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A fundamental problem that affects all fields of surgery is
the paucity of autologous tissue available for surgical recon-
structive procedures. When a surgeon removes a tissue that
is diseased or damaged, or when a surgeon replaces a tissue
that is congenitally absent, the best results are obtained when
an individual’s own tissues are used for the surgical repair.
When it is not possible, the surgeon is forced to use alternative
biomaterials and usually selects from either prosthetic, man-
made synthetic materials or from biologic materials derived
typically from allografts or xenografts [1]. Tissue engineering
is a multidisciplinary science that attempts to create living
biomaterials from a patient’s own cells, which has been an
area of immense research in recent years because of its vast
potential in the repair or replacement of damaged tissues and
organs [2–4]. Scaffold is one of the three most important
factors in tissue engineering.

According to Hutmacher [5] a scaffold should have the
following main characteristics: it should (1) be bioresorbable
and biocompatible with a controllable degradation and
resorption rate to match cell/tissue growth in vitro/vivo;
(2) have a suitable surface chemistry for cell attachment,
proliferation, and differentiation; (3) be three-dimensional
and highly porous with an interconnected porous network
for cell growth, flow transport of nutrients, and metabolic
waste; and (4) have proper mechanical properties to match
the tissues at the site of implantation [6].

Scaffolds lie at the heart of all the new tissue engineer-
ing approaches because they not only provide mechanical
support for embedded cells but also regulate various cellular

behaviors by recruiting specific biomolecules or growth
factors. Polymeric scaffolds are one of the most widely
used scaffold types because of their satisfactory formability,
mechanical properties, biocompatibility, and controllable
biodegradability [7–9]. To date, polymeric scaffolds have
been largely applied to repair hard and soft tissues. However,
there are still many challenges that need to be addressed,
such as the development of satisfactory processing techniques
so as to achieve homogeneous structure and composition
throughout the scaffolds and to obtain well-defined internal
structures with interconnected porosity to host most cell
types. Moreover, additional studies are desired to figure out
how to create desirable polymeric scaffolds that serve various
functions, including immobilization of transplanted cells,
formation of a protective space to prevent unwanted tissue
growth into the wound bed while allowing healing with
differentiated tissue, and directing migration or growth of
cells via scaffold surface properties or via release of soluble
bioactivemolecules such as growth factors, hormones, and/or
cytokines.

Currently, many novel issues on polymeric scaffolds for
tissue engineering have been supported. Scaffolds fabricated
by using materials such as nanoparticles, nanofibers, nan-
otubes, and other materials in nanoscale have been tried in
tissue engineering. Besides, new technologies which can be
available for tissue engineering have been studied.

According to the researches that have been done, kinds of
fibers or tubes alternatives have been employed to reinforce
the scaffolds for repairing specific tissues, such as ceramic
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fibers/tubes, and polymer fibers/tubes [10–13]. The nano-
materials reinforced composites can not only enhance the
mechanical property but also improve the biocompatibility
and bioactivity of scaffold. In this special issue, several articles
are mainly focused on the some specific applications of
scaffolds reinforced by nanofibers or nanoparticles. A few
novel materials systems are demonstrated, such as nanohy-
droxyapatite/polyamide 66 composite and HA/collagen/PLA
composites. Numerous research programs regarding the
material systems which are available for scaffold used for
tissue engineering, as well as the new technology, are devel-
oped. 3D printing technology has recently gained substantial
interest for potential applications in tissue engineering due to
the ability tomake a three-dimensional object of virtually any
shape from a digital model. 3D-printed biopolymers, which
combine the 3D printing technology and biopolymers, have
shown great potential in tissue engineering application and
are receiving significant attention [14–16].

All in all, the issue will give a presentation about scaffolds
fabricated using novel system or technology, and, most
importantly, it will provide a general guide for the fabrication
of more desirable scaffolds for tissue engineering.

Xiaoming Li
Tsukasa Akasaka
Nicholas Dunne
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With the high occurrence of cardiovascular disease and increasing numbers of patients requiring vascular access, there is a
significant need for small-diameter (<6mm inner diameter) vascular graft that can provide long-term patency. Despite the
technological improvements, restenosis and graft thrombosis continue to hamper the success of the implants. Vascular tissue
engineering is a new field that has undergone enormous growth over the last decade and has proposed valid solutions for blood
vessels repair. The goal of vascular tissue engineering is to produce neovessels and neoorgan tissue from autologous cells using a
biodegradable polymer as a scaffold. The most important advantage of tissue-engineered implants is that these tissues can grow,
remodel, rebuild, and respond to injury. This review describes the development of polymeric materials over the years and current
tissue engineering strategies for the improvement of vascular conduits.

1. Introduction

Each year there is a strong demand for vascular grafts due
to arteriosclerosis and other cardiovascular diseases that are
the main cause of mortality in the western countries [1–
4]. Nowadays, autotransplantation of blood vessels is usually
performed; however, the possible presence of vein diseases
and a limited availability of autologous blood vessels make
this procedure often impracticable [5, 6]. This necessity has
led to the use of nonbiodegradable synthetic prostheses and,
more recently, to the approach of tissue engineering. Vascular
tissue engineering has been described as “an interdisciplinary
field that applies the principles and methods of engineering
and the life sciences towards the development of biological
substitutes that restore, maintain, and improve tissue func-
tion” [7]. Its aim is to develop biocompatible scaffolds that
mimic the mechanical properties of autogenous conduits,
while providing a framework for guided cell repopulation

creating a functional cardiovascular conduit [8]. The tissue
engineering approach starts from the isolation of specific
cells, their growth on a three-dimensional biomimetic scaf-
fold under controlled culture conditions, the delivery of the
construct to the desired site, and the direction of new tissue
formation into the scaffold while it is degraded [9]. Thus,
tissue engineering usually uses three components to achieve
its outcomes: (a) cells, (b) scaffolds or matrices to provide
a template for tissue ingrowth, and often with the addi-
tion of (c) environmental factors (such as compression, shear
stresses, and a pulsatile flow in the case of arterial tissue engi-
neering) and/or growth factors or morphogens (physical or
chemical factors inducing tissue healing and cell differentia-
tion) [10, 11].

Clearly, the scaffold must be produced on the basis of
morphological, physiologic, andmechanical properties of the
tissue that need to be regenerated which has to be studied
from the anatomical point of view [12]. The wall of a blood
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vessel is constituted by three main layers called tunica adven-
titia, tunica media, and tunica intima. The outermost layer is
the tunica adventitia which is mainly composed by fibroblast
and elastin and supply mechanical strength and integrity.

Tunicamedia is composedmainly by smoothmuscle cells
and elastin and is responsible for the viscoelastic behavior of
the vessel. Tunica intima is the inner part of the vessel in con-
tact with the circulating blood and is composed of a single
layer of endothelial cells mounted on a basement membrane
[2, 13]. Synthetic scaffolds which are intended to mimic
the structure of a blood vessel must promote the correct
orientation of the different cell types as well as the main-
tenance of the structural integrity and the long-term patency
[14]. In this review, the developments made in the field of
replacement of damaged blood vessels from the early surgical
approaches to the innovative approach of tissue engineering
will be discussed. Particular attention will be given to the use
of polymeric materials and to the techniques of production
of biomaterials that allow to mimic the morphological char-
acteristics of the blood vessels.

2. From the Early Surgical Approaches to
the Nonbiodegradable Grafts

The gold standard material for blood vessels replacement,
because of the complex histological structure of this partic-
ular tissue, is represented by blood vessels themselves. For
this reason the first surgical approaches were oriented to the
autologous vessels transplantation [15]. The first approach to
the problem of replacing a damaged vascular tract was dated
in 1906, when for the first time a venous autograft was used
as replacement of a section of an artery. It was José Goyanes
who, on the occasion of a popliteal aneurysm, removed the
damaged part of the artery and connected the cut ends using
a section of the autologous popliteal vein.The patient showed
an infection after the operation, but this must be probably
caused by the injection of gelatin in the popliteal cavity before
the operation, rather than implanting the graft. The subject
was hospitalized and did not revealcirculation problems [16,
17]. In 1915, Bernheim provided another approach to repair
popliteal aneurysm. The patient in this case had to undergo
the removal of about 15 cm popliteal artery, replaced by 12 cm
of the saphenous vein [18].

Other case studies were followed, but the two previous
cases had considerable importance, as it was from here that
came the idea of reconstructing a damaged tissue [19]. The
major example of autologous implant is the saphenous vein,
which consists of one of the two larger ducts venous lower
limb together with the femoral vein and has a diameter
generally between 4 and 6mm. The clear advantage of using
this vessel is that it evokes no rejection and showsmechanical
characteristics comparable to arteries [20]. In 1948 Kunlin
created a femoropopliteal bypass with a system consisting
of the reversed saphenous vein, laying the foundation for
a practice that is still to be established. In the same year
early arterial systems began to spread consisting of foreign
tissue but deriving from subjects of the same species [21].
Unfortunately, this approach is burdened by high failure rates,

as in the case of saphenous vein graft, due to atheroscle-
rosis and intimal hyperplasia of the transplanted vessels
[22]. Furthermore, it was showed that almost 30–40% of
patients lack an appropriate saphenous vein [23, 24] due
to previous phlebitis, vessel removal, varicosities, hypopla-
sia, or anatomical unsuitability [25]. There has been also
an experimentation of homologous saphenous vein grafts
(homograft), but there were no encouraging results in terms
of physical and mechanical characteristics. In addition, there
were frequent phenomena of rejection and deterioration,
and it is supposed that the patency of the conduit remains
unaltered only for vessels of diameter greater than 5mm. For
these reasons, in 1960 the homograft was abandoned [26].
Autologous arteries (internal and external iliac, superficial
femoral, and internal mammary) were ideal artery bypass
in the cardiac and the peripheral arteries but both had
a limited availability of sites donors [27]. Because of the
excellent long-term patency, the internal mammary artery
was considered to be the best choice for coronary artery
bypass graft in younger patients. For other patients, when
the internal mammary was not available or not indicated, the
alternative was represented by the right gastric or intercostal
arteries [28]. The possible presence of vein diseases and a
limited availability of autologous blood vessels represent the
major limitation to the autologous transplantation that has
led to the necessity to develop artificial blood vessels [29].

