSCs were attached on both CBE and CBrhTE scaffolds with E7, but produced more COL2 on CBrhTE scaffolds with
release of rhTGF-b1 (B). MSC, mesenchymal stem cell; BMSCs, bone marrow-derived stem cells.

FIG. 6. MSC affinity pep-
tide functionalized to surface
of biphasic DBM scaffolds
with chitosan (A). Manu-
factured scaffolds (B) pos-
sessed a rough topography
and porosity (C) and were
able to attract cells to carti-
lage when implanted (D).
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high concentrations or for off-label indications.126 In vitro
studies show that BMP2 induces apoptosis in a cell-type-
dependent manner, with osteoblasts more sensitive to in-
creasing concentrations of BMP2 compared with MSCs.127

Additionally, it is challenging to evaluate growth factor re-
lease profiles after implantation, especially for scaffolds with
multiple growth factors.128 Therefore, care should be taken to
use the appropriate dose of BMP, especially for non-FDA-
approved indications. Other growth factors commonly used
for bone regeneration include VEGF, fibroblast growth factor
2 (FGFs), and TGF-b1. While trials are ongoing, none of
these have been clinically approved for use.129,130

For cartilage regeneration, efforts have focused on in-
creasing matrix production. Microfracture procedures are still
commonly performed, but the resulting fibrocartilage does not
have the properties of native cartilage and can deteriorate over
time.131 While autologous cells have become more popular in
cartilage repair compared with bone repair, biomaterials are
still being studied to facilitate tissue regeneration. Degrad-
able hydrogels are preferable for this application. Recent
work functionalizing degradable poly(ethyleneglycol) hy-
drogels with TGF-b1 and delivered with a mixed popula-
tion of chondrocytes and MSCs shows promising results
for new cartilage growth and remodeling.132

Nanoparticles developed for bone tissue engineering can
be used to deliver drugs, vaccines, and growth factors with
tunable release profiles.133 Carrier particles include bioglass,
PLLA, hydroxyapatite, and cobalt ferrite, where the molecule
of interest is conjugated to the surface of the nanoparticle for
delivery. Additional work shows that electrospun composite
scaffolds sprayed with hydroxyapatite nanoparticles enhanced
mineralization and alkaline phosphatase-specific activity of
human fetal osteoblasts compared with tissue culture poly-
styrene; scaffolds without these nanoparticles did not perform
statistically better than the control.134 To monitor new bone
growth and scaffold integration, a variety of noninvasive
imaging and mechanical techniques have been introduced.
Lanthanide apatite particles with fluorescence have been used
to distinguish new bone tissue from the implanted scaffold,
which can be tracked noninvasively over time (Fig. 7).135

In contrast to nanoparticles, larger microbeads can be
used to encapsulate and deliver cells to bone and cartilage

requiring regeneration. For targeted cell delivery, carriers
must retain cells at the intended site and ensure cell via-
bility, and, for stem cells, maintain a certain state of differ-
entiation or stemness. MSCs are attractive for both bone and
cartilage regeneration. In vitro culture of chondrocytes has
proved challenging, and cell therapies based on chondrocyte
delivery fail to regenerate cartilage due to dedifferentiation of
cells during culture expansion.136 Alginate microbeads serve as
one delivery mechanism for MSCs; the microbeads retain cells
at the implant site, and when alginate lyase is incorporated,
enable release of cells through controlled degradation of the
alginate.137 Using microextrusion, alginate hydrogels have
been shown to maintain cell viability in culture up to 2 weeks
after manufacturing.138 Larger alginate hydrogel scaffolds have
also been printed with separate compartments for chondrocyte
and progenitor cell delivery.139

