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Abstract

Purpose The purpose of this study was to summarize the
recent developments in the field of tissue engineering as
they relate to multilayer scaffold designs in musculoskel-
etal regeneration.

Methods Clinical and basic research studies that highlight
the current knowledge and potential future applications
of the multilayer scaffolds in orthopaedic tissue engineer-
ing were evaluated and the best evidence collected. Stud-
ies were divided into three main categories based on tissue
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types and interfaces for which multilayer scaffolds were
used to regenerate: bone, osteochondral junction and ten-
don-to-bone interfaces.

Results In vitro and in vivo studies indicate that the use
of stratified scaffolds composed of multiple layers with dis-
tinct compositions for regeneration of distinct tissue types
within the same scaffold and anatomic location is feasible.
This emerging tissue engineering approach has potential
applications in regeneration of bone defects, osteochondral

T. Matsumoto
Department of Orthopaedic Surgery, Kobe University Graduate
School of Medicine, Chuo-ku, Kobe 650-0017, Japan

B. D. Owens
Orthopaedic Surgery Service, Keller Army Hospital, 900
Washington Rd, West Point, New York, NY 10996, USA

M. Ochi

Department of Orthopaedic Surgery, Graduate School

of Biomedical Sciences, Hiroshima University, 1-2-3 Kasumi,
Minamimi-ku, Hiroshima 734-8551, Japan

S. R. Hurwitz
Department of Orthopaedic Surgery, University of North
Carolina, Chapel Hill, NC, USA

S. R. Hurwitz
American Board of Orthopaedic Surgery, 400 Silver Cedar Court,
Chapel Hill, NC 27514, USA

A. Atala
Wake Forest Institute for Regenerative Medicine, Wake Forest
University School of Medicine, Winston-Salem, NC 27157, USA

F. H. Fu

Department of Orthopaedic Surgery, University of Pittsburgh
School of Medicine, 3471 Fifth Avenue, Suite 1011, Pittsburgh,
PA 15213, USA

@ Springer



Knee Surg Sports Traumatol Arthrosc

lesions and tendon-to-bone interfaces with successful basic
research findings that encourage clinical applications.
Conclusions Present data supporting the advantages of
the use of multilayer scaffolds as an emerging strategy in
musculoskeletal tissue engineering are promising, however,
still limited. Positive impacts of the use of next generation
scaffolds in orthopaedic tissue engineering can be expected
in terms of decreasing the invasiveness of current grafting
techniques used for reconstruction of bone and osteochon-
dral defects, and tendon-to-bone interfaces in near future.

Keywords Orthopaedic tissue engineering - Interface
tissue regeneration - Multilayer scaffolds - Multi-lineage
cell differentiation

Introduction

Tissue engineering or regenerative medicine is an emerg-
ing multidisciplinary field involving biology, medicine
and engineering which has started to revolutionize ways
to improve health and quality of life for millions of peo-
ple worldwide by restoring, maintaining or enhancing tis-
sue healing and organ function [33]. In the context of tissue
engineering, the term “scaffold” can be simply defined as
an artificial structure used to support three-dimensional tis-
sue formation. Cells and biological factors in regenerating
tissues and/or organs are often implanted or “seeded” into
this artificial structure that is of critical importance in reca-
pitulating the in vivo milieu and allowing cells to influence
the local microenvironment [24].

Living tissues are non-homogenous entities which are
composed of biologically and functionally different lay-
ers that coexist in hierarchy and harmony. Hence, using
homogenous scaffolds to recapitulate heterogeneous living
tissues will likely lead to suboptimal outcomes [14]. Over
the last decade, interface tissue engineering has become an
emerging branch of regenerative medicine, where the goal
is to translate the non-homogenous multilayered structure
of native tissues into scaffold formulations by producing
new generation, stratified or gradient designs. In stratified
designs, the scaffolds are segregated into two or more lay-
ers with abrupt changes in physical and chemical proper-
ties. In gradient designs, however, these changes are more
gradual with no discrete segregation between layers.

Recognition of the necessity to integrate different tis-
sue types, such as bone, cartilage and tendon, in order to
successfully regenerate complex orthopaedic interfaces
has been the driving force for the development of a new
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generation of multilayer scaffolds in orthopaedic tissue
engineering. Substantial research has been conducted and
is underway to produce novel multilayer scaffold designs
to mimic cartilage-to-bone or as well as ligament- and ten-
don-to-bone interfaces [4, 7, 11, 19, 21, 27, 36]. Current
applications of next generation multiphase scaffold designs
in orthopaedic tissue engineering can be summarized under
three headings based on the anatomic site where they are
used: bone, cartilage and tendon/ligament regeneration.