Currently expanded polytetrafluoroethylene (ePTFE)
and Dacron (polyethylene terephthalate fibre) have been the
most widely used synthetic materials for realizing grafts [30].
Dacron is one of the trade names of PET (polyethylene
terephthalate) polymer belonging to the family of thermo-
plastic polyesters. The Dacron is resistant, deformable, and
biostable and is present in different forms. It is used in
cardiovascular surgery to achieve large-diameter vascular
prostheses, for arterial sutures and for the construction of the
valve rings. The highly crystalline and hydrophobic natures
of Dacron both prevent hydrolysis of a graft, leading to a
potential of residing inside the human body for decades. PET
is usually transformed fibers, from its linear macromolecules
with an average weight of about 20000Da. Each wire that
constitutes the prosthesis is composed by the association
of monofilaments obtained by passage of polymers fused
of PET in a supply chain. These wires are then elongated
by heat treatment capable of conferring aspect ring. Sub-
sequently, the individual filaments are gathered (spiral or
helix) in a single fiber. The fact of being multifilament
makes the fiber elastic and manageable. The wire weaved
is used to fabricate woven or knitted prosthesis [31]. Teflon
is a polymer of tetrafluoroethylene and is identified also as
polytetrafluoroethylene (PTFE). It is the most important and
used between polymers composed of fluorine and carbon.
In the 60’s, deriving from Teflon technolgy, PTFE foam
(ePTFE), also known as Gore-tex,was developed. It has found
application in vascular prostheses in the second half of the
70’s. Again, just like in Dacron, the highly crystalline and
hydrophobic nature yields a stable product by preventing
hydrolysis. Tubular grafts made from ePTFE are produced by
an extrusion, drawing, and sintering process and consist of
fibrils and nodules, controllable to different pore sizes. The
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Gore-Tex is therefore a nondegradable porous polymer with
a surface electronegative, which limits the reaction with the
components of the blood. It is biostable and in fact has a
lesser tendency, for example, to deteriorate in a biological
environment compared to PTFE. In general, however, the
behavior that it has in a biological environment is influenced
by the type of processing to which it is subjected.

In previous experiments it was found that the larger the
porosity of the material, the better is its integration with
the physiological environment. However, it was found that
an implant characterized by high porosity resulted to be
also fragile and therefore cannot be used clinically. In a
significant study conducted by Isaka et al. [32] a highly porous
graft was achieved but it was biocompatible and with the
ability to integrate in host tissues. The graft was inserted
in the abdominal aorta of eleven purebred dogs of both
sexes with a weight between 10 and 12 kg. In the graft used
the average internodal distance was 60m and the structure
showed tortuous channels formed by the nodes and fibrils of
PTFE. The implant was 30–40mm long; its inside diameter
measured 6mm and was reinforced by a filament fluoroethy-
lene propylene. The eleven grafts were then inserted into the
animals and extracted at intervals of 2 weeks (4 grafts), 4
weeks (4 other grafts), and 80weeks (3 graft). On the implants
removed an evaluation of the resistance to radial tension,
longitudinal tension, the retention force of the suture, and
the rate of deformation was performed. The results showed
that there was no sign of any problems or occlusion at
the level of anastomosis. The rate of deformation demon-
strates a certain stability of the two properties considered.
Furthermore, as regards the retention force of the suture,
there was no substantial difference between before and after
graftings. Additional experiments demonstrated that ePTFE
and Dacron were successful in large-diameter (>5mm) high-
flow vessels, but in low flow or smaller diameter sites they are
compromised by thrombogenicity and compliancemismatch
[33]. In the 80’s and 90’s, however, the performance of grafts
was evaluated with porosity gradually higher, starting from
the assumption that large pores permit a fast growth of tissue
from the outside of the graft upwithin its interstices, allowing
a large integration of the prosthesis with the biological
environment. Another category of polymers with large dif-
fusion is represented by polyurethanes. Polyurethanes were
originally developed commercially in Germany in the 1930s
as surface coatings, foams, and adhesives. Segmented PUs are
copolymers comprising 3 differentmonomers, a hard domain
derived from a diisocyanate, a chain extender, and a soft
domain, most commonly polyol. The soft domain is mainly
responsible for flexibility, whereas the hard domain imparts
strength. Polyether urethane was relatively insensitive to
hydrolysis but susceptible to oxidative degradation.

Polyurethane grafts which have been available for the
last 40 years have characteristics that would be ideal for use
in bypass procedures, namely, similar compliance to native
arteries with a surface that is conducive for seeding [34–37].
Unfortunately, polyurethane grafts have had variable results
clinically with a tendency to degrade causing aneurysm
formation [38]. Data obtained showed that when compared
with ePTFE grafts, the PUgraft overall showedno appreciable

difference in interval patency in canine aorticmodel. Further-
more, in a small study, the grafts were implanted in aortoiliac
arteries of 4 dogs for 6 months evidencing that luminal
thrombus affected 59% of polyurethane graft surfaces com-
pared to 22% of ePTFE graft [39]. Anyhow, tissue reactions
to PU grafts are discrepant in the literature because factors
such as different compositions of polymers, graft fabrication,
porosity, and surface modifications all affect the results. On
the basis of these evidences no conclusion can be made as to
whether PU grafts may be functionally superior to ePTFE or
Dacron grafts until more data become available.

3. Synthetic Prosthetic Grafts Disadvantages
and Diffusion of Tissue Engineering

It has been tested that currently available vascular grafts
show satisfactory long-term patency rates only in large-
caliber arteries (>8mm), where a massive blood flow may
overcome the risk of thrombogenicity. In medium-caliber
replacements (6–8mm), for example, in carotid or common
femoral arteries [40], a little difference between prosthetic
and autogenous material has been reported.

However, in small-caliber vessels (<6mm), such as coro-
nary arteries, infrainguinal arteries (below the inguinal liga-
ment), and particularly in low-flow infrageniculate arteries,
the outcomes of vascular prostheses are unsatisfactory.

Several methods have been developed to enhance the
patency rates. The major example is the linking of heparin
to graft surfaces in order to obtain a reduction of the
thrombogenic activity [37, 41]. Nevertheless this strategy
is associated with the problem of the duration of hep-
arin activity due to premature release of the compound
or the presence of a physical barrier, created by adherent
blood components. Other modifications are the coating of
the luminal surface with carbon so that electronegativity
is improved and thus thrombus formation reduced [42].
Another widely used coating material is fibrin glue, which
is able to improve endothelialization and other physical and
chemical variations [43, 44]. Additionally, synthetic grafts are
usually rejected within few months by the immune system
of the body if the diameter of the vessel is smaller than
6mm. This rejection arises from the consequent reocclusion
caused by thrombosis, aneurysm, and intimal hyperplasia
due to mismatch of compliance (compliance is the opposite
of stiffness, measured as the strain/expansion or contraction
of the graft with force) [45–50]. Thrombogenicity could be
associated with the deposition of fibrin and platelets on the
surface of an implanted material or with the proliferation
of smooth muscle cells, which migrate from native vessel,
invade the intima by growing instead of endothelial cells,
and produce extracellular matrix [51]. Intimal hyperplasia
(IH) is located at distal anastomosis of prosthetic grafts and
generally developed 2–24 months after implantation and
includes a variety of factors: a compliance mismatch between
a relatively rigid prosthesis and the more elastic native artery
[52], graft/artery diameter mismatch, lack of endothelial
cells, surgical trauma and flow disturbances resulting in
adaptive changes in the subendothelial tissue, characterized
by proliferation and migration of vascular smooth muscle
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cells from media to intima, and synthesis of extracellular
matrix (ECM) proteins. To overcome these issues, novel
biomaterials research [53] and particularly tissue engineer-
ing modalities are increasingly being adopted [54]. Tissue
engineering opened the way to the creation of devices with
an adequate mechanical strength and compliance in order
to withstand long-term hemodynamic stresses; furthermore,
these devices should be nontoxic, nonimmunogenic, biocom-
patible, available in various sizes for emergency care, resistant
to in vivo thrombosis, and able to withstand infection and
to incorporate into the host tissue with satisfactory graft
healing [55], related with reasonable manufacturing costs
[27].

It is thought that tissue engineering would be particularly
valuable in the production of vascular grafts because of the
massive need and precarious supply of natural graft material
for clinical use.

The challenges faced by the approach of tissue engineer-
ing for replacing blood vessels are substantial. They include
providing an elastic vessel wall that canwithstand cyclic load-
ing, matching the compliance of the graft with the adjacent
host vessel, and a lining for the lumen that is antithrombotic
[56]. From the first production of completely biological
tissue-engineered blood vessels, composed of intima, media,
and an adventitia, using culturedmature smoothmuscle cells
and endothelial cells in bovine collagen gels byWeinberg and
Bell [57], there have been many attempts for successful blood
vessel construction through tissue engineering approach.

Various strategies including in vitro endothelization of the
graft have been used to overcome these problems but few in
vivo results have been obtained [58, 59]. It is now clear that an
intact luminal EC monolayer imparts resistance to thrombus
formation and reduces the extent of intimal hyperplasia [60].