An interesting aspect to consider in the development of
‘‘smart’’ biomaterials is the ability to modulate the effects of
functionalized molecules on the scaffold surface. Degradable
scaffolds must have consistent and controllable degradation
rates, especially if release of growth factors occurs with
degradation. One method for achieving this is by including
enzyme-sensitive regions in the polymer. The scaffolds also
need to ensure that they maintain sufficient mechanical prop-
erties conducive to cell growth and ECM deposition during
degradation.26,140 As an example, fast degradation of scaffolds
containing Mg2+ may cause pockets to form that may neg-
atively impact healing. Thus, alloying elements and scaffold
materials must be chosen and designed with care so that they
continue to serve their purpose throughout the lifetime of
the scaffold. Even nondegradable scaffolds should consider
stability of functionalized factors, coatings, or surface na-
nofeatures.

Biological Evaluation

New manufacturing approaches for tissue engineering
scaffolds offer increased structural flexibility and resolution.
However, challenges still exist in commercializing these
materials for clinical use. Functionalized scaffolds or those
with cells must be properly packaged, stored, and implanted
correctly by the physician.141 Quality control that fails at

FIG. 7. Fluorapatite nanorods doped with lanthanides can be endocytosed by and used to track cells over time (A). GFP-
labeled BMSCs on DCCBM scaffolds in nude mice with 50mg/mL FA:Yb3+/Ho3+ after 4 (top) and 12 (bottom) weeks after
transplantation (B). Two photon imaging shows that while GFP intensity decreased with time, upconversion nanoparticles
retained a strong fluorescent signal. White triangles indicate successful uptake of crystals by BMSCs.
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any of these steps can lead to catastrophic consequences. To
reduce infection in implanted scaffolds, the addition of sil-
ver, copper, and zinc ions to metallic implant scaffolds have
shown favorable antibacterial effects.142 These can be in-
corporated through the native oxide layer, through deposi-
tion or as part of the alloy before fabrication. Graphene has
also been shown to reduce biofilm formation when func-
tionalized on scaffold surfaces.143

Preliminary in vitro investigations on biological response to
scaffolds often use immortalized cell lines or mature primary
cells. There is an increasing number of studies that choose
instead to focus on the response of MSCs to the biomaterial
surface. Because MSCs are one of the first cells to the wound
site and have the potential to differentiate into osteoblasts,
chondrocytes, and fibroblasts, altering their fate can lead to
successful integration or to fibrous capsule encapsulation and
ultimately scaffold failure. Studies have also shown the ability
of MSCs to distally affect cells near the implant through re-
lease of growth factors. However, the use of MSCs, and in fact
many primary cells, can result in differential responses based
on donor gender, age, and health. Osteoblasts from a female
donor, for example, secrete lower levels of osteocalcin com-
pared with osteoblasts from a male donor.144 Osteoblasts from
11-month-old mice displayed a reduced response to titanium
surface microroughness and 1a,25(OH)2D3 compared with
osteoblasts isolated from 1-month-old mice.145 Differences
exist even among the source of MSCs. Bone marrow-derived
MSCs had higher proliferation and matrix production on
scaffolds used for cartilage repair compared with adipose-
derived MSCs.146 Although the use of primary cells is more
clinically relevant, it can be cost prohibitive to screen across
multiple donors to account for variation during preliminary
biomaterial evaluation. Primary cells also have a finite number
of passages, and especially in the case of chondrocytes, can
lose phenotype very quickly when cultured in vitro.137,144,147

Small animal models are convenient for in vivo screening
of orthopedic scaffolds due to their cost convenience and
short lifespans, but they only partially physiologically mimic
the human musculoskeletal system. Therefore, larger animals
are preferable for evaluating scaffolds on a larger spatial and
longer temporal scale closer to that of humans. Larger ani-
mals, such as primates, dogs, sheep, and pigs possess bone
architecture more comparable to that of humans. Small ro-
dents, for example, do not have fully developed Haversian
systems, an important component of human cortical bone.148

