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Interface tissue engineering (ITE) is a rapidly developing field that aims to fabricate biological tissue alter-
nates with the goal of repairing or regenerating the functions of diseased or damaged zones at the inter-
face of different tissue types (also called ‘‘interface tissues’’). Notable examples of the interface tissues in
the human body include ligament-to-bone, tendon-to-bone and cartilage-to-bone. Engineering interface
tissues is a complex process, which requires a combination of specialized biomaterials with spatially
organized material composition, cell types and signaling molecules. Therefore, the use of conventional
biomaterials (monophasic or composites) for ITE has certain limitations to help stimulate the tissue inte-
gration or recreating the structural organization at the junction of different tissue types. The advance-
ment of micro- and nanotechnologies enable us to develop systems with gradients in biomaterials
properties that encourage the differentiation of multiple cell phenotypes and subsequent tissue develop-
ment. In this review we discuss recent developments in the fabrication of gradient biomaterials for con-
trolling cellular behavior such as migration, differentiation and heterotypic interactions. Moreover, we
give an overview of potential uses of gradient biomaterials in engineering interface tissues such as soft
tissues (e.g. cartilage) to hard tissues (e.g. bone), with illustrated experimental examples. We also address
fundamentals of interface tissue organization, various gradient biomaterials used in ITE, micro- and
nanotechnologies employed for the fabrication of those gradients, and certain challenges that must be
met in order for ITE to reach its full potential.

� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Traditional methods for treatment of tissue loss, i.e. autograft-
ing or allografting, have limitations due to donor site shortage or
immunogenicity problems [1]. Tissue engineering has the potential
to overcome these clinical limitations [2]. The concept of tissue
engineering uses synthetic functional components (scaffolding
materials), that are cultured with appropriate cells that are usually
harvested from the patient, to generate tissues that can be im-
planted in the patient’s body [2,3].

Interface tissue engineering (ITE) is an emerging field that aims
to regenerate functional tissues in order to repair or to regenerate
diseased or damaged zones between different tissue types. The
ia Inc. Published by Elsevier Ltd. A
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interfacial tissue reconstruction between soft and hard tissues
(e.g. cartilage and bone) is a challenge and an indispensable ques-
tion to address considering the number of people suffering from
tissue or organ failure after musculoskeletal injuries, such as dam-
age to the connection between anterior cruciate ligaments (ACL),
tendons or ligaments and bones.

Tissue engineering often uses conventional biomaterials to
engineer single tissues (i.e. non-interface tissues) such as skin, car-
tilage, bone and nerve, rather than tissue interfaces. Indeed, inter-
face tissues in the body consist of complex structures and
properties that may not be regenerated by using conventional scaf-
folds made of monophasic or isotropic biomaterials.

ITE (Fig. 1) focuses on the development of engineered tissue
grafts capable of replacing normal function in the defective inter-
faces. Tissue interfaces, such as ligament-to-bone, tendon-to-bone
and cartilage-to-bone, exhibit anisotropic structural properties,
which gradually vary from one tissue to another. Soft tissue recon-
struction methods using conventional isotropic scaffolds do not re-
sult in adequate synthetic graft integration to bones [4]. The lack of
ll rights reserved.



Fig. 1. Schematic illustration of the concept of interface tissue engineering.
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integrating interface greatly affects the graft function. This is
mainly due to the use of homogeneous biomaterials (either com-
positionally or structurally) to engineer tissue grafts that do not
support the growth of heterogeneous cell populations that reside
at the interface tissues. As a result, the implants do not fulfill their
intended function, which ultimately leads to graft failures. To engi-
neer interface tissues, a biomimetic scaffold with graded properties
is therefore useful, especially since physical and chemical cues pro-
vided by the scaffold materials effect the fate of cultured cells. In a
notable example, Engler et al. [5] showed that mesenchymal stem
cells could differentiate into different lineages, such as neurons,
myoblasts and osteoblasts, depending on the cell culture sub-
strate’s stiffness (Fig. 2). Such a gradient scaffold should provide
an optimal environment to direct both heterotypic and homotypic
cell–cell communications, as well as cell–matrix integrations. It
should also support cellular growth and differentiation to form a
graded tissue at the interface. In summary, the scaffold used to
generate an interface tissue should exhibit a gradient in composi-
tion, structure and mechanical features, among other functional
properties, mimicking those of the native interface zones. The
advancement of micro- and nanotechnologies enable us to develop
tissue scaffolds with gradient in material composition and proper-
ties that enable spatially controlled differentiation of cells and sub-
sequent tissue development.

While previous reviews on design strategies useful in ITE have fo-
cused on parameters such as fiber stratification in engineered grafts,
and multiphasing scaffolds [6–8], the potentials and challenges of
biomaterials with continuous gradient in composition, structure
and mechanical properties in engineering bone-integrative grafts
have not been reviewed. Considering the aforementioned issues,
we focus here on the design strategies of gradient biomaterials, with
emphasis on microengineered hydrogel gradients and nanoengi-
neered fibrous gradients, due to their ability in controlling the
behavior of multiple cell types. Hydrogel and nanofiber scaffolding
systems can be used to mimic the native extracellular matrix
(ECM) viscoelastic and fibrous properties, respectively. Though they
might not necessarily be ideal scaffolding systems for all kinds of ITE
applications, it is promising to study their potential applications as
tissue scaffolds in ITE owing to their excellent compositional, struc-
tural and other functional properties. We also discuss the biology of
interface tissue organization. Finally, we conclude with current chal-
lenges and future directions in the development of gradient bioma-
terials towards engineering tissue interfaces.
2. Interface tissue organization

Tissues can be classified into four basic types, namely, epithelia,
muscle, nerve and connective tissues [9]. Tissues can be homotypic
or heterotypic in nature, meaning that they can have either homo-
geneous properties in terms of cell types and matrix components
or heterogeneous distributions of cell types and matrix compo-
nents with gradients of architecture and various other properties
to fulfill their complex functions [7]. Typically, heterogeneous tis-
sues are found at ‘‘soft-to-hard’’ tissue interfaces. Connective soft
tissues (e.g. ligament, tendon and cartilage) connect and support
other structures and organs of the body, while hard tissues (e.g.
bone and teeth) primarily determine the shape of the body and
provide mechanical strength required for the locomotion. Soft tis-
sue-to-bone interfaces are ubiquitous in our body and are critical
for joint motion and stabilization. These interfaces are character-
ized by gradual changes in properties and structural organization
from one tissue to another, which allows for integration between
soft and hard tissues. Some of the best studied interface tissues in-
clude ligament-to-bone, cartilage-to-bone and tendon-to-bone
interfaces. The complex interface between damaged soft and hard
tissues is lost during reconstructive surgery using fixation grafts,
which fail to integrate into the host tissues due to their inability
to create an interface tissue with graded properties and
heterotypic cell culture. Therefore it is critical to develop gradient



Fig. 2. Differentiation of naive MSCs directed by substrate elasticity. (A) Variations
in the stiffness of example solid tissues, as measured by the elastic modulus, E. (B)
The change in the morphology of naive MSCs grown on matrices with different
elasticities, from being initially small and round into developing branched, spindle
or polygonal shapes. Scale bar is 20 lm. Reprinted with permission from Ref. [5].
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biomaterials to engineer grafts for full reconstruction of soft-to-
hard interface tissues.

Interfaces of tissues are complex in structure, and they have a
relatively small length scale (in the case of ACL, for example, it is
in the order of 100 lm–1 mm, depending on the species and age
factor) [10,11]. Ultrasound elastography of ACL in bovine
tibio-femoral joints, as a model interface tissue, revealed that a
compression-induced displacement across the insertion site was
the highest at the ACL and decreased toward the bone [12]. Moffat
et al. [13] showed that ligament-to-bone interface tissue tends to
have more stiffness and elastic modulus from ligament to bone
in a gradient manner. Further characterization of the insertion site
revealed an increase in calcium and phosphate mineral contents
from ligament to bone, which indicates the possibility of mineral
formation in a graded fashion at the interface zones [14].