Several studies revealed that when blood comes into
contact with another surface than the endothelium, there
is an elevated risk of thrombosis. These conditions can be
related also with loosely attached ECs that can detach right
after implantation due to blood flow related shear stress [61].
The EC layer is also able to inhibit actively thrombosis. This
is achieved by thrombomodulin receptors, heparin sulfate,
proteoglycans, and the secretion of NO, prostacyclin, protein
S, and t-PA, all of which inhibit the clotting process. Aside
from these features, the endothelium has a primary role in
blood pressure regulation, angiogenesis, and adhesion and
transmigration of inflammatory cells. It is therefore con-
sidered a vital component for maintaining good long-term
patency. ECs, however, have limited capacity for regeneration
and exhaust their renewal after approximately 70 cell cycles,
leading to the hypothesis that endothelialization of vascular
grafts occurs via one of four mechanisms: (i) by seeding ECs,
(ii) via ECmigration from adjacent native vessel, (iii) through
deposition of circulating endothelial progenitor cells onto the
luminal surface, or (iv) via ingrowth of capillaries through
porous grafts [62]. Since Herring proposed amethod of seed-
ing ECs onto the luminal surface of synthetic conduits back in
1978 [63, 64],many studies have attempted to improve clinical
rates of patency by optimizing EC attachment. Parallel to
this, in scaffold-based blood vessel engineering, bioreactors
and pulsatile flow systems, designed by many scientists,

have been found to progress the mechanical property of the
engineered blood vessels by augmenting the deposition and
remodeling of extracellular matrix as well as the maturation
and differentiation of self-assembled microtissues [65–68].

4. Tissue-Engineered Vascular Grafts

According to the tissue engineering approach a bioengi-
neered tissue should be able to act as a temporary prosthesis
that replace a particular damaged tissue for the time neces-
sary to the cells, seeded in it or coming from the sites proximal
to the implant, to synthesize a new extracellular matrix
contributing to the production of a new tissue. The choice
of the starting biomaterial is crucial as it influences the rate
of degradation in vivo, the structural and functional integrity
of the bio engineered tissue, and its gradual elimination
from the body. The starting biomaterial also influences the
mechanical properties of bioengineered tissue as well as its
ability to be recognized as “self ” by the body.This last feature
is particularly important and can be completed only if the
biomaterial carries biological signals that represent a stimulus
for the adhesion and proliferation of the cells as well as for
the production of new extracellular matrix. In other words,
the physical-chemical characteristics of the biomaterial are
able to influence the biochemical gap between living tissue
and bioengineered ones. In some cases the biomaterial itself
can represent a stimulus for the cellular functions (especially
when natural components of the extracellular matrix are
employed), while in most cases molecules such as growth
factors, adhesion moieties, or even drugs of various nature
have to be incorporated into bioengineered tissue by physical
mixing or covalent bond. In this last case the biomaterial
must have free functional groups to be exploited for the
functionalization with one or more bioactive molecules.
In blood vessels tissue engineering heparin and vascular
endothelial growth factor (VEGF) are widely used. Both are
in fact able to avoid the formation of thrombotic phenomena
due to blood clotting. Heparin has anticoagulant activity
and is crucial in the early stages after implantation, whereas
VEGF, promoting endothelial cell proliferation, permits the
formation of an intact endothelium on the surface of the
scaffold in contact with the circulating blood avoiding the
creation of turbulent motions responsible of the formation of
thrombi. Moreover the presence of a confluent monolayer of
endothelial cells prevents the development of pseudointimal
hyperplasia by inhibition of bioactive substances responsible
for SMC migration, proliferation, and production of ECM
[69]. Since the early vascular tissue engineering has spread-
ing, natural or synthetic polymers (or combination of the
two classes) have been used as starting materials. Polyesters
are a class of synthetic macromolecules widely used in tissue
engineering because of their optimal mechanical properties,
biocompatibility, and biodegradability.

These polymers have been used as sutures [70] plates and
fixtures for fracture fixation devices [71] and scaffolds for cell
transplantation [72, 73].

Polyesters such as poly(𝜀-caprolactone) (PCL), polylactic
acid (PLA), and polyglycolic acid have been approved by FDA
and extensively employed in experimental trials.
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Figure 1: Tubular PHEA-PLA-PCL scaffold.

Concerning the vascular tissue engineering polyesters
have been chosen as starting material very often thanks also
to their good processability. Among the manipulation tech-
niques electrospinning has gained great attention because
it offers the possibility to obtain scaffolds with a defined
shape and a complex porous architecture that can mimic the
three-dimensional structure of extracellular matrix offering a
good support for cell attachment and proliferation [74, 75].
Through electrospinning it is possible to prepare nonwoven
mats of polymer fibers with diameters ranging from several
microns down to less than 100 nm [76, 77]. Spun mats show
amazing characteristics such as very large surface area to vol-
ume ratio, flexibility in surface functionalities, and superior
mechanical performance (e.g., stiffness and tensile strength)
compared with any other known form of the material [78].
These outstanding properties make the polymer fibers be
optimal candidates in tissue engineering as substitutes of
several tissues [79]. Nottelet et al. [80] developed a PCL-
based vascular graft with an internal diameter of 2 or 4mm.
They implanted the cell-free scaffolds to Sprague-Dawley rats
in substitution of an infrarenal abdominal aorta portion to
evaluate the resistance and the patency of the implanted
scaffolds over a period of 12 weeks. Scaffolds showed good
surgical handling and suture retention properties and led to
successful implantations without thrombosis or aneurysm
formation at the three different time points. Authors observed
also an almost complete endothelial coverage to the endolu-
minal graft surface after 6 weeks of implantation but some
intima hyperplasia formation was observed in all grafts after
12 weeks.

Infiltration of fibroblast and macrophages was observed
through all the scheduled times indicating the presence of
an inflammation process even if no chronic lymphocytic
reaction was observed.

The in vivo result of this study was even encouraging and
has outlined the outstanding properties of PCL even if it is
clear that some drawbacks are still present to be solved. As
mentioned above, an ideal bioengineered tissue should opti-
mally integrate with native tissues exploiting the possibility
to be functionalized with bioactive molecules. The lack of
functional groups in the starting biomaterial able to pro-
mote this type of functionalization could represent a major
limitation. The small number of functional groups in the
chemical structure of the polyesters limits the possibility to
bind significant amounts of most of the bioactive agents and

only molecules able to perform their biological function even
at very low concentrations could be used.

Zheng et al. [81] produce a nanofibrous vascular graft by
electrospinning of PCL functionalized with an arginine-gly-
cine-aspartic acid-(RGD-) containing molecule named Nap-
FFGRGD.

They also produce RGD free PCL grafts and compared
results obtained from the implantation of the obtained
vascular scaffolds in rabbit. Both grafts implanted in rabbit
carotid arteries for 2 and 4 weeks showed endothelial cell
adhesion in the lumen of the scaffold even if on the RGD-
PCL cells were confluent and highly aligned, whereas those
on the RGD free PCL graft were randomly aligned.

The endothelialization rates for RGD-PCL grafts were
faster than those of the PCL grafts demonstrating the impor-
tance to incorporate the active molecule in the vascular graft.

Polyesters could be employed also in combination with
bioactive macromolecules (mostly of natural origin) having a
direct effect on the cells or with polymers having functional
groups exploitable for the binding with the molecules of
interest.

Pitarresi et al. [82] electrospun a mixture of PCL
and 𝛼,𝛽-poly(N-2-hydroxyethyl) (2-aminoethylcarbamate)-
D,L-aspartamide-graft-polylactic acid (PHEA-EDA-g-PLA),
a synthetic graft copolymer having in its chemical structure
several free primary hydroxyl and amino groups coming
from the hydrophilic backbone of PHEA-EDA, a biocompat-
ible polymer derived from PHEA which is widely employed
for several biomedical application [83–88] (Figures 1 and 2).

PHEA-EDA-g-PLA functional groups were exploited to
covalently link a significant amount of heparin (36 𝜇g per mg
of scaffold) which has been employed to control the release of
fibroblast growth factor. Authors demonstrate that the pres-
ence of both heparin and growth factor influences the ability
of endothelial cells cultured in vitro upon the scaffold to
produce an intact endothelial layer. Jia et al. [89] electrospun
poly(L-lactic acid) (PLLA) in combination with collagen
in order to obtain a scaffold with the optimal mechanical
characteristic, due to the presence of the polyester, and able
to represent an optimum substratum for cell adhesion and
spreading thanks to the presence of collagen. They seeded
bonemarrow derivedmesenchymal stem cells (MSCs) on the
obtained nanofibers to investigate the capability of these cells
to differentiate into vascular endothelial cells when cultivated
with differentiatingmedium.Authors demonstrated that cells
grown on PLLA/Coll nanofibrous scaffolds differentiated
in endothelial cells showing cobblestone phenotype with
expression of vascular specific proteins such as the platelet
endothelial cell adhesion molecule-1 and Von Willebrand
factor.The use of stem cells in tissue engineering is becoming
increasingly popular because these cells can be extracted from
various sources and can proliferate in vitro and differentiate
into a series of mesodermal lineages, including osteoblasts,
chondrocytes, adipocytes, myocytes, and vascular cells [90–
93].

Among the polymers of natural origin, silk fibroin has
certainly attracted a lot of attention in the field of vascular
tissue engineering. Silk fibroin of silkworms is a commonly
available natural polypeptidic biopolymer with a long history
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Figure 2: PHEA-PLA-PCL scaffold. (a) SEM, 8000x, (b) SEM, 5000x.

of applications in the human body as sutures. Increasingly,
silk fibroin is exploited in other areas of biomedical science,
as a result of new knowledge of its processing and properties
like mechanical strength, elasticity, biocompatibility, and
controllable biodegradability [94]. Silk based regenerated
vascular tissues are clinically used as flow diverting devices
and stents and in general [95, 96] the properties of silk
fibroin are particularly useful for tissue engineering [97].The
implantation of vascular graft of silk fibroin composites of
B. mori and transgenic silkworm into rat abdominal aorta
results in excellent patency (about 85%) after a year [98].
Wang et al. produced a fibroin scaffold consisting of silk
braided tubes coated (on both inside and outside surfaces)
by a film of fibroin cross-linked with poly(ethylene glycol)
diglycidyl ether (PEG-DE). Through freeze drying technique
authors were able to obtain micro- and nanoscale pores
distributed throughout the inner surface of the scaffold.