In addition, larger animals may have other properties similar
to humans that can affect bone regeneration. An increasing
number of studies have focused on sex differences and the
role of estrogen deficiency or supplementation on bone re-
generation.149 For these studies, it is important to choose an
animal model that mimics an estrous cycle similar to hu-
mans. While many models for osteoarthritis exist for mice
and rats, they do not recapitulate all the systemic effects of
the disease as observed in humans.150,151 In contrast, horses
have naturally occurring osteoarthritis that may be a more
suitable model for regenerative scaffold therapies.152

Once an animal has been chosen, the implantation site
must also be considered. Studies have indicated higher bone
to implant contact and osseointegration of implants placed
in cortical bone compared with trabecular bone.153 In hu-
mans, it takes 3–6 months for trabecular bone to remodel,
and 6–12 months for cortical bone to remodel.154 When

evaluating bone or cartilage regeneration, it is also impor-
tant to establish a critically sized defect for each animal
model. Not only is the defect size important, but appropriate
negative controls that are currently available should also be
used for comparison, not just a void space.155

Advanced as biofabrication methods are, experts do not
expect a musculoskeletal tissue-engineered substitute to be
available clinically anytime in the immediate future. Bioma-
terial design today faces challenges in vascularization and
necrosis, the same problems that the biomedical community
has faced over the past 50 years.60 Additional challenges in
maintaining cell viability require continued optimization of
manufacturing temperature, mechanical extrusion strain, and
the use of crosslinking agents.74,156,157 In addition, standards
are still lacking for characterization of materials, degradation
products, and evaluation of tissue regeneration after implan-
tation.86,158 Even biomaterials that are engineered in the lab-
oratory and work in in vitro and in vivo systems do not always
translate to successful clinical use. The term ‘‘regenerative
medicine’’ has been defined to include both cell therapy and
regenerative surgery, or a combination of biology and hu-
man skill.159 Thus, it is imperative that scientists, engineers,
and orthopedic surgeons work collaboratively when devel-
oping new materials for bone and cartilage regeneration.

Although over 1400 articles have been published between
2003 and 2013 on ‘‘smart’’ scaffolds for bone tissue engi-
neering, there were only 23 clinical trials evaluating the use
of bone scaffolds.160,161 One reason for this dichotomy is the
continued controversy over classification of these scaffolds
by the United States Food and Drug Administration (FDA).
Currently, the FDA provides three types of regulatory path-
ways for new products entering the market: biologic, device,
or drug, and when used together, as a combination product.
Scaffolds as a structural support, similar to orthopedic im-
plants, are most easily regulated through the device pathway,
which requires a 510K clearance if the manufacturer can
claim similarity to a product previously approved. As scaf-
folds for tissue engineering become more advanced, they may
require a different regulatory pathway for approval. A clear
pathway for evaluating and regulating safety and effective-
ness of scaffolds will also advance clinical progress in bone
and cartilage tissue engineering.

Conclusion

Many advances have been made in scaffold design and
manufacturing for bone and cartilage tissue engineering. Stra-
tegies in scaffold design now focus on recruiting and differ-
entiating MSC populations at the site of regeneration. New
manufacturing techniques, including additive manufacturing,
are paving the way to personalized materials. Processing at the
macro-, micro-, and nanoscales also contribute to biological
response and clinical success. Finally, we see an integration of
functional scaffold design and the innate regeneration potential
of patients, rather than relying on the material alone. While still
in development, these materials show great promise for clinical
translation within the next decade.
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M.L., Dieudonnè, A., and Bolch, W.E. Spatial gradients of
blood vessels and hematopoietic stem and progenitor cells
within the marrow cavities of the human skeleton. Blood
114, 4077, 2009.

4. Zhang, L., Hu, J., and Athanasiou, K.A. The role of tissue
engineering in articular cartilage repair and regeneration.
Crit Rev Biomed Eng 37, 1, 2009.

5. Hattori, T., Müller, C., Gebhard, S., et al. SOX9 is a major
negative regulator of cartilage vascularization, bone marrow
formation and endochondral ossification. Development 137,
901, 2010.