Multilayer scaffolds in bone tissue engineering

Bone is a dense connective tissue that presents mechanical,
synthetic and metabolic functions [8]. Thus, its loss due to
pathologic conditions or trauma has significant effects on
patients’ quality of life and requires regenerative techniques
that can adequately result in full restoration of the affected
bone form and function [13]. Regeneration of critically sized
bone defects (defects that will not naturally heal to appro-
priately restore bone form and function) presents a signifi-
cant challenge [8, 13]. Currently, one of the most frequently
utilized approaches to regenerate large bone defects relies
on the placement of scaffolds under the premise that space
maintenance will occur in tandem with new bone formation
within the scaffold-filled defect [4, 10, 22]. Structure of bone
tissue varies considerably throughout the skeleton based on
anatomic location, both macroscopically and microscopi-
cally. Furthermore, the ultra-structure of bone tissue at a
particular anatomic location is also organized non-homog-
enously and composed of different organic elements at dif-
ferent layers such as periosteum, cortex and medulla. Native
bone tissue structure contains high levels of collagen as well
as several non-collagenous materials, such as hydroxyapatite
(HA). Although collagen-based scaffolds have been shown
to have good biological effects based on their high poros-
ity and permeability [35], they commonly suffer from poor
mechanical properties and rapid enzymatic degradation,
thereby limiting their use when high mechanical strength is
required [30, 32]. On the other hand, using the primary inor-
ganic component of human bone matrix, HA, alone may also
produce outcomes with limited mechanical function [16,
25]. Thus, a scaffold to engineer bone should ideally con-
tain these key components together in a non-homogenously
arranged three-dimensional (3D) structure [1].

The basic idea of creating multiphase scaffolds that can
mimic native anatomy has found applications in regenera-
tion of the periodontium complex [23]. Lee et al. used a
3D-printed multiphase scaffold for integrated periodontium
regeneration. Three phases that contained microchannels
with different sizes were designed for achieving integra-
tion of the scaffold into the cementum/dentin interface,
periodontal ligament and alveolar bone [23]. Their results
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indicated that a single stem/progenitor cell population may
differentiate into putative dentin/cementum, periodontal
ligament and alveolar bone by such a scaffold’s biophysical
properties and spatially released bioactive cues.

In a recent study, Ding et al. [11] reported on a biphasic
scaffold which consisted of polylactic acid-coated polygly-
colic acid (PGA/PLA) and poly-e-caprolactone/hydroxyapa-
tite (PCL/HA) and was designed and used for regeneration of
the goat femoral head. The content of PLA and HA was opti-
mized to a proper ratio such that the scaffolds (PGA/PLA with
10 % PLA and PCL/HA with 40 wt% HA, respectively) could
achieve appropriate stiffness (5.1 = 1.0 MPa for PGA/PLA
and 57.9 + 5.7 MPa for PCL/HA) which was more conducive
to articular cartilage and bone regeneration, respectively. The
authors employed computer-aided design and manufacturing
technology to fabricate the biphasic scaffolds into the desired
shape and structure. Chondrocytes and bone marrow stromal
cells (BMSCs) were seeded into the scaffolds for cartilage and
bone regeneration, respectively. After 10 weeks of subcuta-
neous implantation in nude mice, the cell-scaffold constructs
successfully regenerated goat femoral heads. The regenerated
femoral heads presented a precise appearance in shape and
size similar to that of native goat femoral heads with a smooth,
continuous, avascular and homogeneous cartilage layer on
the surface and stiff bone-like tissue in the microchannels of
PCL/HA scaffold. Additionally, histological examination of
the regenerated cartilage and bone showed typical histological
structures and biophysical properties similar to those of native
bone with specific matrix deposition and a well-integrated
osteochondral interface [11].

While substantial basic and clinical research has been
performed regarding the classic natural and synthetic scaf-
fold materials presented thus far, it is clear that single-
material scaffolds in large bone defects will not always
result in full restoration of bone form and function. Design-
ing scaffolds for bone regeneration that can combine
desired mechanical strength and integrity with osteogenic/
conductive/inductive properties, while fitting well into the
3D anatomic location they are intended for, still requires
extensive research. However, with the rapid evolution of
portable 3D manufacturing technology which enables pre-
cise 3D bioprinting of scaffolds according to the particular
patient anatomy [6], it is foreseen that defect-specific cus-
tom assembling of scaffolds made of multiple structural
and biological materials will represent far less of a chal-
lenge than it currently represents.