They tested the biocompatibility in vitro on fibroblasts
and human umbilical vein endothelial cells demonstrating
that the biomaterial causes no inhibitory effect on DNA
replication, cell adhesion, or proliferative activity. Cells in
fact were able to fully spread on the internal surface and
formed an interconnected network [99]. Liu et al. produced
sulfated silk fibroin (S-silk) by reaction with chlorosulphonic
acid in pyridine and used the obtained biomaterial to form
a scaffold by electrospinning technique. They found that
the anticoagulant activity of S-silk scaffolds was significantly
enhanced compared with silk fibroin nanofibrous scaffolds.
Also they demonstrated that both endothelial cells and
smooth muscle cells strongly attached to S-silk scaffolds and
proliferated well expressing some phenotype-related marker
genes and proteins [100].

Several other studies have been conducted by employing
natural derived polymers (also in combination with synthetic
polymers) for the development of tissue-engineered blood
vessels.

Zhu et al. developed a 3D scaffold for vascular tissue
engineering by employing hyaluronic acid (HA) and human
like collagen (HLC). A tubular structure was obtained by

cross-linking the polymers with glutaraldehyde and then by
freeze drying the obtained product previously placed in a
tubular mold. Authors demonstrated that the presence of
HA promotes endothelial cell proliferation and maintains
their viability. Furthermore, HA enhances the mechanical
properties of vascular hybrid scaffold [101].

5. Conclusions

Despite numerous in vitro and in vivo results obtained by
different research groups in the production of bioengineered
blood vessels, to the best of our knowledge, there are no
clinical applications of any of these devices.

This denotes a real difficulty of the transposition of the
implant from the animal model to humans and thus there is
still a need to develop devices able to recreate entirely the
functional properties of native blood vessels following the
principles of tissue engineering.

There are still many aspects to be explained before a real
clinical translation of vascular implants.

Further studies can help to clarify the mechanisms of
regeneration and may address towards the choice of a more
efficient strategy for scaffold production and cells seeding.

Understanding the role of inflammatory cells in blood
vessel regeneration, for example, could be of great importance
for the future development of innovative grafts.

It is also desirable to overcome the problem of thrombo-
genicity in humans, finding a new approach that can retain
endothelial cells on grafts for a sufficient period of time under
flow conditions in vivo.
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A novel biomedical material composed of spherical hydroxyapatite (s-HA) and polyamide 66 (PA) biocomposite (s-HA/PA) was
prepared, and its composition, mechanical properties, and cytocompatibility were characterized and evaluated.The results showed
that HA distributed uniformly in the s-HA/PA matrix. Strong molecule interactions and chemical bonds were presented between
the s-HA and PA in the composites confirmed by IR and XRD. The composite had excellent compressive strength in the range
between 95 and 132MPa, close to that of natural bone. In vitro experiments showed the s-HA/PA composite could improve cell
growth, proliferation, and differentiation. Therefore, the developed s-HA/PA composites in this study might be used for tissue
engineering and bone repair.

1. Introduction

Hydroxyapatite (HA), with similar composition to natural
bone, has been extensively developed for biomedical applica-
tions in the past decades because it has good biocompatibility
and bioactivity and can bond with host bone directly [1–
4]. However, HA ceramics devices, such as filler and porous
scaffold, exhibit manifest brittleness, which vastly impedes its
clinical applications.

In order to obtain a biomaterial with good bioactivity
and good mechanical properties, more and more attention
focuses on the researches and medical applications of a
composite combining hydroxyapatite with a polymer because
such composite possesses both good bioactivity (HA) and
good ductility (polymer) [4–10]. Those biocomposites are
biocompatible and osteoconductive and hence can bond
with host bone directly and thus form a uniquely strong
biomaterial-bone interface.

Previous studies have showed that the properties of HA
have manifest effects on the properties of the HA/PA com-
posites [11–16]. For example, HA with atom molar Ca/P ratio
of 1.67 is very stable and hence shows poor degradability and

bioactivity in vivowhileHAwith lower atommolarCa/P ratio
(form 1.5 to 1.67) exhibits higher solubility (degradability)
and bioactivity. The size of HA also affects the properties
of the obtained composite. A nanoscaled HA shows better
bioactivity and enhancement effects on polymer and obtains
higher mechanical properties compared to the microsized
one because the nanosized HA have obvious surface effect
and small size effect [17, 18].

Recently, nanohydroxyapatite (n-HA)/polyamide 66 bio-
composites were developed by Sichuan University [1, 17].The
composites were shown to have good mechanical strength
similar to natural bone and good compatibility. Furthermore,
cage and vertebral plate developed by those composites have
been used for spine repair successfully [19]. However, n-
HA preparation process is very complex. Moreover, con-
glomeration of nanoparticles has been deemed to be one
of the main obstacles in the preparation of polymer-based
nanobiomaterials [20]. Hence, in this study, we prepared
HA/PA composite composed of spherical HA with extrusion
method, an industrialized method, and the composition,
mechanical properties, and preliminary cell responses to the
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composites were investigated in order to assess the potential
application as bone repair materials.

2. Materials and Method

2.1. Preparation of s-HA/PA. PA (BASF, A3K) and s-HA
(provided by Sichuan University) were mixed proportionally
and were processed by extrusion method according to the
following parameters: extrusion temperature: 230–275∘C;
main engine speed: 50HZ; feed rate: 40HZ.

S-HA/PA composites with 10w%, 20w%, 30w%, and
40w% s-HA content were prepared and named as 10HA/PA,
20HA/PA, 30HA/PA, and 40HA/PA, respectively.

2.2. IR, XRD, and Mechanical Strength. The composition
and structure of the 30HA/PA composite were characterized
by Fourier transform infrared spectroscopy (170SX FT-IR
Spectrometer; Nicolet, Madison, WI) and X-ray diffraction
(X’Pert pro-MPD; Philips, Eindhoven, The Netherlands). To
observe the S-HA distribution in PA matrices, the 30HA/PA
composite was fractured in liquid nitrogen, and a cross-
sectional specimen was observed under a scanning elec-
tron microscope (Hitachi S-450). In addition, the effects
of the amount of s-HA on the compressive strength of
the composite were assessed in the composite samples
(Φ10×12mm) containing different amounts of s-HA (0wt%,
10wt%, 20wt%, 30wt%, and 40wt%) using a mechanical
testing machine (REGER 30–50; Shenzhen Reger Co., Ltd.,
Shenzhen, China) with 50 kN load cells. The cross-head
speed was 5mm/minute, and the load was applied until the
specimens were compressed to about 20% of their original
height. Five replicates were carried out for each group, and
the results are expressed as the mean ± standard deviation.

2.3. Cytocompatibility. Culture cells in a humidified atmo-
sphere with 5% CO

2
, MG63 osteoblast-like cells were cul-

tured in Dulbecco’s Modified Eagle Medium (DMEM) sup-
plemented with 10% FBS plus 100U/mL penicillin and
100 𝜇g/mL streptomycin sulfate. Cells were incubated in
25 cm2 flasks to reach 80% confluence and then detached
for further experiments. For all the cell culture experiments,
30HA/PA composite samples with the size of B12 × 2mm
were used and MAC and tissue culture plate as controls.
These samples were sonicated in ethanol and sterilized using
ethylene oxide gas.

2.3.1. Cell Proliferation and Morphology. MG-63 osteoblast-
like cells were cultured in DMEM supplemented with 10%
FBS plus 100U/mL penicillin and 100 𝜇g/mL streptomycin
sulfates at 37∘C in a humidified 5% CO

2
atmosphere. Cells

were incubated in 25 cm2 flasks to reach 80% confluence and
then detached for further experiments. n-DA/MC composite
scaffold samples with the size of B6 × 2mm were used
for all the cell culture experiments, and tissue culture plate
(TCP) was used as a control.These samples were sonicated in
ethanol and sterilized using ethylene oxide gas.

The proliferation of MG-63 cells on the scaffold samples
was determined by using MTT (3-{4,5-dimethylthiazol-2yl}-
2,5-diphenyl-2H-tetrazolium-bromide) assay. MTT mea-
sures changes in absorbance at a specific wavelength and is
widely used for measuring cell viability. The production of
purple formazan in osteoblast cultures with or without the
samples was measured after 1, 3, 5, and 7 days of incubation
in 24-well culture plates. For this purpose, 100 𝜇L of MTT
(MajorBiochem, Shanghai, China) solution (5mg/mL) was
added to each well (containing either cells alone or pellets
with adherent cells removed from the original culturing
well) and the cells were incubated for 4 hours. Subse-
quently, the culture medium was aspirated and dimethyl
sulfoxide 1000 𝜇L/well was added to dissolve the formazan
completely for 10 minutes at 37∘C. Then 100 𝜇L of solution
was transferred to a 96-well enzyme-linked immunosorbent
assay plate and the absorbance was measured at 490 nm
using a microplate reader (MultiskanMK3,Thermo Electron
Corporation,Waltham,MA). Phase contrast microscopy was
used to observe the cell morphology.

2.3.2. ALP Activity. MG-63 cells were seeded on the samples
and ALP activity of cells was measured at 1, 3, 5, and 7
days, and the culture medium in 24-well plates was aspirated.
200𝜇L, 1%Nonidet P-40 (NP-40) solution was added to each
well at room temperature (RT) and incubated for 1 hour.
The cell lysate was obtained and centrifuged. 50 𝜇L super-
natant and 50 𝜇L 2mg/mL p-nitrophenylphosphate (Sangon,
Shanghai, China) substrate solution composed of 0.1mol/L
glycine, 1mmol/L MgCl

2
⋅6H
2
O were added to 96-well plates

and incubated for 30min at 37∘C.The reaction was quenched
by addition of 100 𝜇L, 0.1 N NaOH; the absorbance of ALP
was quantified at thewavelength of 405 nmusing amicroplate
reader (SPECTRAmax 384, Molecular Devices, USA). The
total protein content in cell lysate was determined using the
bicinchoninic acid (BCA) method in aliquots of the same
samples with the Pierce protein assay kit (Pierce Biotech-
nology Inc., Rockford, IL), read at 560 nm, and calculated
according to a series of albumin (BSA) standards. The ALP
levels were normalized to the total protein content at the end
of the experiment.