6. Marsell, R., and Einhorn, T.A. The biology of fracture
healing. Injury 42, 551, 2011.

7. O’Driscoll, S.W. Current concepts review–The healing
and regeneration of articular cartilage. J Bone Joint Surg
80, 1795, 1998.

8. Gentile, P., Chiono, V., Carmagnola, I., and Hatton, P.V.
An overview of poly(lactic-co-glycolic) acid (PLGA)-
based biomaterials for bone tissue engineering. Int J Mol
Sci 15, 3640, 2014.

9. Middleton, J.C., and Tipton, A.J. Synthetic biodegradable
polymers as orthopedic devices. Biomaterials 21, 2335, 2000.

10. Yilgor, I., Bilgin, S., Isik, M., and Yilgor, E. Tunable
Wetting of Polymer Surfaces. Langmuir 28, 14808, 2012.

11. Ulery, B.D., Nair, L.S., and Laurencin, C.T. Biomedical
applications of biodegradable polymers. J Polym Sci B
Polym Phys 49, 832, 2011.

12. Neuss, S., Blomenkamp, I., Stainforth, R., et al. The use of a
shape-memory poly(e-caprolactone)dimethacrylate network
as a tissue engineering scaffold. Biomaterials 30, 1697,
2009.

13. Lee, E.M., Smith, K., Gall, K., Boyan, B.D., and Schwartz,
Z. Change in surface roughness by dynamic shape-memory
acrylate networks enhances osteoblast differentiation. Bio-
materials 110, 34, 2016.

14. Wang, Y., Bella, E., Lee, C.S., et al. The synergistic ef-
fects of 3-D porous silk fibroin matrix scaffold properties
and hydrodynamic environment in cartilage tissue regen-
eration. Biomaterials 31, 4672, 2010.

15. Wang, Y., Kim, H.J., Vunjak-Novakovic, G., and Kaplan,
D.L. Stem cell-based tissue engineering with silk bioma-
terials. Biomaterials 27, 6064, 2006.

16. Shi, W., Sun, M., Hu, X., et al. Structurally and functionally
optimized silk-fibroin-gelatin scaffold using 3D printing to
repair cartilage injury in vitro and in vivo. Adv Mater 29, 2017.
[Epub ahead of print]; DOI: 10.1002/adma.201701089

17. Kim, U.J., Park, J., Li, C., Jin, H.J., Valluzzi, R., and
Kaplan, D.L. Structure and properties of silk hydrogels.
Biomacromolecules 5, 786, 2004.

18. Nazarov, R., Jin, H.J., and Kaplan, D.L. Porous 3-D scaf-
folds from regenerated silk fibroin. Biomacromolecules 5,
718, 2004.

19. Cheng, C.W., Solorio, L.D., and Alsberg, E. Decellular-
ized tissue and cell-derived extracellular matrices as
scaffolds for orthopaedic tissue engineering. Biotechnol
Adv 32, 462, 2014.

20. McClure, M.J., Cohen, D.J., Ramey, A.N., et al. Decel-
lularized muscle supports new muscle fibers and improves
function following volumetric injury. Tissue Eng A 24,
1228, 2018.

21. Eggli, P.S., Muller, W., and Schenk, R.K. Porous hy-
droxyapatite and tricalcium phosphate cylinders with two
different pore size ranges implanted in the cancellous bone
of rabbits. A comparative histomorphometric and histo-
logic study of bony ingrowth and implant substitution. Clin
Orthop Relat Res 232, 127, 1988.

22. Zhao, G., Raines, A.L., Wieland, M., Schwartz, Z., and
Boyan, B.D. Requirement for both micron and submicron
scale structure for synergistic responses of osteoblasts to
substrate surface energy and topography. Biomaterials 28,
2821, 2007.