The mechanism of interface tissue regeneration and homeosta-
sis is not completely understood. However, it is speculated that
heterotypic cell communication within these complex tissues
plays an important role [15–17]. In vivo transplantation of the
Achilles tendon, harvested from wild-type rats, into transcondylar
femoral bone tunnels of green fluorescence protein transgenic rats
revealed that many host cells were detected in the graft within
1 week after implantation [16], which indicated that, in addition
to osteoblasts and fibroblasts, other host cell types may be in-
volved in fibrocartilage regeneration. Other research also supports
this hypothesis [15,17]. For instance, Lim et al. [17] formed a carti-
laginous tissue between a bone and a tendon graft, which was
coated with stem cells, suggesting that, in addition to osteoblast
and fibroblasts, precursor cells might also be involved in interface
organization and regeneration. Furthermore, to study the mecha-
nism of firbrocartilage formation, Wang et al. [15] showed that in
an osteoblast–fibroblast co-culture system, the osteoblast-induced
mineralization decreased while the fibroblast-induced mineraliza-
tion increased, which suggests that the osteoblast–fibroblast inter-
action may lead to transdifferentiation of these cells at the
interface, eventually forming fibrocartilage tissue. The co-culture
system also promoted the expression of fibrocartilage specific
markers like collagen type II (see Fig. 3B). These studies, and oth-
ers, provided insights into cell–cell and ECM interactions, and their
properties and effect on the formation of interface tissues, which
could help understand the mechanisms involved in interface tissue
organization and regeneration.
3. Development of gradient biomaterials

Biomaterials can be made of natural or synthetic origin, and are
used in the construction of synthetic tissue grafts. Biomaterials can
be made of a single material or be a composite of several materials.
They can be modified with chemicals or biological agents, such as
growth factors and adhesion peptides, in order to create suitable
environments for cells to attach, proliferate and differentiate
[18]. Gradient biomaterials are biomaterials with anisotropical
properties, such as composition, structure, mechanics and biomo-
lecular properties. Fig. 4A illustrates examples of continuous gradi-
ents in chemical composition, thickness and porosity [19].
Gradient biomaterials are recent additions to the biomedical field,
and in particular to tissue engineering. The common design param-
eters of gradient scaffolds used for successful engineering of soft-
to-hard interface tissues are summarized in Table 1 [20–23]. Cur-
rently, a variety of naturally derived and synthetic biomaterials
are available for fabricating tissue scaffolds. These materials have
been extensively reviewed elsewhere [3,24,25], so this article is
limited in scope to the review of hydrogel and nanofiber gradient
systems, owing to their design flexibilities and functional proper-
ties that mimic the native ECM. For instance, hydrogels exhibit
hydration and viscoelastic properties close to those of native
ECM, while nanofibers offer an ECM-like porous and fibrillar struc-
ture. Hydrogel and nanofibrous systems have proven to be attrac-
tive candidates for promoting three-dimensional (3-D) tissue
culture in vitro, which are briefly discussed in the following
sections.
3.1. Hydrogel gradient system

Hydrogels possess ECM-like viscoelastic and diffusive transport
characteristics [26,27]. Their chemical and physical properties are
tunable, which makes them suitable for producing tailored 3-D cel-
lular microenvironments. However, in certain cases, hydrogels may
need to be modified to support cell attachment and proliferation.
Since hydrogels provide 3-D cellular microenvironments that mi-
mic the ECM, the formation of gradients into a hydrogel system
has been an attractive tool to facilitate graded tissue formation,
by using the gradient hydrogel as a tissue construct. Hydrogels
have been functionalized with gradients of physical and chemical
cues for the purposes of high throughput screening [28,29], direc-
ted cell migration [30], axonal guidance [31] and graded cell differ-
entiation [32]. Hydrogels with immobilized or soluble gradients of
biological agents such as growth factors and adhesion peptides as
well as graded physical properties such as stiffness [33] and poros-
ity [34] have been also developed to mimic the graded features of
ECM at the soft-to-hard tissue interface. The most commonly used
methods of generating such gradients will be discussed in detail in
Section 4.1.



Fig. 3. (A) Anatomy and matrix organization of the ACL-to-bone insertion site. (Left) The posterior view of ACL connection to the femur and tibia through two insertion sites.
(Middle) The heterogeneous tissue organization of the tibial insertion, consisting of the ACL, fibrocartilage (FC) and bone tissues. (Right) Further division of fibrocartilage
interface into the nonmineralized fibrocartilage (NFC) and mineralized fibrocartilage (MFC) zones (bar = 200 lm). Adopted with permission from Ref. [7]. (B) Co-culture
models to evaluate interaction of interface-relevant cells. (Left) In vitro co-culture model of fibroblasts (Fb) and osteoblasts (Ob) permit heterotypic and homotypic cell–cell
interactions. (Right) Fibroblast (CFDA-SE, green) and osteoblast (CM-DiI, orange-red) distribution at day 7, bar = 100 lm. Adopted with permission from Ref. [7].
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3.2. Nanofiber gradient systems

ECM contains nanofibrous proteins that provide biological and
chemical functions as well as physical support for cells to grow
into specific tissues. To mimic such fibrous structures for in vitro
cell culture, nanofiber fabrication systems have been developed
to generate polymer or composite fibers from natural or synthetic
materials. These nanofibers possess a large surface area, which is
favorable for cell attachment [35]. Physical and chemical
properties of nanofibers can easily be tunable under appropriate
conditions to facilitate cell growth and subsequent tissue develop-
ment, thereby imparting gradient features into a nanofiber system
is an exciting area of research. Nanofibrous scaffolds can be fabri-
cated using methods such as self-assembly, phase separation and
electrospinning [36]. The basic principles of nanofibrous scaffolds
and the potential applications of electrospun nanofibers are re-
viewed elsewhere [3,37–39]. In this review, recent developments
in generating gradient nanofiber systems are discussed
(Section 4.2).
4. Micro- and nanotechnologies for generating gradient
biomaterials

Table 2 [30–32,40–46] summarizes the most commonly used
methods to generate gradient biomaterials. In the previous section,
hydrogel gradient and nanofiber gradient systems were intro-
duced. In the following sections, micro- and nanotechnologies em-
ployed for the fabrication of those gradient biomaterial systems are
reviewed.
4.1. Formation of hydrogel gradients

Various methods have been used to generate gradient hydro-
gels. These include microfluidics, inkjet printing, long-range gradi-
ent makers and graded UV exposure. In the following sections, the
technological advancements of these methods and their ability to
generate gradients are described.
4.1.1. Microfluidics
The term ‘‘microfluidics’’ refers to controlling the flow of minute

amounts of liquids or gases in channels with scales on the order of
a few tens to hundreds of micrometers. Microfluidics is a powerful
experimental tool, which generates stable concentration gradients
with spatial and temporal control. Flow-based microfluidic plat-
forms have been used to create biochemical and biomolecular gra-
dients [47,48]. Another approach to generating gradients in
microfluidic devices is to use hydrogels. These systems decrease
the shear stress effect in flow-based microfluidic platforms, caused
by liquids perfusion, and maintain secreted biomolecules by
encapsulating cells in their microenvironment. To generate gradi-
ent hydrogels, microfluidic gradient making devices employ step-
wise dilutions at multiple stages and diffusive mixing [49].
Alternative methods have also been used to make microfluidic gra-
dient hydrogels without the use of gradient making devices. He
et al. [19] developed a method to generate centimeter long gradi-
ent hydrogels. This method involved prefilling of a microchannel
molded in a polydimethylsiloxane (PDMS) layer with one type of
solution (often a hydrogel precursor) from the outlet of the chan-
nel, and then introducing a droplet of another solution (also a



Fig. 4. (A) Examples of gradient poly(ethylene glycol)–diacrylate (PEG-DA) hydrogel fabricated in a microfluidic channel with continuous variance in chemical content,
thickness (after air-drying) or porosity (after freeze-drying). Adopted with permission from Ref. [19]. (B) Gradient generation in a microfluidic channel by a passive-
pumping-induced forward flow and evaporation-induced backward flow. The gradient generation device consists of a PDMS mold sealed on a glass slide. The channel is
prefilled with the background solution (solution 1) from the outlet, while droplets of high-concentration chemicals of interest (solution 2) are introduced via the inlet. The
solution of interest flows spontaneously into the channel by a passive-pumping-induced forward flow, and the gradient is generated by the combined effect of evaporation-
induced backward flow and molecular diffusion.