3. Results

3.1. IR and XRD. Figure 1(a) showed the characteristic peaks
of the PA. The –CO–NH– peaks could be observed at
about 1556 cm−1, 3307 cm−1 (N–H stretching), and 1642 cm−1
(C=O). Bonds at 2857 and 2925 cm−1 were the characteristic
peaks of C–H vibration. In Figure 1(b), the PO

4

3− peaks were
found at about 566, 953, 1033, and 1107 cm−1. The OH– peaks
were found at about 3569 and 605 cm−1. Figure 1(c) was the
spectra of composite. It can be seen that peaks of both s-
HA and PA presented in the composite, and the peaks had
shown clear shifts. The peaks of PA shifted from 1556, 1642,
and 3307 cm−1 to 1552, 1637, and 3301 cm−1. Owing to the
existence of hydrogen, it will absorbmore energy than before,
resulting in the absorption wavelength getting shorter. So,
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Figure 1: FT-IR spectra of PA (a), s-HA (b), and s-HA/PA composite
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Figure 2: The XRD patterns of PA (a), s-HA/PA composite (b), and
s-HA (c).

the peaks of HA shifted from 3569 to 3561 cm−1. Those peaks’
shift suggests that hydrogen formed between s-HA and PA.

Figure 2 showed the XRD patterns of PA (a), s-HA/PA
composite (b), and s-HA (c). Figure 2(c) indicated that the
major characteristic peaks of HA appeared around 25.9∘, 32∘,
33∘, 33.9∘, and 39.7∘, which were corresponding to the peaks
of the bone apatite [5]. Two strong peaks at 2𝜃 = 19.9∘,
23.5∘ were attributed to PA in Figure 2(a). Because of the
interaction of HA and copolymer, the orderliness of PA was
seriously disturbed, which is responsible for the decrease of
the intensities of PA peaks in Figure 2(b).

3.2. Compressive Strength of s-HA/PA Composite. The com-
pressive strength of composite with different s-HA is shown
in Table 1. It can be seen that the compressive strength
increased from 67MPa to 132MPa with the increase of s-HA
from 0 to 40% in composite.

3.3. SEM Analysis. The SEM photographs of s-HA and s-
HA/PA composite are shown in Figure 3. The s-HA was
about 20–60𝜇m (Figure 3(a)) and uniformly distributed in
PAmatrix (Figure 3(b)). In addition, no cracks between s-HA
and PA were observed.

Table 1: Compressive strength of s-HA/PA composite.

Samples Compression strength (MPa)
mean ± SD

PA 67 ± 7

10HA/PA 95 ± 15

20HA/PA 108 ± 9

30HA/PA 126 ± 8

40HA/PA 132 ± 11

3.4. Cytocompatibility

3.4.1. Cell Proliferation. The optical density (OD) values can
provide an indicator of cell viability on biomaterials; thus
the proliferation of MG63 cells on 30HA/PA composite was
evaluated using MTT. As shown in Figure 4, the OD values
of the composite and the controls (tissue culture plate, TCP)
increased with time, suggesting that MG63 cells were viable
on these samples, showing positive cellular responses. No
significant difference for OD values was found between the
composite and controls at 1, 3, and 5 days. However, the OD
value of the composite was higher than those of control at 7
days, indicating that the 30HA/PA composite could promote
cell proliferation at 7 days.

3.4.2. ALP Activity. ALP activity of MG63 cells cultured on
the 30HA/PA composite was determined at 1, 3, 5, and 7 days.
The results are shown in Figure 5.The ALP activity increased
with time for both the composite and TCP. No significant
difference between the composite and TCP was found at 1
and 3 days. However, the level of ALP activity of cells on the
HA/PA composite was obviously higher than those of MAC
and tissue culture plate at 5 and 7 days.

3.4.3. Cell Morphology. The phase contrast microscopy
images of MG63 cells cultured with the HA/PA composite
scaffolds are shown in Figure 6. It can be seen that, after 1 day
of culture, the cells had a sheet shape and there were large
intercellular spaces. After 3 days, the population of the cells
increased and the intercellular spaces reducedmanifestly.The
cells kept increasing and the gap between cells disappeared
after 5 and 7 days, indicating that the HA/PA composite
scaffolds had no negative effects on cells growth andmaintain
normal cell morphology.

4. Discussion

HA has an inorganic component similar to that in human
hard tissue. It has a good biocompatibility and can bond
to bone tissue in body [1, 21]. The outstanding biological
performance ofHAbiomaterial has beenwidely proved in the
forms of bone filler, coating on titanium alloy, and recently
as scaffolds for cell carrier in bone tissue engineering [1, 5,
9, 11]. So, HA is a good candidate for the preparation of
ceramic/polymer composites. Previous studies have reported
many performances of HA; for example, size and Ca/P ratio
exhibited manifest effects on the properties of the resultant
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Figure 3: The morphology of s-HA (a) and s-HA/PA (b).
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Figure 4: Viability of MG63 cells on s-HA/PA composite by MTT
assay, TCP as controls, ∗𝑃 < 0.05.

composite [22]. Hence, in this study, the spherical HA was
used as inorganic phase to enhance polyamide 66 to obtain
novel composites, and their properties were characterized.
It was shown by IR and XRD that chemical bond was
formed between s-HA and PA, which was considered to be
a strong interface bond. So when the s-HA are imposed with
external pressure, the pressure could be transferred into PA
via chemical bond, thus improving the whole mechanical
strength. The interface interactions between the polymer
and inorganic mineral have been proved to have positive
effects on the mechanical properties and the distribution of
inorganic particles into the composites [23–25].

In this study, the prepared s-HA/PA composite has a good
homogeneity (Figure 3). Furthermore, no obvious interface
debonding could be observed in the fracture surface of com-
posite, suggesting that there was a good interface between s-
HA and PA, which was consistent with the results of IR and
XRD.
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Figure 5: ALP activity ofMG63 cells cultured on s-HA/PA compos-
ite, TCP as controls, ∗𝑃 < 0.05.

The compressive strength of the composites with 10–
40w% s-HA content ranged between 95 and 132MPa, which
was close to that of the natural bone, between 50 and 140MPa
[26]. It has been reported that n-HA/PA composite showed
good mechanical strength and could meet the fundamental
requirements for supporting after implantation [1]. Com-
pared to that, s-HA/PA composites showed higher com-
pressive strength. Therefore, s-HA/PA should have enough
compressive strength for the support requirements in vivo.

To evaluate the in vitro biocompatibility of biomaterials,
the cell culture experiments are useful approaches [27, 28].
In this study, the MG63 cells were used to test the cytocom-
patibility of the s-HA/PA composite. The results showed that
the MG63 cells could proliferate better on the composites,
as was demonstrated by the MTT assay, suggesting positive
cellular responses to this material. After 7-day culture, the
OD values of the composites were significantly higher than
those of TCP, indicating that the composites could promote
the cell proliferation better and had higher cytocompatibility
than TCP. The phase contrast microscopy results exhibited
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Figure 6: Phase contrast microscopy images of MG63 cells cultured on the s-HA/PA composite for 1 day (a), 3 days (b), 5 days (c), and 7 days
(d).

that cells population increasedwith high speed and the spaces
among the cells disappeared at 5 days and that the cells
maintain normal morphology, suggesting that the s-HA/PA
composites had no negative effect on the cell attachment and
proliferation. Furthermore, the ALP activity has been used
as an early marker for functionality and differentiation of
osteoblasts during in vitro experiments [29–33]. The results
showed that the ALP of the MG63 cells cultured on the s-
HA/PA composites exhibited significantly higher levels of
expression than that of the cells cultured on TCP at 5 and 7
days, indicating that the composite could induce better the
differentiation of the cell into osteogenic cells.

5. Conclusion

Novel s-HA/PA biocomposites were prepared by extrusion
method in this study. The s-HA was homogenously dis-
tributed intoHA/PAmatrix and chemical bondwas formed at
the interface between organic phase and inorganic phase.The
compressive strength of composite was close to that of natural
bone. Furthermore, the s-HA/PA composites could not only
promote cell proliferation but also induce the differentiation
of the cell into osteogenic cells. The results indicated that the
s-HA/PA biocomposite might be a candidate for bone repair
material.
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Poly(L-lactide-co-D/L-lactide)-based fiber meshes resembling structural features of the native extracellular matrix have been
prepared by electrospinning. Subsequent coating of the electrospun fibers with an ultrathin plasma-polymerized allylamine
(PPAAm) layer after appropriate preactivation with continuous O

2

/Ar plasma changed the hydrophobic nature of the polylactide
surface into a hydrophilic polymer network and provided positively charged amino groups on the fiber surface able to interact with
negatively charged pericellular matrix components. In vitro cell experiments using different human cell types (epithelial origin:
gingiva and uroepithelium; bone cells: osteoblasts) revealed that the PPAAm-activated surfaces promoted the occupancy of the
meshes by cells accompanied by improved initial cell spreading. This nanolayer is stable in its cell adhesive characteristics also
after 𝛾-sterilization. An in vivo study in a rat intramuscular implantation model demonstrated that the local inflammatory tissue
response did not differ between PPAAm-coated and untreated polylactide meshes.

1. Introduction

Electrospinning is a long-known polymer processing tech-
nique that has received remarkable interest during the last
decade for biomedical applications like tissue engineering
and drug delivery [1–5]. The technique is applicable to both
polymer solutions andmelts [6, 7] and enables the fabrication
of made-on purpose tissue engineering matrices resembling
major structural features of the native extracellular matrix
[8, 9]. Polymer meshes resulting from electrospinning are
characterized by an interconnective porous network of more
or less ordered polymeric fibers with diameters in the range
between 3 nm and 2.5 𝜇m. Those artificial matrices are of
great interest in tissue reconstruction to act as cell support
guiding cell adhesion, proliferation, and differentiation [10,
11]. Both natural polymers like collagen [12, 13], silk [14],

or different polysaccharides [15] and synthetic polymers
particularly the well-known biodegradable polylactones [16],
polyanhydrides [17], or polyurethanes [18] are well suited for
processing by this technique.