23. Rahaman, M.N., Day, D.E., Bal, B.S., et al. Bioactive
glass in tissue engineering. Acta Biomater 7, 2355, 2011.

24. Hollister, S.J. Porous scaffold design for tissue engineer-
ing. Nat Mater 4, 518, 2005.

25. Murphy, C.M., and O’Brien, F.J. Understanding the ef-
fect of mean pore size on cell activity in collagen-
glycosaminoglycan scaffolds. Cell Adh Migr 4, 377, 2010.

26. Karageorgiou, V., and Kaplan, D. Porosity of 3D bioma-
terial scaffolds and osteogenesis. Biomaterials 26, 5474,
2005.

27. Whang, K., Goldstick, T.K., and Healy, K.E. A biode-
gradable polymer scaffold for delivery of osteotropic
factors. Biomaterials 21, 2545, 2000.

28. Whang, K., Healy, K.E., Elenz, D.R., et al. Engineering
bone regeneration with bioabsorbable scaffolds with novel
microarchitecture. Tissue Eng 5, 35, 1999.

29. Kim, J., and Ma, T. Bioreactor strategy in bone tissue
engineering: pre-culture and osteogenic differentiation
under two flow configurations. Tissue Eng A 18, 2354,
2012.

30. Shimko, D.A., Shimko, V.F., Sander, E.A., Dickson, K.F.,
and Nauman, E.A. Effect of porosity on the fluid flow
characteristics and mechanical properties of tantalum scaf-
folds. J Biomed Mater Res B Appl Biomater 73, 315, 2005.

31. Perez, R.A., and Mestres, G. Role of pore size and mor-
phology in musculo-skeletal tissue regeneration. Mater
Sci Eng C Mater Biol Appl 61, 922, 2016.

32. Wang, X., Schwartz, Z., Gittens, R.A., et al. Role of in-
tegrin a2b1 in mediating osteoblastic differentiation on
three-dimensional titanium scaffolds with submicron-
scale texture. J Biomed Mater Res A 103, 1907, 2015.

33. Glenn, D.R., Zhang, H., Kasthuri, N., et al. Correlative
light and electron microscopy using cathodoluminescence
from nanoparticles with distinguishable colours. Sci Rep
2, 865, 2012.

34. Huang, H., Zhang, X., Hu, X., et al. Directing chondro-
genic differentiation of mesenchymal stem cells with a
solid-supported chitosan thermogel for cartilage tissue
engineering. Biomed Mater 9, 035008, 2014.

POROUS SCAFFOLDS FOR BONE AND CARTILAGE TISSUE ENGINEERING 25



35. Cong, Y., Liu, S., and Chen, H. Fabrication of conductive
polypyrrole nanofibers by electrospinning. J Nanomater
2013, 6, 2013.

36. Hyzy, S.L., Cheng, A., Cohen, D.J., et al. Novel hydro-
philic nanostructured microtexture on direct metal laser
sintered Ti-6Al-4V surfaces enhances osteoblast response
in vitro and osseointegration in a rabbit model. J Biomed
Mater Res A 104, 2086, 2016.

37. Wang, X., Hao, T., Qu, J., Wang, C., and Chen, H.
Synthesis of thermal polymerizable alginate-GMA hy-
drogel for cell encapsulation. J Nanomater 2015, 8, 2015.

38. Xie, J., Li, X., and Xia, Y. Putting electrospun nanofibers
to work for biomedical research. Macromol Rapid Com-
mun 29, 1775, 2008.

39. Liu, W., Thomopoulos, S., and Xia, Y. Electrospun na-
nofibers for regenerative medicine. Adv Healthc Mater 1,
10, 2012.

40. Liu, W., Yeh, Y.C., Lipner, J., et al. Enhancing the
stiffness of electrospun nanofiber scaffolds with a con-
trolled surface coating and mineralization. Langmuir 27,
9088, 2011.