Multilayer scaffolds in cartilage tissue engineering
Theoretically, the osteochondral junction can be divided

into four layers depending on their different characteristics,
including cell types, matrix composition, collagen fibre

orientation and mechanical properties (Fig. 1): (1) super-
ficial zone has fewer chondrocytes, higher water content
and collagen fibres parallel to the joint surface [12, 28]. (2)
Intermediate (middle) zone has larger collagen fibres inter-
lacing with each other and cells with higher ECM produc-
tion [12, 28]. (3) Deep zone has tightly packed fibres per-
pendicular to the joint surface, active cells and lower water
content [28]. (4) Calcified zone or “subchondral bone” is
where the transition from soft to stiff subchondral bone
occurs, responsible for firmly attaching the noncalcified
cartilage to the underlying subchondral bone [18]. The first
three layers consist of mostly collagen type II (90 %), gly-
cosaminoglycans, cells and water; the last layer consists of
collagen type I and type X, osteocalcin and hydroxyapatite.
The cellular content of this junction has a transition from
chondrocytes in the superficial layers to osteoblasts and
osteoclasts in the subchondral bone, with some overlap
in function and characteristics. For instance, hypertrophic
chondrocyte-like cells are surrounded by a bone-like ECM
in the calcified zone [18, 34].

The complexity of the osteochondral junction has led to
the development of multilayer scaffolds with specific bio-
logical and mechanical properties to ideally promote indi-
vidual growth of both cartilage and bone layers within a
single integrated implant [17, 34] (Figs. 2, 3, 4).

To mimic the native osteochondral junction, Chen et al.
[7] prepared a biphasic scaffold. The upper layer was a col-
lagen sponge with relatively low mechanical strength that
was designed to regenerate cartilage layer. The lower layer
was a composite sponge of poly(lactic-co-glycolic acid)
(PLGA) with higher mechanical strength that was designed
to promote bone growth. The authors used the biphasic
scaffold for culture of canine bone marrow-derived mes-
enchymal stem cells (MSCs). They implanted the cell/scaf-
fold construct in an osteochondral defect in the knee of a
1-year-old beagle. Osteochondral tissue was regenerated
4 months after implantation, and cartilage- and bone-like
tissues were formed in the respective layers.

Kon et al. [19] developed an osteochondral scaffold
with three layers; the superficial cartilaginous layer con-
sisted of Type I collagen only, while the intermediate tran-
sition layer was composed of a combination of Type I col-
lagen (60 % of weight) and magnesium-hydroxyapatite
(Mg-HA) (40 % of weight), and the lower bone layer was
composed of less Type I collagen (30 % of weight) and
predominantly Mg-HA (70 % of weight). The authors used
these scaffolds with or without autologous chondrocytes in
a sheep femoral condyle osteochondral defect model and
compared their results with the control animals where no
scaffold was applied to the defects. Significantly better
integration of the chondral surface and bone regeneration
was observed in the groups that received scaffolds com-
pared with controls. There was no difference in cartilage
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Fig.1 The structure of osteochondral junction can be divided into
four different zones based upon the cell morphology, matrix composi-
tion, collagen fibril orientation and mechanical properties. (1) Super-
ficial zone has fewer chondrocytes and collagen fibres parallel to the
joint surface. (2) Intermediate (middle) zone has larger collagen fibres
interlacing with each other. (3) Deep zone has tightly packed fibres
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Surface
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perpendicular to the joint surface, active cells and lower water con-
tent. Deep zone also includes tidemark (basophilic line which strad-
dles the boundary between uncalcified and calcified cartilage). (4)
Calcified zone or “subchondral bone” is where the transition from
soft to stiff subchondral bone occurs, responsible for firmly attaching
the noncalcified cartilage to the underlying subchondral bone

Fig. 2 Scanning electron micrographs of the composite osteochondral plug. Bone, tidemark and cartilage layers (a) and poly (glycolic acid)

fibrils of cartilage zone (b). (Source: Aydin [3])

surface regeneration and defect filling between cell-seeded
and cell-free scaffold groups. In this study, the use of
triphasic scaffolds led to the regeneration of articular tis-
sue with an ordered histoarchitecture. The same research
group used multiphasic scaffolds for osteochondral defect
regeneration in horses and obtained similar promising

@ Springer

results with orderly regeneration of bone and hyaline-like
cartilage tissue [20].