The principal applicability of electrospun fiber meshes
made of artificial polymers like polylactones for cell culti-
vation purposes has been shown in numerous studies using
different cell types including cardiomyocytes [19], smooth
muscle cells [20], keratinocytes [21], fibroblasts [22], and
osteoblasts [23].

With regard to their use as tissue engineering scaffolds,
a drawback of many synthetic polymers is their innate
hydrophobicity which often impairs initial protein adsorp-
tion and cell adhesion [24]. Different strategies have been
proposed to overcome this problem including the synthesis
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of block copolymers containing hydrophilic segments [25],
the coating of synthetic polymer surfaces by natural poly-
mers like collagen [26], or the attachment of cell adhesion
molecules onto the polymer surface [27]. A promising and
recently established strategy to improve cellular acceptance
of biomaterials like titanium consists in their surface func-
tionalization using allylamine plasma polymerization under
nonthermal conditions. In this surface activation method, an
ultrathin and relatively stable plasma polymerized allylamine
(PPAAm) layer is deposited onto the material surface chang-
ing its hydrophobic nature and providing a hydrophilic
coverage for adhering cells [28]. Due to incorporated pos-
itively charged amino groups, the PPAAm layer enhances
the interaction with negatively charged pericellular matrix
components, for example, hyaluronan [29]. Recently, basic
cell experiments impressively demonstrated that the PPAAm-
activated surfaces promoted adhesion of osteoblasts not only
on titanium [28] and calcium phosphate ceramics [30] but
also on polymer films and fiber meshes [31]. PPAAm induced
early steps in the development of intracellular adhesion
components, for example, the actin cytoskeleton and paxillin
[29], without disturbing the metabolic activity in living cells
[32].

Due to capability of electrospinning to create not only
plane geometries but also round shaped and tubular ones
and due to the flexible and soft nature of electrospun devices,
this technique is considered to have a promising potential in
soft tissue and vascular engineering. In this study, we aimed
to study efficient PPAAm-coating of poly(L-lactide-co-D/L-
lactide) (PLA) fiber meshes with hydrophilic characteristics
varying the plasma pretreatment of the PLA meshes. We
furthermore investigated the initial cell adhesion of epithelial
cells on PPAAm-coated PLA meshes and studied the influ-
ence of 𝛾-sterilization as a validated sterilization process used
for implant materials. Finally, we present first in vivo data on
the tissue acceptance of these scaffolds.

2. Materials and Methods

2.1. Materials. A poly(L-lactide-co-D/L-lactide) 70/30 (PLA,
Resomer LR 708, Boehringer Ingelheim, Germany) with𝑀

𝑤

(weight-average molecular weight) = 1.5 × 106 gmol−1 (gel
permeation chromatography in chloroform with polystyrene
as external standard) was used for electrospinning. Allyl-
amine (for synthesis; 𝑀 = 57.09 gmol−1, 99%, VWR,
Darmstadt, Germany) was used as precursor for the plasma
polymerization process. All other chemicals were of reagent
grade.

2.2. Electrospinning. A custom designed electrospinning
apparatus consisting of a high-voltage power supply (ESV-
100, Ingenieurbüro Gerhard Fuhrmann, Leverkusen, Ger-
many), an infusion pump, and a 5mL plastic syringe con-
nected by a 25 cm PTFE tube to a stainless-steel straight-end
hollow needle (0.4mm) was used. Amirror (20 × 20 cm) was
used as a collector plate for collecting the electrospun fibers.
The needle and the mirror were connected to the ESV-100.
The syringe was mounted vertically against the collector, and

Table 1: Fiber mesh plasma preactivation process parameters.

Method Preactivation conditions
Gas composition Flow [sccm] Plasma impact

0 Without preactivation
1 O2 100 Pulsed
2 O2/Ar 100/25 Pulsed
3 O2/Ar 50/75 Pulsed
4 O2/Ar 25/100 Pulsed
5 Ar 100 Pulsed
6 O2/Ar 100/25 Continued (10 s)

the sample solution was fed at a constant rate through the
syringe to the needle tip. The distance between the needle tip
and the mirror was maintained at 18 cm. The voltage applied
to the needle was adjusted to 22 kV. A solution (3 wt%) of the
polymer in chloroform/methanol (3 : 1 v/v) was employed.
The flow rate of the solution was controlled at 1.5mL h−1,
resulting in the formation of fibers with an average diameter
of about 1.67𝜇m.

2.3. Fiber Mesh Preactivation. In general, a microwave
plasma reactor (500W, 50 Pa) was used for surface activation
of fibermeshes generating pulsed plasma (10ms on/90ms off;
50 s gross time = 5 s). Different preactivation conditions were
used as given in Table 1.

2.4. PPAAm Coating Process. After the preactivation process
polymer meshes were treated without breaking the vac-
uum in a microwave plasma reactor (V55G Plasma Finish,
Schwedt, Germany) in a downstream position (9 cm from
the microwave coupling window) with respect to disc-like
planar plasma of about 2 cm thickness [28]. The samples
were coated by using allylamine as monomer in microwave
excited (2.45GHz, 500W), low pressure (𝑝 = 50Pa) gas
discharge plasma with an effective overall treatment duration
of 480 s. Two different process regimes of preactivation have
been preferred, namely, preactivationmethods number 5 and
number 6. For comparison, PPAAm coating was performed
without preactivation. Thin layers (<50 nm) of PPAAm were
deposited.

2.5. Surface Analytics. The elemental chemical surface com-
position and chemical binding properties of PPAAm layers
on PLA fiber meshes were determined by X-ray photoelec-
tron spectroscopy (XPS) using anAXISULTRA spectrometer
(Kratos,Manchester, UK).Themeasurement conditions were
described in detail previously [28]. Briefly, the monochro-
matic Al K𝛼 line at 1486 eV (150W), implemented charge
neutralization, and pass energy of 80 eV were used for esti-
mating the chemical elemental composition and an energy of
10 eVwas used for estimating of the highly resolvedC1s peaks.
Each surface composition value represents an average over
three XPS measuring steps on the surface. Primary amino
groups were reacted with 4-trifluoromethylbenzaldehyde
(TFBA) at 40∘C for 2 h in a saturated gas phase to label
them for detection [28]. The polar and disperse part of
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surface free energy was calculated from measurements of
contact angles with different liquids. Water, ethylene glycol,
and methylene iodide contact angles were determined with
the help of the contact angle measuring system OCA 30
(DataPhysics Instruments GmbH, Germany) by the sessile
drop method (using software SCA20). Measurements were
always performed within 30min after sample preparation.
The morphology of the meshes has been studied after gold
sputtering (coater SCD 004, BAL-TEC, Balzers, Lichtenstein)
using the scanning electron microscope DSM 960A (Carl
Zeiss, Oberkochen, Germany).

2.6. Cell Cultivation. Human gingiva epithelial cells (Ca9-22,
HSRRB, TKG 0485, NIBIO, Osaka, Japan), human uroepi-
thelial cells (SV40-HUC-1, ATCC, CRL-9520, LGC Pro-
mochem, Wesel, Germany), and human MG-63 osteoblastic
cells (cell line, ATCC, No. CRL-1427, LGC Promochem) were
seeded onto untreated and PPAAm-coated (preactivatedwith
method 6, continuous O

2
/Ar plasma) fiber meshes with a

density of 1 × 105 cells cm−2 and cultured in Dulbecco’s mod-
ified Eagle medium (DMEM, Invitrogen, Carlsbad, USA)
with 10% fetal calf serum (FCS Gold, PAA Laboratories,
Pasching, Austria) or serum free for MG-63 cells [28] and
1% gentamicin (Ratiopharm, Ulm, Germany) at 37∘C in a
humidified atmosphere with 5% CO

2
for 0.5 and 24 h to

analyze morphology and spreading.

2.7. Cell Spreading. Epithelial cells were trypsinized (0.05%
trypsin, 0.02% EDTA, Sigma) at 37∘C for 3min, washed
in PBS, and stained with the red fluorescent linker PKH26
(PKH26 General Cell Linker Kit, Sigma-Aldrich, St. Louis,
MO, USA) for 5min in suspension. The vital, membrane
stained cells were then seeded onto the fiber meshes and cul-
tured for 0.5 and 24 h. After fixation with 4% paraformalde-
hyde (Merck,Darmstadt, Germany), the cells were embedded
with a cover slip. The microscopical examinations were per-
formed on the inverted confocal laser scanning microscope
LSM 410 (Carl Zeiss, Jena, Germany) equipped with a He-
Ne laser (excitation 543 nm) and the 63x water objective
(1.25/0.17, Carl Zeiss). The size of the images was 512 × 512
pixels. Spreading (cell area in 𝜇m2) of 40 cells/specimen
was measured using the software “area measurement” of the
confocal microscope LSM 410.

2.8. Cell Morphology. The cell morphology on the fiber
meshes was investigated using a scanning electron micro-
scope DSM 960A (Carl Zeiss, Oberkochen, Germany). For
cell analyses, cells were grown for 0.5 and 24 h, fixed with
4% glutaraldehyde (24 h), and dehydrated in a vacuum dryer
(10 × 10−3mbar, Plano, Wetzlar, Germany). Gold sputtering
was performed with the coater (SCD 004, BAL-TEC, Balzers,
Lichtenstein). Due to the bulging of the meshes during this
drying process, the pictures were taken from different angles
(up to 40∘).This allowed us to visualize the interlocking of the
cells and the substrate.

2.9. Sterilization Procedure. Untreated and PPAAm-coated
mesheswere𝛾-sterilizedwithCobalt-60 (minimal irradiation
dose 25 kGy, Synergy Health Radeberg, Germany).