41. Shao, Z., Zhang, X., Pi, Y., et al. Polycaprolactone elec-
trospun mesh conjugated with an MSC affinity peptide for
MSC homing in vivo. Biomaterials 33, 3375, 2012.

42. Agarwal, S., Wendorff, J.H., and Greiner, A. Progress in
the field of electrospinning for tissue engineering appli-
cations. Adv Mater 21, 3343, 2009.

43. Luo, C.J., Nangrejo, M., and Edirisinghe, M. A novel
method of selecting solvents for polymer electrospinning.
Polymer 51, 1654, 2010.

44. Matthews, J.A., Wnek, G.E., Simpson, D.G., and Bowlin,
G.L. Electrospinning of collagen nanofibers. Biomacro-
molecules 3, 232, 2002.

45. Jin, H.J., Chen, J., Karageorgiou, V., Altman, G.H., and
Kaplan, D.L. Human bone marrow stromal cell responses
on electrospun silk fibroin mats. Biomaterials 25, 1039,
2004.

46. Matthews, J.A., Boland, E.D., Wnek, G.E., Simpson,
D.G., and Bowlin, G.L. Electrospinning of collagen type
II: a feasibility study. J Bioact Compat Polym 18, 125,
2003.

47. Li, X., Xie, J., Lipner, J., Yuan, X., Thomopoulos, S., and
Xia, Y. Nanofiber scaffolds with gradations in mineral
content for mimicking the tendon-to-bone insertion site.
Nano Lett 9, 2763, 2009.

48. Liu, W., Lipner, J., Moran, C.H., et al. Nanofibers: gen-
eration of electrospun nanofibers with controllable degrees
of crimping through a simple, plasticizer-based treatment.
Adv Mater 27, 2583, 2015.

49. Liu, W., Lipner, J., Xie, J., Manning, C.N., Thomopoulos,
S., and Xia, Y. Nanofiber scaffolds with gradients in min-
eral content for spatial control of osteogenesis. Appl Mater
Interfaces 6, 2842, 2014.

50. Xu, S., Deng, L., Zhang, J., et al. Composites of
electrospun-fibers and hydrogels: a potential solution to
current challenges in biological and biomedical field. J
Biomed Mater Res B Appl Biomater 104, 640, 2016.

51. Li, W.J., Laurencin, C.T., Caterson, E.J., Tuan, R.S., and
Ko, F.K. Electrospun nanofibrous structure: a novel
scaffold for tissue engineering. J Biomed Mater Res 60,
613, 2002.

52. Allison, C.B., and Rocky, S.T. Fiber diameter and seeding
density influence chondrogenic differentiation of mesenchy-
mal stem cells seeded on electrospun poly( e -caprolactone)

scaffolds. Biomed Mater (Bristol, England) 10, 015018,
2015.

53. Eyre, D.R., Weis, M.A., and Wu, J.J. Articular cartilage
collagen: an irreplaceable framework? Eur Cell Mater 12,
57, 2006.

54. Zhang, Y., Venugopal, J.R., El-Turki, A., Ramakrishna,
S., Su, B., and Lim, C.T. Electrospun biomimetic nano-
composite nanofibers of hydroxyapatite/chitosan for bone
tissue engineering. Biomaterials 29, 4314, 2008.

55. Wang, X., Zhu, J., Yin, L., et al. Fabrication of electro-
spun silica-titania nanofibers with different silica content
and evaluation of the morphology and osteoinductive
properties. J Biomed Mater Res A 100, 3511, 2012.

56. Wang, X., Gittens, R.A., Song, R., et al. Effects of
structural properties of electrospun TiO2 nanofiber me-
shes on their osteogenic potential. Acta Biomater 8, 878,
2012.

57. Sing, S.L., An, J., Yeong, W.Y., and Wiria, F.E. Laser and
electron-beam powder-bed additive manufacturing of
metallic implants: a review on processes, materials and
designs. J Orthop Res 34, 369, 2016.
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