Table 1
Design parameters for successful engineering of soft-to-hard interface tissues.

Properties Remarks

Pore size and porosity The scaffold used for ITE should have high porosity an open-cell pore structure, with a minimum pore size of 100 lM, to support heterotypic
cellular interaction and calcified tissue ingrowth [20]

Architecture The size of the tissue-engineered scaffold is an important design consideration, and should match the values for native human tisues (e.g. the
size of the attachment area between human ACL and femoral bone is �113 mm2) [21].

Mechanical properties Young’s modulus of the scaffolds used for ITE should range between the values of soft and hard tissues:
� Tibial cartilage: �122 MPa; bone: �1393 MPa [22]Maximum tensile strength should be higher than the level of normal human activity

(e.g. for human ligament: �67–700 N) [23].
Degradability The scaffold designed for tissue engineering purposes should be biodegradable to be replaced with the growing tissue at a comparable pace to

tissue growth
Gradient The scaffold used for ITE should exhibit a gradient of structural and biochemical properties, mimicking the ECM of native interface tissues
Cell source For in vitro interface tissue graft engineering, it is crucial to choose a cell with a fast growth rate to minimize the required time before

implanting the graft into the patient’s body
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hydrogel precursor) with a high concentration of a chemical of
interest from the inlet (see Fig. 4B). A passive pump-induced flow
led the solution at the inlet to flow inside the channel. A backward
flow induced by evaporation from the inlet of the channel then cre-
ated a gradient of the chemical of interest, which was later stabi-
lized by photopolymerization. Using this method, the authors
generated a gradient concentration of adhesion peptide Arg-Gly-
Asp-Ser (RGDS) along a poly(ethylene glycol) (PEG) hydrogel to
test the attachment and spreading of endothelial cells. Du et al.
[50] prefilled microchannels in a PDMS layer with a background
hydrogel precursor polymer. The polymer of interest was then
loaded at the other port and pumped back and forth at a high flow
speed using a syringe pump to generate hydrogels with
centimeter-long gradients of molecules, microbeads or cells within
a short period (seconds to minutes). Such a cell density gradient
can potentially be applied to the generation of interface tissues
with heterogeneous cellular density and distribution (e.g. cartilage
tissue).

4.1.2. Inkjet printing
Inkjet printing has emerged as a useful tool for creating spa-

tially organized materials for various biosensing, tissue engineer-
ing and drug screening applications, either by direct cells
positioning or by manipulating cell behavior through patterns of
biomolecules, such as adhesion peptides or growth factors [51].
Basically, inkjet printing is a non-contact injection technique that



Table 2
List of the different types of gradients used in cell and tissue engineering.

Gradient type Materials used Applications References

Composition PLGA nanofiber/hydroxyapatite (HAp), collagen/HAp Gradient mineralization of scaffolds for interface tissue engineering [40,41]
Porosity Agarose/gelatin hydrogel, polyacrylamide hydrogel Microfluidic electrophoresis, bone scaffolding [42,43]
Mechanical

properties
PLGA nanofiber, agarose gel, polyacrylamide gel Manipulating cell migration, differentiation, tendon-to-bone interface

tissue engineering
[40,44,45]

Soluble
molecules

Poly(2-hydroxyethylmethacrylate) microporous gel,
polyacrylamide-based hydrogel

Manipulating cell attachment, migration, proliferation, differentiation,
axonal guidance, tissue engineering

[31,32]

Immobilized
molecules

PEG hydrogel, agarose hydrogel Manipulating cell adhesion, alignment, migration, neurite extension,
tissue engineering

[30,46]
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converts digital pattern information onto a substrate, using ink
drops. It can be applied to print cells, biomolecules and hydrogels
on substrates. Since an inkjet printer can easily control the spatial
injection of materials, it can be used for generating gradient pat-
terns. Ilkhanizadeh et al. [32], for example, explored the potential
of inkjet printing of extrinsic factors onto hydrogel-coated glass
slides in directing neural stem cell differentiation. The authors gen-
erated bioprinted gradients of fibroblast growth factor, ciliary neu-
rotrophic factor (CNTF) or fetal bovine serum on a polyacrylamide-
based hydrogel-coated microscope slide. The slides with gradients
of those biomolecules were used to culture neural stem cells
(NSCs), and the response of the NSCs to each gradient was charac-
terized by assessing neural differentiation. The authors reported
graded differentiation of NSCs specifically on gradient CNTF-
printed hydrogels. In another study, Phillippi et al. [52] generated
a gradient of printed bone morphogenic protein-2 (BMP-2) on fi-
brin films, and studied the differentiation of mouse muscle-derived
stem cells in the presence of printed gradients.

These experimental examples and others suggest that inkjet
printing technology has the potential to be a widely used tech-
nique to control cell behavior in a spatially and temporally orga-
nized manner. However, there are currently a number of
limitations with this technique, such as clogging of the print heads
and the inability to print gradients of materials within a 3-D hydro-
gel. Furthermore, even though cell-laden hydrogels can be printed
by using inkjet printers [53], it is currently difficult to generate
large-scale tissues fabricated completely by a printing approach.
Further advancement is therefore needed for this technique to
realize its full potential in 3-D tissue scaffolding systems.
4.1.3. Molecular diffusion
Molecular diffusion between a source and a sink is a simple

method of creating gradients. In this method, hydrogels are ex-
posed to sources of concentrated molecules, which diffuse through
them, generating a molecular concentration gradient along the
hydrogel. This method has been used to generate gradients of pro-
teins [54–56]. For instance, to study neuronal response to a gradi-
ent of laminin-1, Dodla and Bellamkonda [54] placed an agarose
gel with entrapped chicken dorsal root ganglion neurons (DRG) be-
tween two sources of cell culture media. One culture medium com-
partment contained a high concentration of laminin-1 and the
crosslinker sulfosuccinimidyl-6-[40-azido-20-nitrophenylamino]
hexanoate (SANPAH) conjugate, laminin-1-SANPAH, while the
other culture medium compartment contained a low concentration
of laminin-1-SANPAH. This resulted in the gradient of laminin-1
concentration along the hydrogel, and a two times higher exten-
sion rate of DRG neurite in the anisotropic scaffolds, compared
with isotropic scaffolds of LN-1. In the same context, Yamamoto
et al. [56] adopted the concept of gradient incorporation of car-
boxyl functional groups to polyacrylamide hydrogels followed by
uniform exposure of the template to collagen type I. Carboxyl
group gradients in polyacrylamide hydrogels were generated by
a diffusion-controlled hydrolysis of amide groups, which was
performed by the generation of a sodium hydroxide gradient in
the hydrogel in a side-by-side diffusion chamber at 52 �C. Attach-
ment of L929 fibroblasts on the polyacrylamide hydrogels with a
collagen gradient was studied using this system.