The safety and performance of new generation mul-
tilayered osteochondral scaffolds were tested in a clini-
cal study including 30 patients with grade III-IV chon-
dral and osteochondral lesions of the knee joint [21]. The
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Fig. 3 Micro-computerized
tomography images of the
osteochondral scaffold plugs.
Polymeric layers (a) and
calcium phosphate particles (b).
(Source: Aydin [3])

Bone: liayer

Fig. 4 Multilayered matrix after implantation into an osteochon-
dral defect in bovine lateral femoral condyle. (Courtesy of Dr. H. M.
Aydin, Institute of Science, Bioengineering Division, Hacettepe Uni-
versity, Beytepe 06800, Ankara, Turkey)

scaffold was trilayered with the same structural ingredients
as described previously by Kon et al. [19]. The sites of the
defects included medial and lateral femoral condyles, patel-
las, trochleas and tibial plateaus with an average defect
size of 2.9 cm®. Twenty-eight patients were followed for
2 years and were clinically evaluated using the Interna-
tional Knee Documentation Committee (IKDC) and Teg-
ner activity scale scores. At the final follow-up, magnetic
resonance imaging evaluation was performed in 24 patients
using magnetic resonance observation of cartilage repair
tissue (MOCART) scoring system. IKDC and Tegner activ-
ity scores showed a statistically significant improvement

(P < 0.0005) from the preoperative level to the 1- and
2-year follow-ups. However, level of sports activity was
significantly lower with respect to preinjury level at 1-
and 2-year follow-up (P = 0.003 and 0.007, respectively).
MOCART evaluation showed complete filling of the defect
with integration of the graft in 70 % of the patients. How-
ever, the subchondral lamina and bone were considered
intact in a minority of cases (7 and 47 %, respectively).
This study did not include a control group, and the follow-
up was relatively short. Additionally, osteochondral defects
were not standard in every patient in terms of location, size
and depth. Furthermore, limited number of patients, differ-
ences between age and activity level, and associated inju-
ries with additional surgeries might have confounded the
results [21].

Based on animal models and limited clinical reports,
osteochondral tissue engineering using multilayer scaffolds
appears as a feasible and safe method with promising short-
term outcomes. It should be noted that no animal models
or clinical studies compared the use of multilayer scaffolds
with monolayer homogenous scaffolds in osteochondral
defect regeneration, and data from randomized clinical tri-
als are lacking.

Multilayer scaffolds in tendon/ligament tissue
engineering
Tendon injuries are frequently encountered in ortho-

paedic clinical practice and cause substantial morbid-
ity in sports and in routine daily activities. The anterior
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Shoulder joint
Rotator cuff
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Fig.5 a Tendon and b ligament attach to bone across a function-
ally graded fibrocartilaginous transition site (a toluidine blue-stained
section from an adult rat supraspinatus tendon-to-bone insertion is
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shown in panel a, and fast blue-stained section from a mature bovine
anterior cruciate ligament insertion is shown in b). (Source: Lu and
Thomopoulos [26])

Interface Osteoblasts

Fig. 6 Co-culture of fibroblasts and osteoblasts (left picture) exerts spatial control of cell distribution, resulting in an interface region that con-
tains interacting osteoblasts and fibroblasts (right picture). (Source: Lu and Thomopoulos [26])

cruciate ligament (ACL) and rotator cuff (RC) are among
the most commonly injured soft tissue structures. In
addition to the importance of anatomical relocation of a
tendon, morphological replication of the unique tendon-
to-bone insertion site is essential to achieve the desired
material properties of the tendon-to-bone attachment site
(Fig. 5) [2, 31].

The direct tendon-to-bone insertions, such as the inser-
tions of the ACL and RC, are characterized by the pres-
ence of fibrocartilage tissue connecting these soft tissue
structures to deeper layers of the bone [37]. The direct
insertion site includes a transition zone that consists of
four distinct tissue types: tendon/ligament, unmineralized
fibrocartilage, mineralized fibrocartilage and bone [5, 9].
This multi-tissue transition (tendon/ligament, fibrocarti-
lage and bone) represents a significant challenge in ortho-
paedic interface tissue engineering as several distinct yet
contiguous tissue regions constitute this complex insertion
site. The use of multilayer (stratified) biomimetic scaffolds

@ Springer

therefore may be highly beneficial for reformation of the
complex ligament-to-bone interface [29] (Fig. 6).