2.10. In Vivo Study. The local inflammatory tissue response
was examined following simultaneous implantation of pieces
(size 5 × 5mm) of untreated and PPAAm-coated electrospun
PLA meshes into the neck musculature of 24 male Lewis
rats (age, 100 days; mean weight, 395 ± 13 g). After 7, 14,
and 56 days, tissue samples containing the PLA meshes were
collected from8 randomly selected animals, and cryosections
(5 𝜇m) were prepared with a Cryotome 2800 Frigocut N
(Reichert-Jung, Nu𝛽loch, Germany). CD68-positive total
monocytes and macrophages as well as CD163-positive
tissue macrophages were immunohistochemically labelled
using the monoclonal antibodies ED1 and ED2, respectively
(MorphoSys AbD Serotec, Duesseldorf, Germany). The alka-
line phosphatase/anti-alkaline phosphatase detection system
(APAAP; DakoCytomation, Hamburg, Germany) with the
colorimetric phosphatase substrate New Fuchsin was used to
visualize bound primary ED1 and ED2 antibodies. Morpho-
metric evaluation was performed with ImageJ software (U.S.
National Institutes of Health, Bethesda, Maryland, USA) by
quantification as percentage of positively stained area.

3. Results and Discussion

Fiber meshes of biodegradable PLA were fabricated by
electrospinning fromchloroform/methanol solventmixtures,
and after preactivation of the fiber surface, they were covered
with ultrathin PPAAm coating as schematically shown in
Figure 1.

As an important task, the conditions of plasma treatment
have to be carefully adjusted paying particular attention to the
fragility of nanofiber meshes and their thermal sensitivity.

3.1. PLA Fiber Mesh Preactivation. Prior to PPAAm coating,
the prepared PLA fiber meshes were preactivated by plasma
treatment varying the gas composition and the gas flow in
the plasma reactor to establish optimum conditions for the
subsequent PPAAm coating.

The values of the contact angles of electrospun meshes
measured after different preactivation conditions are com-
pared in Figure 2. As expected, the untreated PLA meshes
possess a hydrophobic surface.Whereas in pure argon plasma
the contact angle is only slightly changed, pure oxygen
plasma drops down the contact angle to 0∘ indicating strong
hydrophilization of the surface. Mixed O

2
/Ar plasma atmo-

spheres also lead to considerablymore hydrophilic surfaces. It
was an important aim to perform verymild plasma activation
of the PLA surface to avoid any changes or damage of the fiber
meshes.

A suitable analytical method to study the surface compo-
sition and uniformity of the PLA fibers is XPS possessing an
analytical depth of about 10 nm. Figure 3 shows the elemental
content for untreated (PLA) and preactivated fiber meshes
found by XPS measurements. It can be seen that short-
term, pulsed plasma treatment (effective treatment = 5 s)
under variation of the O

2
/Ar flow and continuous plasma

treatment (method number 6) result only in a slight change
of the C/O elemental composition. Thus, the influence of
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Figure 1: Schematic illustration of surface-coated fiber meshes.
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Figure 2: Water contact angles of fiber meshes measured after dif-
ferent preactivation conditions (for the numbering of preactivation
methods, refer to Table 1).

the preactivation method on the surface composition is only
marginal.

3.2. PPAAm Coating. Based on the results of fiber mesh
preactivation, PPAAm coating with allylamine as monomer
was performed in a microwave reactor without preactivation
and after preactivation methods number 5 and number 6,
respectively. Reaction conditions of the plasma polymeriza-
tion were chosen in such a way that both homogeneous
PPAAm coating on the PLA surface with a thickness of about
30 nm [28] was obtained and no surface alterations of the
temperature sensitive fiber mesh could be observed.

As already shown on titanium [28] and schematically
depicted in Figure 1 for PLA fibers, the deposited PPAAm
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Figure 3: XPS investigations of untreated and plasma preactivated
PLA fiber meshes.

coating formed a highly cross-linked polymer network con-
taining nitrogen and oxygen functional groups, particularly
primary, secondary, and tertiary amino groups.

Figure 4 (left row) shows SEM images of the fabricated
porous electrospun fiber matrix with a thickness of 40𝜇m
and a mean fiber diameter of 1.67 𝜇m. The corresponding
PPAAm surface-coated fibermeshes are exhibited in the right
column of Figure 4 illustrating that the microscopic fiber
structure generated by electrospinning was not changed or
even damaged by plasma polymerization.

In Figures 5(a) and 5(b), the water contact angles and the
surface energies of the PPAAm-coated fiber mesh surfaces
obtained after preactivation methods number 5 and number
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(a) (b)

(c) (d)

Figure 4: SEM images of untreated (left) and PPAAm-coated (right) electrospun PLA meshes (different magnification, upper row: ×3000,
bar = 7 𝜇m; lower row: ×10 000, bar = 2 𝜇m).

6 and without preactivation, respectively, are shown. In
comparison to the PPAAm-coated PLA surface without pre-
activation possessing a hydrophobic surface (contact angle >
100∘), the PPAAm-coated fiber meshes, fabricated with mild
preactivation, show the desired hydrophilic surfaces with
contact angles < 50∘ (Figure 5(a)). A somewhat lower water
contact angle was found for the PPAAm-treated mesh preac-
tivated by a continuous plasma treatment (method number
6).

The total surface energies measured for the three
PPAAm-coated fiber meshes ranged between 58 and
78mN/m (Figure 5(b)) illustrating an increase of the polar
component of the surface energy from the fibermeshwithout
preactivation (method number 0) to the mesh preactivated
by the pulsed plasma treatment (method number 5) and
continued to the mesh preactivated by method number 6
(continuous plasma treatment). It could be shown that in
comparison to an untreated surface mild preactivation of the
PLA surface is necessary to provide a sufficient number of

positively charged polar groups on the PPAAm-coated fibers
to ensure cell adhesion and proliferation.

Again, XPS was used to examine the surface composition
and uniformity of the PLA fibers before and after PPAAm
coating. Results are shown in Figure 6. After PPAAm coating,
the PLA surface was completely covered by PPAAm char-
acterized by the incorporation of nitrogen in all samples. It
can be seen that the preactivation of the PLA fiber meshes by
methods 5 and 6, respectively, leads to a decrease of the oxy-
gen content and simultaneously to an increase of the nitrogen
content (N/O ratio of 1.8% for samples without preactivation
versus N/O ratio of 4-5% for preactivated samples) by the
deposition of a closed and thicker PPAAm film. After TFBA
derivatization of the fibermeshes, which exclusively occurs at
the primary amino groups of the coated fiber surface, a higher
fluorine content was found for the preactivated PPAAm-
coated PLA meshes. The amino group density NH

2
/C could

be determined between 2% for the nonpretreated and 2.5%
for the pretreated fiber meshes. Preactivation of the fiber
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Figure 5: Water contact angles (a) and surface energies (b) of PPAAm-coated fiber meshes after fiber preactivation by methods number 5
and number 6, respectively, compared to the PPAAm-coated fiber meshes without preactivation (number 0) (𝑛 = 5).
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Figure 6: XPS investigations ((a) elemental composition and (b) NH
2

/C ratio) of PPAAm-coated PLA fiber meshes without plasma
preactivation and with plasma preactivation (methods 5 and 6), respectively.

meshes is especially necessary for a better thin filmdeposition
by the plasma polymerization process. For all in vitro and
in vivo experiments, we utilized the PPAAm functionalized
PLA fiber mesh after preactivation with method number 6
(continuous O

2
/Ar plasma) due to the water contact angle

(see Figure 5).

3.3. Investigations on Cell Spreading. Both human gingiva
epithelial cells (Ca9-22) and humanuroepithelial cells (SV40-
HUC-1) showed firm adhesion on PLA and PPAAm-coated
fiber meshes. Time-dependent spreading is illustrated in

Table 2 comparing the corresponding cell areas (in 𝜇m2)
after 0.5 and 24 h of cell seeding. As previously described
for the MG-63 osteoblastic cells [31], both epithelial cell
lines formed larger cell areas on PPAAm-coated PLA mesh
surfaces compared to untreated PLA. For the SV40-HUC-1
cells (Figure 7), this effect was more pronounced up to 24 h,
whereas in the case of Ca9-22 (Figure 8) the increase in cell
areaswas only visible after 0.5 h but in the same range for 24 h.

The morphology of the cells during the adhesion process
has also been studied by SEM. In Figure 7, it can be impres-
sively seen how spreading of SV40-HUC-1 uroepithelial
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Figure 7: SEM images showing spreading of SV40-HUC-1 uroepithelial cells on untreated and PPAAm-coated PLA fiber meshes after 0.5
and 24 h (bar = 40 𝜇m (upper row), 20 𝜇m (lower row, right images), and 7𝜇m (lower row, left images)).
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Figure 8: SEM images showing spreading of Ca9-22 human gingiva epithelial cells on untreated and PPAAm-coated PLA fiber meshes after
0.5 and 24 h (bar = 40 𝜇m (upper row) and 20 𝜇m (lower row)).

cells on PLA fiber mesh structure is supported by plasma
treatment with PPAAm, particularly in the initial phase
of cell adhesion. The same behaviour is found for Ca9-22
human gingiva epithelial cells in the first phase of occupation
(Figure 8).

Overall, these preliminary cell spreading experiments
confirm the adhesive capacity of PPAAm coating not only
for titanium and calcium phosphate materials as previ-
ously observed [28, 30] but also for polymers in form of
microfibers. Epithelial cells profit by the positively charged
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Figure 9: SEM images of test cells (MG-63) growing for 24 h on untreated and PPAAm-coated PLA meshes before (upper row) and after
𝛾-sterilization (lower row). Note that the process of sterilization did not disturb the spreading promoting effect of PPAAm inside the mesh
(right, below).

Table 2: Cell spreading of SV40-HUC-1 uroepithelial cells and Ca9-
22 gingiva cells on untreated and PPAAm-coated PLA meshes after
0.5 and 24 h (𝑛 = 40; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001; unpaired 𝑡-test).