4.1.4. Long-range gradient maker
The aforementioned methods of generating gradient hydrogel

are particularly suitable for making short-range gradients limited
within a few milimeters. However, the use of long-range gradients
is essential for specific cell studies that will lead to quantification
of cell–material interactions. A series of commercial gradient mak-
ers have been used to make linear gradient hydrogels over 10 cm in
length. These gradient makers consist of two chambers for pouring
hydrogel precursors, containing high and low concentrations of the
target material. The gradient makers have been used extensively to
generate linear gradients of growth factors [30,31], adhesion pep-
tide [57] and hydrogel precursor solution concentration that would
result in the gradient in hydrogel stiffness [58]. Those experimen-
tal examples indicate that gradient hydrogels can be used to con-
trol directed cell alignment, migration and differentiation. For
example, DeLong et al. [30] used this type of gradient maker to
generate PEG-based hydrogels with immobilized gradient concen-
trations of basic fibroblast growth factor (bFGF) to study the migra-
tion of human aortic smooth muscle cells (HASMCs). Furthermore,
they immobilized a concentration gradient of RGDS adhesion pep-
tides in PEG-based hydrogels by using the same gradient maker
and achieved the differential attachment of human dermal fibro-
blasts on these substrates.

4.1.5. Photopolymerization/photodegradation
An important step in generating hydrogel gradients is the sta-

bilization of the concentration gradients of the prepolymer by
chemical, ultraviolet and temperature crosslinking. In this regard,
the exposure time and strength of the hydrogel prepolymer to
the UV source plays an important role in the degree of crosslinking
and thus the stiffness of the crosslinked hydrogel. In addition to its
role in crosslinking, UV exposure of hydrogel prepolymers in a
graded manner has been used as a technique to generate hydrogels
with stiffness gradients. For this purpose, gradient grayscale masks
have been used to expose prepolymers of methacrylated hyalu-
ronic acid (HA) to gradients of UV light, resulting in the formation
of hydrogels with elastic modulus gradients [59]. Human mesen-
chymal stem cells (hMSCs) cultured on those gels with gradient
mechanical properties exhibited graded spreading and prolifera-
tion dependent on the local stiffness. Similarly, graded exposure
of cell-laden photodegradable PEG hydrogels to UV resulted in a
stiffness gradient along the scaffold, which led to a graded cellular
differentiation [60].

4.2. Formation of nanofiber gradients

Nanofiber scaffolding is an emerging technology for interface
tissue engineering that makes it possible to mimic the natural
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fibrous ECM of a connective tissue and to fabricate fibrous scaffold-
ing materials with a high surface-to-volume-ratio, thereby allow-
ing cells to attach and migrate into them. Different methods of
nanofiber gradient fabrications are discussed in this section.

4.2.1. Electrospinning-based method
Electrospinning is a simple, cost-effective and versatile tech-

nique that essentially employs electrostatic forces to produce poly-
mer fibers, ranging in diameter from a few microns down to tens of
nanometers. Nanofibers have been investigated as a scaffolding
material for bone [61,62], meniscus [63], annulus [64] and liga-
ment [65,66] tissue engineering owing to their high aspect ratio,
surface area, permeability, porosity and tunable mechanical reli-
ability [36,67–72], which are needed for effective cell growth in
an ECM-mimicking environment. Moreover, fiber orientation (i.e.
alignment) can be optimized during fabrication [36,73], to match
the functional properties of the targeted tissue. Electrospun nanof-
ibers are also suitable for surface modifications by bioactive agents
to enhance their cellular compatibility. More specifically, aligned
nanofibers with collagen usage can mimic bone tissue if coupled
with mineralization. Such scaffolds can encourage attachment, dif-
ferentiation, collagen synthesis and mineralizations of stem cells
[74,75]. Shi et al. [76] fabricated polymethylglutarimide nanofibers
with a fibronectin gradient by placing the electrospun nanofiber
matrix vertically into a chamber, which was then filled in a con-
trolled manner from the bottom with the fibronectin solution.
The authors observed a high level of NIH3T3 cells spreading and
population on the region of nanofibrous scaffold with high level
of fibronectin incorporation. Li et al. [41] used a similar technique
to demonstrate that nanofibrous scaffolds with gradients in min-
eral composition had functional effects, and led to a gradient in
stiffness and cell density. In another study, the same group fabri-
cated PLGA nanofibers by using electrospinning with a change in
fiber orientation from aligned to random, which was supposed to
mimic the change in collagen fiber orientation at the tendon-to-
bone interface, and observed a difference in actin cytoskeleton of
tendon fibroblasts in aligned and random parts of the scaffold
[77]. The authors further combined this finding with their previous
study, focusing on the generation of mineralized gradient nanofi-
bers, to correlate compositional and structural properties similar
to tendon-to-bone interface tissue [77]. These experimental obser-
vations, and others, clearly indicate that electrospinning can be uti-
lized as a new approach to generate gradient scaffolds with
physical and chemical properties similar to the natural ECM of fi-
brous tissues, such as bone or soft tissue-to-bone interface zones.

4.2.2. Hybrid of extrusion/electrospinning
Recently, extrusion and electrospinning have been combined

and used to generate gradient nanofiber composites. This hybrid
technique involves a twin-screw extruder with fully intermeshing
and co-rotating screws combined with the electrospinning process
[78]. The integration between extrusion and electrospinning tech-
niques facilitates the incorporation of various ingredients in a
time-dependent way during the electrospinning process, which re-
sults in nanofibers mats with spatially graded properties. For
example, Erisken et al. [79] fabricated a composite of PCL and b-tri-
calcium phosphate (b-TCP) nanofibers by using this hybrid twin-
screw extrusion method. The authors generated a nanofiber mate-
rial with a linear variation in b-TCP concentrations, ranging from 0
to 15 wt.%, by controlling the feed rates of b-TCP nanoparticles.
This system was used to study the osteogenesis of preosteoblasts
on a gradient composite of PCL and b-TCP. This hybrid technique
of extrusion/electrospinning is still in its infancy, and further
development to realize its full potential is needed. In the next sec-
tion we discuss the applications of gradient biomaterials in basic
cell studies and in ITE.
5. Applications of gradient biomaterials

Gradient hydrogels and nanofiber systems have been used for
basic cell characteristic studies, which are necessary for ITE. Gradi-
ent biomaterials have also been used as advantageous analytical
tools with applications in drug screening and cytotoxicity tests,
as well as in controlling cell behavior and tissue engineering
[80,81]. Here we do not discuss the applications of gradient bioma-
terials in drug screening, as it does not fall within the scope of this
review.
5.1. Gradient biomaterials for cellular function studies

Gradient biomaterials have been used to study cell response to
in vivo-mimicking physical, chemical and biological cues, which
are simulated in vitro. Studying cell response to biomimetic micro-
environmental signals can help engineer biomaterials that would
encourage cells to behave in a certain way (e.g. graded cell differ-
entiation). Examples of studied cellular behaviors using gradient
biomaterials include cell anchorage, migration, proliferation, dif-
ferentiation and outgrowth. Generation of biomaterials which
can influence cellular behavior in a graded way can potentially
be useful to obtain valuable insights into designing biomaterials
with gradient in composition, structure, mechanical and chemical
properties to support the growth of a heterotypic cell culture re-
quired for the formation of an interface tissue.