In a rat model study, Spalazzi et al. [36] reported the
design and in vivo evaluation of a triphasic scaffold for
regeneration of the ACL-to-bone interface (Phase A for the
ligament region, Phase B for the interface and Phase C for
the bone region). The researchers found that the triphasic
scaffold supported multi-lineage cellular interactions as
well as tissue infiltration and abundant matrix production in
vivo. The results of this study demonstrated the feasibility
of multi-tissue regeneration on a single graft by the use of
multilayered scaffolds.

An in vitro study by He et al. [15] supported the feasi-
bility of multilayer scaffolds designs in generating multi-
lineage cellular and tissue environments. The researchers
co-cultured bone marrow MSCs on a hybrid silk scaffold
which included fibroblasts for ligament tissue differentia-
tion on one end, HA with osteoblasts for bone tissue dif-
ferentiation on the other end and MSCs in between. They
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Fig. 7 Biomimetic strategy for engineering a ligament-to-bone
interface. Inspired by the native enthesis, a stratified scaffold is
designed to mimic the layered tissue regions progressing from liga-
ment to fibrocartilage to bone. Spatial control over cell distribution
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(fibroblasts, chondrocytes and osteoblasts) on the triphasic scaffold
resulted in the formation of compositionally distinct yet structurally
continuous tissue regions mimicking those found at the native liga-
ment-to-bone insertion site. (Source: Lu and Thomopoulos [26])

Table 1 Summary of the type and evidence levels of the main studies from which data have been reported

Tissue References Study type Evidence level Notes
Bone Ding etal. [11] Animal model N/A Animals assigned to study or control group randomly
Lee et al. [23] Animal model N/A Study included in vitro and in vivo stages
Cartilage Chenetal. [7] Animal model N/A Assessment performed using SEM and histological staining

Kon et al. [21]

Kon et al. [19]
Tendon/ligament He et al. [15]

Lu and Thomopoulos [26]

Clinical study Level 4
Animal model N/A
In vitro study N/A

Review Level 5

Spalazzi et al. [36] Animal model N/A

Patients followed prospectively. No control group
Animals assigned to study or control group randomly
Proof-of-principle-type study

Concept review and expert opinion supported by published
evidence

Assessment performed using histological staining, micro-CT and
mechanical tests

N/A not applicable, SEM scanning electron microscopy

observed that bone marrow MSCs co-cultured between
fibroblasts and osteoblasts had differentiated into a fibro-
cartilaginous lineage with a gradual transition from an
uncalcified to a calcified region mimicking the native ten-
don-to-bone interface (Fig. 7). These results are consistent
with those of Spalazzi et al. [36] and suggest that regenera-
tion of tendon-to-bone healing can be achieved using a sin-
gle scaffold with separate layers for multi-tissue transition
from tendon/ligament to fibrocartilage and bone.
Regeneration of tissue-to-tissue interfaces through inter-
face tissue engineering using multilayer scaffolds repre-
sents a promising strategy for achieving integrative soft
tissue repair. It can be anticipated that these efforts will

lead to the development of a new generation of functional
fixation devices for orthopaedic repairs as well as augment-
ing the clinical translation potential of tissue engineered
orthopaedic grafts [27]. However, substantial research
with larger animal models and, eventually, randomized
controlled human trials are required before these novel
approaches can find clinical applications.

Current limitations and future perspectives

Through the aforementioned studies as well as other pub-
lished work, it has been demonstrated that multilayered

@ Springer



Knee Surg Sports Traumatol Arthrosc

scaffolds are optimal for multi-tissue regeneration, and
stem cell differentiation on these complex scaffold may be
further harnessed in order to enable complex tissue forma-
tion and ease clinical translation of these grafts. Biomi-
metic gradient scaffolds are also promising approaches,
especially if the gradient resolution is refined to physio-
logically relevant levels as fabrication techniques advance.
Finally, scaling up of these complex scaffolds for multi-
tissue regeneration represents another essential step
towards clinical utilization which may offer the potential to
decrease invasiveness associated with surgical procedures
such as autologous grafting for tendon-to-bone interface or
osteochondral defect reconstruction.

Conclusions

Multilayer scaffolds offer a promising strategy in muscu-
loskeletal tissue engineering by allowing for the possibil-
ity to regenerate distinct tissue types such as bone, cartilage
and tendon/ligament, simultaneously within the same con-
struct and anatomic location. These novel scaffold designs
which bridge distinct types of tissues through interface tis-
sue engineering are instrumental for the development of
integrated musculoskeletal tissue systems with biomimetic
complexity and functionality [26, 27]. Current evidence
does not include results from studies comparing multilayer
scaffolds with single layer homogenous designs, and rand-
omized clinical trials are lacking (Table 1).
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