Cell migration is an essential part of morphogenesis [82],
inflammation [83,84], wound healing [85] and tumor metastasis
[85]. The cell movement is encouraged by the presence of a gradi-
ent of chemical or physical cues on the surface of the culture sub-
strate. Therefore, fabrication of biomaterials with such gradient
properties can be helpful in studying cell migration in response
to those graded cues. In this regard, hydrogels as well as other gra-
dient biomaterials have gained much attention. For example, De-
Long et al. [30] immobilized bFGF in PEG hydrogel scaffolds,
which were functionalized with cell adhesion peptides, RGDS, to
make acryloyl-PEG–RGDS conjugates. The bFGF gradient hydrogel
was then evaluated for its effect on HASMC migration. The results
showed an increase in HASMC proliferation, cell migration and
alignment toward the bFGF concentration increase. In other stud-
ies, PEG-based hydrogel systems with gradient distributions of
immobilized RGDS [57] and RGD [40] peptides were used to test
cellular response to the scaffolding system orientation. Cells cul-
tured on this RGDS gradient substrate changed their morphology
to align and move in the direction of increasing RGDS concentra-
tion (Fig. 5). Luhmann et al. [86] compared the fibroblast response
to 2- and 3-D gradients of the 6th Ig-like domain of cell adhesion
molecule L1 (TG-L1Ig6) in fibrin matrices, and concluded that cells
exposed to gradients of matrix-bound TG-L1Ig6 were able to re-
spond differently with respect to 2- and 3-D microenvironments
in terms of cell orientation and length. They also suggested that
cells sense the overall concentration of a guidance cue and respond
to the gradient above a certain threshold concentration by chang-
ing their alignment. Other studies have indicated that neural stem
cells cultured on hydrogels printed with CNTF displayed a rapid
induction of markers for astrocytes (e.g. glial fibrillary acidic pro-
tein, GFAP) [32], and that NSCs cultured on a printed gradient of
increasing levels of CNTF showed a linear increase in numbers of
cells expressing GFAP, demonstrating a functional gradient of
CNTF. Neurite extension on gradient hydrogels has also been
shown to be guided up the embedded gradients of NGF and lami-
nin-1 [54].

In addition to gradients of immobilized biomolecules, a few
studies have explored the effect of soluble biomolecular gradients
on cell response. 3-D-hydrogel matrices containing soluble



Fig. 5. Cell migration on gradient hydrogel: movie frames indicating the trajectory (black line) of mouse fibroblasts NIH-3T3 cells migrating on a PEG hydrogel with uniform
distribution of RGD (top panel) and on a hydrogel with an RGD gradient (bottom panel). Bar 10 lm. Reprinted with permission from Ref. [40].
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gradients of peptides have been developed to manipulate cell
behavior. To study fibroblast migration, Knapp et al. [87] used a
two-chamber system containing fibrin or collagen hydrogel matri-
ces separated by a Teflon plate. One of the hydrogels contained the
soluble peptides Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP) from fibro-
nectin. After removal of the Teflon plate, these peptides diffused
into the non-peptide-containing hydrogel. Gradients of soluble
GRGDSP formed in the second hydrogel and were stable for 24 h.
Fibroblasts embedded in the 3-D matrices changed their align-
ment, and migrated towards the high concentration of the soluble
peptides [87].

In addition to chemical gradients that trigger cell migration
(chemotaxis), mechanical properties of cell culture substrate can
also lead to cell movement (mechanotaxis). Lo et al. [46] formed
an acrylamide hydrogel containing a concentration gradient of
bis-acrylamide cross-linker, which resulted in a hydrogel with a
gradient in elastic modulus ranging from 140 to 300 kdyn cm�2.
Fibroblasts seeded on these gels moved toward the stiffer regions
of the gels. Similarly, Wong et al. [33] observed that vascular
smooth muscle cells seeded on polyacrylamide hydrogels with
1 cm long gradients in elastic modulus ranging from 5 to 35 kPa
migrated to the stiffer regions of the hydrogels 24 h after seeding.
Cell migration also depends on the absolute value of the elastic
modulus. Studies have revealed that fibroblasts migrated in a ran-
dom direction on a 100 lm long styrenated gelatin gradient with
elastic modulus ranging from 200 to 400 kPa, while in the case of
an elastic modulus of 10–90 or 50–350 kPa they migrated toward
the higher elastic modulus area [88]. Cell movement to stiffer re-
gions was also observed when macrophages were seeded on a
5 cm long PEGDA gradient with elastic modulus ranging from 3
to 100 kPa [64].

These experimental studies clearly suggest that cells can be
manipulated by controlling the spatial presentation of physical,
chemical and biological cues in an engineered material.
5.2. Gradient biomaterials for interface tissue engineering

Engineering interface tissues is a complex task, which involves
the use of multiphase biomaterials allowing integration at the
defective sites and promoting the development of functional tis-
sues at the interfaces. The use of suitable cell culture substrates
with the appropriate gradient in composition, structure, mechanics
and biomolecular properties are indispensible to regeneration of
tissue interfaces. The idea of using gradient biomaterials was initi-
ated by the knowledge gained about the interface structure–
properties relationships, and by the findings on the role of cellular
interactions in interface regeneration.

Multiphased scaffolds in which every phase offers specific com-
positional properties have been used to develop co-culture systems
of heterotypic cell populations, which are often found at the inter-
face tissues. Spalazzi et al. [89] designed a triphasic scaffold for the
regeneration of the ACL-to-bone interface in vitro, and in vivo in a
rat model [90]. Fibroblasts and osteoblasts cultured on the two
opposite sides of the triphasic scaffold migrated to its blank middle
phase, and considerably increased matrix production. The triphasic
scaffold maintained a heterotypic yet continuously integrated cul-
ture of cells, though the authors did not observe any fibrocartilage-
like tissue formation within the interface between osteoblast and
fibroblast co-culture.

It is hypothesized that by generating biomaterials with contin-
uous gradients in composition, structure, mechanical and biomo-
lecular properties a finer system could be achieved to mimic the
ECM of interfaces, which would provide a more smooth integration
of heterogeneous cell types. To this end, Chatterjee et al. [58]
showed that material properties (gel stiffness) of scaffolds can in-
duce cell differentiation in 3-D cultures, where PEG hydrogels with
a concentration gradient of prepolymer solution yielded hydrogel
scaffolds with a gradient of compressive modulus. The gradients
functioned as a screening system for determining an optimum sub-
strate modulus for osteoblastic differentiation and inducing signif-
icant mineralization. In addition to biomaterial property
modification, such as composition, structure, mechanics and chem-
ical properties, gene therapy has also been adopted as a new ap-
proach to generate tendon-to-bone interface. Phillips et al. [91]
transfected fibroblasts cultured in a 3-D collagen hydrogel with a
gradient concentration of Runx2/Cbfa1 transcription factor encod-
ing gene. The gradient expression of this transcription factor in-
duced a gradient in fibroblast differentiation into osteoblasts, as
well as a gradient of matrix components expression. Soluble fac-
tors gradients embedded in hydrogels have also been used to engi-
neer cartilage–bone tissue interfaces. In an interesting study,
gradient distributions of microspheres with recombinant rhBMP-
2 and insulin-like growth factor (rhIGF-I) in silk scaffolds were
generated to study the differentiation of hMSCs into cartilage-to-
bone interface [92]. hMSCs cultured on silk scaffolds exhibited
osteogenic and chondrogenic differentiation along the concentra-
tion gradients of rhBMP-2 and rhBMP-2/rhIGF-I.

Nanofibers have also been investigated for generation of gradi-
ent biomaterials for ITE due to their ability to mimic the collagen
matrix of the native interface tissue. Nanofiber scaffolds provide
suitable porous architecture required to support soft and calcified
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tissue ingrowth [20,93,94]. The use of nanofiber for tissue engi-
neering has been well documented [61–66]. However, there is lim-
ited data available in the literature on the usage of nanofibers for
the development of interface tissues. Erisken et al. [79] fabricated
polycaprolactone nanofibers with a gradient incorporation of tri-
calcium phosphate using a hybrid twin-screw extrusion/electros-
pinning process, which was discussed in Section 4.2.2. MC3T3-E1
cells cultured on these nanofibers synthesized ECM proteins such
as collagen differentially in accordance with the increase in the le-
vel of scaffold mineralization, as seen in a typical cartilage–bone
interface. In the same context, Li et al. [41] generated a linear gra-
dient of calcium phosphates on a nonwoven mat of electrospun
nanofibers. The gradient in mineral content resulted in a gradient
in the stiffness of the scaffold and further influenced attachment
of MC3T3-E1 cells. The same group further developed nanofiber
scaffolds with heterogeneous fiber orientation to mimic the struc-
ture of tendon-to-bone insertion sites [77]. Cells on the aligned fi-
bers part of the scaffold showed a cytoskeleton with large actin
filaments aligned toward fibers, while cells seeded on the random
portion showed a disorganized actin cytoskeleton. Furthermore,
the expression of collagen type I, which is the most abundant pro-
tein in tendon, was also observed. Therefore cells seeded across the
scaffold were capable of expressing the tissue-specific type of col-
lagen (type I) and producing the appropriate ECM for tendon re-
pair. These experimental studies, in addition to others, clearly
indicate that there is a great potential of gradient biomaterial for
use in engineering interface tissues.
6. Concluding remarks

The structure complexity of heterotypic interface tissues de-
mands a more sophisticated design of cellular constructs to meet
the requirements of native cellular microenvironments with com-
plex gradient features at the zonal interfaces. ITE aims to develop
techniques to engineer heterogeneous constructs for use as tissue
engineered grafts at the tissue interfaces, which fail to heal sponta-
neously. Biomaterials with gradients in compositional, structural
and functional properties have proven to be a promising tool for
engineering interface tissues.

The experimental examples summarized in this review repre-
sent some of the developments of gradient biomaterials, as hetero-
typic tissue constructs, from a variety of micro- and nanoscale
approaches. Of particular interest, hydrogel and nanofiber gradient
systems seem to be promising scaffolding systems, owing to their
design flexibilities and functional properties, and the analogy to
native ECM. These biomaterials can be utilized with complex gra-
dient features to mimic the graded signals of the native cellular
microenvironment. One of the most critical aspects of engineered
scaffolds intended for use as a soft–hard interface tissue substitute
is the ability to impart the gradient features functionally fit to the
defect site and compensate for the mechanical stresses of the bone
defective site. In addition, with the translation of the described
methods into clinical practice, the interface scaffold needs to be
adapted to the current reconstruction grafts, meaning that the
scaffold with gradient properties should be well adapted to multi-
cellular culture conditions. For example, the scaffold should be
loaded with primary fibroblasts, osteoblasts and chondrocytes,
harvested from the donor site. The resulting scaffold with a tricul-
ture of cells will consist of a bone-integrative side (i.e. cultured
with osteoblasts) and a soft tissue-integrative side (i.e. cultured
with fibroblasts/chondrocytes). Such a scaffold should be inserted
into the bone defect site from the bone-integrative side, while
the soft tissue-integrative part of it remains within the joint cavity
and encasing the soft tissue. The stability of this system can be fur-
ther increased with biodegradable screws for mechanical fixation
of the graft to the body tissues. In an optimal condition, the com-
bination of suitable compositional, structural, mechanical and bio-
chemical properties within the scaffold should result in the
creation of a completely mineralized tissue in the bone defect
and a fibrocartilage tissue integrated into the host soft tissue.

The field of ITE is still in its infancy, and faces significant diffi-
culties and challenges. Gradient biomaterials with compositional
variations must support divergence in the evolving tissue interface
structure to completely integrate at the host soft-to-hard tissue
zone. There is also a need for developing strategies to promote vas-
cularization and innervations within the engineered tissue graft.
Importance should be given to increasing our understanding of
the structure–function relationship and the detailed compositional
mechanical properties of interface tissues, the basic principles gov-
erning the structural organization at the interfaces, the reasons for
the failure of current interface tissue grafts and the way to improve
methods of assembling multiple cell types into 3-D biomaterials at
different length scales. To achieve this, future research will have to
enable the development of biomaterials with more complex gradi-
ent features, which would consist of multiphase physical, chemical
and biological cues to encourage culture of multiple cell types
capable of integrating at the soft–hard tissue interfaces. In this re-
gard, fabricating 3-D hydrogels with high porosity levels and im-
proved mechanical properties through developing novel
composites will provide a biomimicking microenvironment suit-
able for cellular proliferation, ingrowth and differentiation, while
meeting the mechanical requirements of the insertion site.

Further challenges remain to be addressed to make clinical
translation of gradient biomaterials suitable for emergency appli-
cations. For this purpose, methods for long-term aseptic storage
of those biomaterials while maintaining their key characteristics
need to be developed to minimize the waiting time required before
transplantation of the engineered graft in patient’s body.

Micro- and nanoscale techniques are versatile tools for the
development of such gradient biomaterials and could be utilized
to design a new generation of engineered grafts for use in ITE.
Other techniques, such as gene therapy, could also be integrated
to generate genetically modified cellular constructs with a gradient
load of certain genetic information that could activate a series of
autocrine and paracrine cell signaling, as observed in the native tis-
sues. Further optimization and standardization of gradient slopes
need to be done to direct cell behavior in a desired way, both
in vitro and in vivo, with great challenges and also great expecta-
tions ahead.
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Certain figures in this article, particularly Figures 1, 2, 3 and 4,
are difficult to interpret in black and white. The full colour images
can be found in the on-line version, at doi:10.1016/
j.actbio.2011.01.011.

References

[1] Murugan R, Ramakrishna S. Development of nanocomposites for bone grafting.
Compos Sci Technol 2005;65:2385–406.

[2] Langer R, Vacanti JP. Tissue engineering. Science 1993;260:920–6.
[3] Murugan R, Ramakrishna S. Nano-featured scaffolds for tissue engineering: a

review of spinning methodologies. Tissue eng 2006;12:435–47.
[4] Lohmander LS, Ostenberg A, Englund M, Roos H. High prevalence of knee

osteoarthritis, pain, and functional limitations in female soccer players twelve



1450 A. Seidi et al. / Acta Biomaterialia 7 (2011) 1441–1451
years after anterior cruciate ligament injury. Arthritis Rheum
2004;50:3145–52.

[5] Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity directs stem cell
lineage specification. Cell 2006;126:677–89.

[6] Lu HH, Jiang J. Interface tissue engineering and the formulation of multiple-
tissue systems. Adv Biochem Eng Biotechnol 2006;102:91–111.

[7] Mikos AG et al. Engineering complex tissues. Tissue Eng 2006;12:3307–39.
[8] Moffat KL, Wang IN, Rodeo SA, Lu HH. Orthopedic interface tissue engineering

for the biological fixation of soft tissue grafts. Clin Sports Med
2009;28:157–76.

[9] Ramakrishna S, Ramalingam M, Kumar S, Soboyejo W. Biomaterials: a nano
approach. Boca Raton, FL: CRC Press; 2010.

[10] Cooper RR, Misol S. Tendon and ligament insertion. A light and electron
microscopic study. J Bone Joint Surg Am 1970;52:1–20.

[11] Wang IE, Mitroo S, Chen FH, Lu HH, Doty SB. Age-dependent changes in matrix
composition and organization at the ligament-to-bone insertion. J Orthop Res
2006;24:1745–55.

[12] Spalazzi JP, Gallina J, Fung-Kee-Fung SD, Konofagou EE, Lu HH. Elastographic
imaging of strain distribution in the anterior cruciate ligament and at the
ligament–bone insertions. J Orthop Res 2006;24:2001–10.

[13] Moffat K, Chahine N, Hung C, Ateshian G, Lu HH. Characterization of the
mechanical properties of the ACL–bone insertion. In: Proceedings of the ASME
summer bioengineering conference; 2005. p. 54.

[14] Spalazzi JP, Doty SB, Costa KD, Lu HH. Characterization of the mechanical
properties, structure, and composition of the anterior cruciate ligament–bone
insertion site. Transactions of the Orthopaedic Research Society; 2004.

[15] Wang IE, Shan J, Choi R, Oh S, Kepler CK, Chen FH, et al. Role of osteoblast–
fibroblast interactions in the formation of the ligament-to-bone interface. J
Orthop Res 2007;25:1609–20.

[16] Kobayashi M, Watanabe N, Oshima Y, Kajikawa Y, Kawata M, Kubo T. The fate
of host and graft cells in early healing of bone tunnel after tendon graft. Am J
Sports Med 2005;33:1892–7.

[17] Lim JK, Hui J, Li L, Thambyah A, Goh J, Lee EH. Enhancement of tendon graft
osteointegration using mesenchymal stem cells in a rabbit model of anterior
cruciate ligament reconstruction. Arthroscopy 2004;20:899–910.

[18] Murugan R, Molnar P, Rao KP, Hickman JJ. Biomaterial surface patterning of
self assembled monolayers for controlling neuronal cell behavior. Int J Biomed
Eng Technol 2009;2:104–34.

[19] He J, Du Y, Villa-Uribe JL, Hwang C, Li D, Khademhosseini A. Rapid generation
of biologically relevant hydrogels containing long-range chemical gradients.
Adv Funct Mater 2010;20:131–7.

[20] Spector M, Michno MJ, Smarook WH, Kwiatkowski GT. A high-modulus
polymer for porous orthopedic implants: biomechanical compatibility of
porous implants. J Biomed Mater Res 1978;12:665–77.

[21] Harner CD, Baek GH, Vogrin TM, Carlin GJ, Kashiwaguchi S, Woo SL.
Quantitative analysis of human cruciate ligament insertions. Arthroscopy
1999;15:741–9.

[22] Ding M, Dalstra M, Linde F, Hvid I. Mechanical properties of the normal human
tibial cartilage–bone complex in relation to age. Clin Biomech (Bristol, Avon)
1998;13:351–8.

[23] Cooper JA, Lu HH, Ko FK, Freeman JW, Laurencin CT. Fiber-based tissue-
engineered scaffold for ligament replacement: design considerations and
in vitro evaluation. Biomaterials 2005;26:1523–32.

[24] Schlos E, Czernuszka J. Making tissue engineering scaffolds work. Review on
the application of solid freeform fabrication technology to the production of
tissue engineering scaffolds. Eur Cells Mat 2003;5:29–40.

[25] Khademhosseini A, Langer R. Microengineered hydrogels for tissue
engineering. Biomaterials 2007;28:5087–92.

[26] Lutolf MP. Integration column: artificial ECM: expanding the cell biology
toolbox in 3D. Integr Biol (Camb) 2009;1:235–41.

[27] Slaughter BV, Khurshid SS, Fisher OZ, Khademhosseini A, Peppas N. Hydrogels
in regenerative medicine. Adv Mater 2009;21:3307–29.

[28] Johnson P, Reynolds T, Stanbury J, Bowman C. High throughput kinetic analysis
of photopolymer conversion using composition and exposure time gradients.
Polymer 2005;46:3300–6.

[29] Tirella A, Marano M, Vozzi F, Ahluwalia A. A microfluidic gradient maker for
toxicity testing of bupivacaine and lidocaine. Toxicol In Vitro
2008;22:1957–64.

[30] DeLong S, Moon J, West J. Covalently immobilized gradients of bFGF on
hydrogel scaffolds for directed cell migration. Biomaterials 2004;26:3227–34.

[31] Kapur TA, Shoichet MS. Immobilized concentration gradients of nerve growth
factor guide neurite outgrowth. J Biomed Mater Res A 2004;68:235–43.

[32] Ilkhanizadeh S, Teixeira AI, Hermanson O. Inkjet printing of macromolecules
on hydrogels to steer neural stem cell differentiation. Biomaterials
2007;28:3936–43.

[33] Wong J, Velasco A, Rajagopalan P, Pham Q. Directed movement of vascular
smooth muscle cells on gradient-compliant hydrogels. Langmuir
2003;19:1908–13.

[34] Dubruel P, Unger R, Vlierberghe SV, Cnudde V, Jacobs PJ, Schacht E, et al.
Porous gelatin hydrogels: 2. In vitro cell interaction study. Biomacromolecules
2007;8:338–44.

[35] Yang F, Murugan R, Wang S, Ramakrishna S. Electrospinning of nano/micro
scale poly(L-lactic acid) aligned fibers and their potential in neural tissue
engineering. Biomaterials 2005;26:2603–10.

[36] Murugan R, Ramakrishna S. Design strategies of tissue engineering scaffolds
with controlled fiber orientation. Tissue eng 2007;13:1845–66.
[37] Bhardwaj N, Kundu SC. Electrospinning: a fascinating fiber fabrication
technique. Biotechnol Adv 2010;28:325–47.

[38] Huang Z, Zhang Y, Kotaki M, Ramakrishna S. A review on polymer nanofibers
by electrospinning and their applications in nanocomposites. Compos Sci
Technol 2003;63:2223–53.

[39] Reneker D, Chun I. Nanometer diameter fibers of polymer, produced by
electrospinning. Nanotechnology 1996;7:216–23.

[40] Guarnieri D, Borzacchiello A, Capua AD, Ruvo M, Netti PA. Engineering of
covalently immobilized gradients of RGD peptides on hydrogel scaffolds:
effect on cell behaviour. Macromol Symp 2008;266:36–40.

[41] Li X, Xie J, Lipner J, Yuan X, Thomopoulos S, Xia Y. Nanofiber scaffolds with
gradations in mineral content for mimicking the tendon-to-bone insertion site.
Nano Lett 2009;9:2763–8.

[42] Liu C, Han Z, Czernuszka JT. Gradient collagen/nanohydroxyapatite composite
scaffold: development and characterization. Acta Biomater 2009;5:661–9.

[43] Tripathi A, Kathuria N, Kumar A. Elastic and macroporous agarose–gelatin
cryogels with isotropic and anisotropic porosity for tissue engineering. J
Biomed Mater Res A 2009;90:680–94.

[44] Lo CT, Throckmorton DJ, Singh AK, Herr AE. Photopolymerized diffusion-
defined polyacrylamide gradient gels for on-chip protein sizing. Lab Chip
2008;8:1273–9.

[45] Lawson AC, Czernuszka JT. Collagen–calcium phosphate composites. Proc Inst
Mech Eng H 1998;212:413–25.

[46] Lo CM, Wang HB, Dembo M, Wang YL. Cell movement is guided by the rigidity
of the substrate. Biophys J 2000;79:144–52.

[47] Jeon NL, Dertinger SKW, Chiu DT, Choi IS, Stroock AD, Whitesides GM.
Generation of solution and surface gradients using microfluidic system.
Langmuir 2000;16:8311–6.

[48] Dertinger SKW, Chiu DT, Jeon NL, Whitesides GM. Generation of gradients
having complex shapes using microfluidic networks. Anal Chem
2001;73:1240–6.

[49] Burdick JA, Khademhosseini A, Langer R. Fabrication of gradient hydrogels
using a microfluidics/photopolymerization process. Langmuir 2004;20:
5153–6.

[50] Du Y, Hancock MJ, He J, Villa-Uribe JL, Wang B, Cropek DM, et al. Convection-
driven generation of long-range material gradients. Biomaterials
2010;31:2686–94.

[51] Boland T, Xu T, Damon B, Cui X. Application of inkjet printing to tissue
engineering. Biotechnol J 2006;1:910–7.

[52] Phillippi JA, Miller E, Weiss L, Huard J, Waggoner A, Campbell P. Micro-
environments engineered by inkjet bioprinting spatially direct adult stem cells
toward muscle- and bone-like subpopulations. Stem cells 2008;26:127–34.

[53] Xu T, Jin J, Gregory C, Hickman JJ, Boland T. Inkjet printing of viable
mammalian cells. Biomaterials 2005;26:93–9.

[54] Dodla MC, Bellamkonda RV. Anisotropic scaffolds facilitate enhanced neurite
extension in vitro. J Biomed Mater Res A 2006;78:213–21.

[55] Peret BJ, Murphy WL. Controllable soluble protein concentration gradients in
hydrogel networks. Adv Funct Mater 2008;18:3410–7.

[56] Yamamoto M, Yanase K, Tabata Y. Generation of type I collagen gradient in
polyacrylamide hydrogels by a simple diffusion-controlled hydrolysis of amide
groups. Materials 2010;3:2393–404.

[57] DeLong SA, Gobin AS, West JL. Covalent immobilization of RGDS on hydrogel
surfaces to direct cell alignment and migration. J Control Release
2005;109:139–48.

[58] Chatterjee K et al. The effect of 3D hydrogel scaffold modulus on osteoblast
differentiation and mineralization revealed by combinatorial screening.
Biomaterials 2010;31:5051–62.

[59] Marklein RA, Burdick JA. Spatially controlled hydrogel mechanics to modulate
stem cell interactions. Soft Matter 2010;6:136–43.

[60] Kloxin AM, Benton JA, Anseth KS. In situ elasticity modulation with dynamic
substrates to direct cell phenotype. Biomaterials 2010;31:1–8.

[61] Yoshimoto H, Shin YM, Terai H, Vacanti JP. A biodegradable nanofiber scaffold
by electrospinning and its potential for bone tissue engineering. Biomaterials
2003;24:2077–82.

[62] Garreta E, Gasset D, Semino C, Borros S. Fabrication of a three-dimensional
nanostructured biomaterial for tissue engineering of bone. Biomol Eng
2007;24:75–80.

[63] Baker BM, Mauck RL. The effect of nanofiber alignment on the maturation of
engineered meniscus constructs. Biomaterials 2007;28:1967–77.

[64] Nerurkar NL, Elliott DM, Mauck RL. Mechanics of oriented electrospun
nanofibrous scaffolds for annulus fibrosus tissue engineering. J Orthop Res
2007;25:1018–28.

[65] Li WJ, Danielson KG, Alexander PG, Tuan RS. Biological response of
chondrocytes cultured in three-dimensional nanofibrous poly(epsilon-
caprolactone) scaffolds. J Biomed Mater Res A 2003;67:1105–14.

[66] Lee CH, Shin HJ, Cho IH, Kang YM, Kim IA, Park KD, et al. Nanofiber alignment
and direction of mechanical strain affect the ECM production of human ACL
fibroblast. Biomaterials 2005;26:1261–70.

[67] Bashur CA, Dahlgren LA, Goldstein AS. Effect of fiber diameter and orientation
on fibroblast morphology and proliferation on electrospun poly(D,L-lactic-co-
glycolic acid) meshes. Biomaterials 2006;27:5681–8.

[68] Li WJ, Laurencin CT, Caterson EJ, Tuan RS, Ko FK. Electrospun nanofibrous
structure: a novel scaffold for tissue engineering. J Biomed Mater Res
2002;60:613–21.

[69] Ma Z, Kotaki M, Inai R, Ramakrishna S. Potential of nanofiber matrix as tissue-
engineering scaffolds. Tissue Eng 2005;11:101–9.



A. Seidi et al. / Acta Biomaterialia 7 (2011) 1441–1451 1451
[70] Christenson EM et al. Nanobiomaterial applications in orthopedics. J Orthop
Res 2007;25:11–22.

[71] Pham QP, Sharma U, Mikos AG. Electrospinning of polymeric nanofibers for
tissue engineering applications: a review. Tissue eng 2006;12:1197–211.

[72] Li WJ, Mauck RL, Cooper JA, Yuan X, Tuan RS. Engineering controllable
anisotropy in electrospun biodegradable nanofibrous scaffolds for
musculoskeletal tissue engineering. J Biomech 2007;40:1686–93.

[73] Pham QP, Sharma U, Mikos AG. Electrospun poly(epsilon-caprolactone)
microfiber and multilayer nanofiber/microfiber scaffolds: characterization of
scaffolds and measurement of cellular infiltration. Biomacromolecules
2006;7:2796–805.

[74] Liao S, Murugan R, Chan CK, Ramakrishna S. Processing nanoengineered
scaffolds through electrospinning and mineralization suitable for biomimetic
bone tissue engineering. J Mech Behav Biomed Mater 2008;1:252–60.

[75] Chan CK, Kumar TS, Liao S, Murugan R, Ngiam M, Ramakrishnan S. Biomimetic
nanocomposites for bone graft applications. Nanomedicine (Lond)
2006;1:177–88.

[76] Shi J, Wang L, Zhang F, Li H, Lei L, Liu L, et al. Incorporating protein gradient
into electrospun nanofibers as scaffolds for tissue engineering. ACS Appl Mater
Interfaces 2010;2:1025–30.

[77] Xie J, Li X, Lipner J, Manning CN, Schwartz AG, Thomopoulos S, et al. ‘‘Aligned-
to-random’’ nanofiber scaffolds for mimicking the structure of the tendon-to-
bone insertion site. Nanoscale 2010;2:923–6.

[78] Kalyon D, Malik M. An integrated approach for numerical analysis of coupled
flow and heat transfer in co-rotating twin screw extruders. Int Polym Proc
2007;22:293–302.

[79] Erisken C, Kalyon DM, Wang H. Functionally graded electrospun
polycaprolactone and beta-tricalcium phosphate nanocomposites for tissue
engineering applications. Biomaterials 2008;29:4065–73.

[80] Kang L, Chung BG, Langer R, Khademhosseini A. Microfluidics for drug
discovery and development: from target selection to product lifecycle
management. Drug Discov Today 2008;13:1–13.

[81] Chung BG, Kang L, Khademhosseini A. Micro- and nanoscale technologies for
tissue engineering and drug discovery applications. Expert Opin Drug Discov
2007;2:1–16.
[82] Juliano RL, Haskill S. Signal transduction from the extracellular matrix. J Cell
Biol 1993;120:577–85.

[83] Parente L, Koh MS, Willoughby DA, Kitchen A. Studies on cell motility in
inflammation. I. The chemotactic activity of experimental, immunological and
non-immunological, inflammatory exudates. Agents Actions 1979;9:190–5.

[84] Parente L, Koh MS, Willoughby DA, Kitchen A. Studies on cell motility in
inflammation. II. The in vivo effect of anti-inflammatory and anti-rheumatic
drugs on chemotaxis in vitro. Agents Actions 1979;9:196–200.

[85] Martin P. Wound healing–aiming for perfect skin regeneration. Science
1997;276:75–81.

[86] Luhmann T, Hanseler P, Grant B, Hall H. The induction of cell alignment by
covalently immobilized gradients of the 6th Ig-like domain of cell adhesion
molecule L1 in 3D-fibrin matrices. Biomaterials 2009;30:4503–12.

[87] Knapp DM, Helou EF, Tranquillo RT. A fibrin or collagen gel assay for tissue cell
chemotaxis: assessment of fibroblast chemotaxis to GRGDSP. Exp Cell Res
1999;247:543–53.

[88] Kidoaki S, Matsuda T. Microelastic gradient gelatinous gels to induce cellular
mechanotaxis. J Biotechnol 2008;133:225–30.

[89] Spalazzi JP, Doty SB, Moffat KL, Levine WN, Lu HH. Development of controlled
matrix heterogeneity on a triphasic scaffold for orthopedic interface tissue
engineering. Tissue eng 2006;12:3497–508.

[90] Spalazzi JP, Dagher E, Doty SB, Guo XE, Rodeo SA, Lu HH. In vivo evaluation of a
multiphased scaffold designed for orthopaedic interface tissue engineering
and soft tissue-to-bone integration. J Biomed Mater Res A 2008;86:1–12.

[91] Phillips JE, Burns KL, Le Doux JM, Guldberg RE, Garcia AJ. Engineering graded
tissue interfaces. Proc Natl Acad Sci USA 2008;105:12170–5.

[92] Wang X, Wenk E, Zhang X, Meinel L, Vunjak-Novakovic G, Kaplan DL. Growth
factor gradients via microsphere delivery in biopolymer scaffolds for
osteochondral tissue engineering. J Control Release 2009;134:81–90.

[93] Konikoff J, Billings W, Nelson L, Hunter J. Development of a single stage active
tendon prosthesis. I. Distal end attachment. J Bone Jt Surg Am 1974;56:848.

[94] Von Recum A. In: Handbook of biomaterials evaluation: scientific, technical
and clinical testing of implant materials. New York: Macmillan; 1986.