Cell spreading (𝜇m2) Untreated PPAAm-coated

SV40-HUC-1 30min 109.0 ± 30.4 137.8 ± 25.6∗∗∗

24 h 158.4 ± 31.2 186.1 ± 37.9
∗∗

Ca9-22 30min 213.5 ± 46.8 288.3 ± 66.7∗∗∗

24 h 315.8 ± 86.4 315.6 ± 81.8

∗∗

𝑃 < 0.01 versus untreated; ∗∗∗𝑃 < 0.001 versus untreated (mean ± SD;
𝑛 = 40; unpaired 𝑡-test).

surface and were qualified to rapidly accept the intrinsically
hydrophobic biomaterial surface.

3.4. Investigation of Cell Spreading on Sterilized Fiber Meshes.
For clinical applications of the PLA meshes, it is necessary
to establish a possible sterilization process. We identified
𝛾-sterilization as a feasible sterilization method for these
PPAAm-coated PLA meshes. In Figure 9, it is demonstrated
that 𝛾-sterilization has no influence on the characteristics of
the PPAAmnanolayer, which can be seen on theMG-63 cell’s
capability to spread out quickly on the PPAAm coating.

3.5. In Vivo Study. In a first in vivo study, both untreated
electrospun PLA meshes and PPAAm-coated meshes (pre-
activated by method number 6) were implanted intramus-
cularly into Lewis rats to investigate the local inflammatory
response.The results after 7, 14, and 56 days following implan-
tation in the peri-implant tissue and implant-infiltrating
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(a) (b)

Figure 12: Exemplary immunohistochemical images for staining of CD68-positive total monocytes andmacrophages (ED1, left) and CD163-
positive tissue macrophages (ED2, right) from experimental day 14 for an untreated PLA mesh sample.

tissue are given for the CD68-positive total monocytes and
macrophages in Figure 10 and for the CD163-positive tissue
macrophages in Figure 11.

The local inflammatory reaction of CD68-positivemono-
cytes and macrophages did not differ between the untreated
and the PPAAm-coated meshes on any experimental day
and decreased significantly for both mesh types after day 14,
consistent with a change from an acute to a chronic phase of
inflammation.

Particularly on days 7 and 14 for both mesh types, the
inflammatory response within the implant-infiltrating tissue
was 10- to 20-fold higher than in the peri-implant tissue
(𝑃 = 0.0078). Similar to the CD68-positive monocytes and
macrophages, there was no significant difference between
both mesh types on any experimental day for the CD163-
positive tissue macrophages. In the peri-implant tissue, a
significant decrease was observed over time (day 56 versus
day 7) for bothmeshes, accompanied by a significant increase
in the implant-infiltrating tissue for the uncoated meshes but
not for the PPAAm-coated meshes. These observations are
also in accordance with a shift from acute to chronic inflam-
mation. In the peri-implant tissue, the response of CD68-
positive monocytes and macrophages and CD163-positive
tissue macrophages was comparable over the study course,
indicating that thesemacrophages were predominantly tissue
macrophages. In contrast, there were about 10-fold more
CD68-positive monocytes and macrophages than CD163-
positive tissue macrophages on days 7 and 14 in the implant-
infiltrating tissue, suggesting an early influx of macrophages
into this tissue area. Examples of immunohistochemical
images for staining of CD68-positive total monocytes and
macrophages and CD163-positive tissue macrophages from
experimental day 14 for an untreated PLA mesh sample are
shown in Figure 12.

Overall, the results from the histological examination
demonstrate that the PPAAm-coated meshes were compara-
ble to the untreated meshes regarding the local inflammatory
tissue response. Our long-term experiments in rats up to
six weeks recently revealed that this PPAAm nanolayer on

titanium alloys induced bone growth and improved the bone-
to-implant contact area decisively [33].

4. Conclusions

In this study, a plasma polymerization process using
allylamine monomer was adapted to cover the fiber sur-
faces of electrospun meshes prepared from PLA. Efficient
preactivation conditions for the fiber meshes before PPAAm
coating have been established, and method number 6 (O

2
/Ar

= 100/25mL, continuous wave 10 s) was favored for in vitro
and in vivo experiments. The PPAAm coating did not affect
the fragile microstructure of the fiber mesh preserving the
advantageous structural properties of these materials with
regard to their use in tissue engineering.The PPAAm coating
providing free amino groups on the fiber surface led to a
drastic change of the hydrophobic nature of PLA meshes
into a hydrophilic polymer network as shown by contact
angle measurements. In vitro cell experiments using human
gingiva epithelial cells (Ca9-22), human uroepithelial cells
(SV40-HUC-1), and MG-63 cells confirmed an improved
cell spreading on positively charged, amino group-containing
PPAAmsurfaces already after 0.5 h of incubation. In addition,
cells melt into these conditioned meshes. The 𝛾-sterilization
process did not hamper these findings. First in vivo data
on the biocompatibility of PPAAm-modified polylactide
meshes demonstrated that the coating has no influence on
the local inflammatory reaction. For both PPAAm-coated
and untreated mesh types, the time course of the examined
local inflammatory reactions was generally characterized
by a change from acute to chronic state as established
for implantation-related inflammation. Furthermore, the
response was stronger in the implant-infiltrating tissue than
in the peri-implant tissue, indicating that these inflammatory
processes were localized to the implant site without far-
reaching effects into distant tissue areas.

Based on these results, the plasma-assisted attachment
of positively charged amino groups onto biodegradable
synthetic polymer mesh surfaces represents a promising
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approach to improve the cellular acceptance of these mate-
rials.
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This study was conducted to validate the safety and efficiency of biomimetic nanohydroxyapatite/polyamide 66 (n-HA/PA66)
composite in animal model (rabbit) and report its application in anterior cervical discectomy and fusion (ACDF) for 4, 12, and
24 weeks. N-HA/PA66 composite was implanted into one-side hind femur defects and the control defects were kept empty as
blank controls. A combination of macroscopic and histomorphometric studies was performed up to 24 weeks postoperatively and
compared with normal healing. 60 cervical spondylosis myelopathy and radiculopathy patients who were subjected to ACDF using
n-HA/PA66 and PEEK cage were involved in this study with six-month minimum follow-up.Their radiographic (cage subsidence,
fusion status, and segmental sagittal alignment (SSA)) and clinical (VAS and JOA scales) data before surgery and at each follow-up
were recorded and compared. Nanohydroxyapatite/polyamide 66 composite is safe and effective in animal experiment and ACDF.

1. Introduction

Generally, ideal bone graft substitute materials should have
good osteogenesis, biocompatibility, and bioactivity. Further-
more, they can provide enough mechanical strength to meet
the fundamental support requirements during bone healing
period. Based on that concept, more attention is focused
on the development of bioactive composite composed of
bioactive inorganic ingredient (osteogenesis) and flexible
polymer in recent years.Hydroxyapatite (HA) shows a similar
composition and structure to natural bone mineral and
therefore has been considered to be an ideal material to build
bone repair materials due to its osteoconductivity. But its
brittleness extremely limits its use in load-bearing bone repair
[1–7]. Polyamide (PA) has good biocompatibility probably
because of its similarity to collagen protein in chemical
structure and active groups [8, 9]. PA also has excellent
mechanical properties resulting from the strong hydrogen
bonds between the amide groups in PA macromolecules [10,
11].

To combine advancements of the two materials, nanohy-
droxyapatite (n-HA)/polyamide 66 biocomposite was devel-
oped by Sichuan University [12]. This composite showed
good mechanical strength similar to natural bone and good
compatibility. Furthermore, cage and vertebral plate devel-
oped by this composite have been used for spine repair
successfully [13–18]. The porous n-HA/PA66 composite had
biological safety, good biocompatibility, osteoinduction, and
osseointegration [19, 20]. However, most of the studies were
conducted in one institution. The purpose of this study is to
validate the safety and efficiency of biomimetic n-HA/PA66
composite in rabbits and report primary use in cervical
discectomy and fusion in our department.

2. Materials and Method

2.1. Animal Experiment

2.1.1. n-HA/PA66 Characterization. The n-HA/PA66 bio-
composite was prepared by thermal-press molding. The
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500𝜇m×5

Figure 1: SEM micrographs of porous n-HA/PA66.

Figure 2: Columnar n-HA/PA blocks.

material presented: (1) high compressive strength which
reached 13∼46MPa and (2) excellent porous structure; the
average diameter of pores in the matrix was in range of
280𝜇m to 500𝜇m and porosity of 36% to 57% (Figure 1) [21].
The columnar n-HA/PA blocks (height 10mm and diameter
5mm) were made by Sichuan National Nano Technology
Co., Ltd. (Chengdu, China) (Figure 2).The biocomposite was
sterilized by gamma radiation prior to implantation.

2.1.2. n-HA/PA66 Implantation. 30 New Zealand white rab-
bits were involved in this experiment. After anesthesia, about
5 cm longitudinal incision was made 1 cm higher to the hind
limb knee to expose the femur. Four defects (5mm ∗ 5mm)
were drilled at low speed in the femur. Then the n-HA/PA
66 blocks were inserted into the defects in two of four bone
defects and the other two defects were kept empty. Implant
placement was randomized in the four defects and the wound
was secured in layers. After surgery the rabbitswere randomly
divided into 3 groups according to sacrifice time (4, 12, and 24
weeks).

All animals were injected with 10,000 units of penicillin
per day for 3 days to prevent infection. The animals were
sacrificed by a lethal dose of barbiturate, respectively, at 4, 12,
or 24 weeks after surgery.The femurs were removed, cleaned,
and prepared for histologic testing.

2.1.3. Wound Healing and Local Inflammatory Reaction.
Swelling, hematoma, infection, wound healing, and associ-
ated signs of local inflammatory reactions were observed

Figure 3: The n-HA/PA66 cage.

every day in 1 week after surgery and once in 1 week up to
24 weeks postoperatively.

2.1.4. Macroscopic Observations and Histological Study. At
the time of 4, 12, and 24 weeks after surgery, the rabbits were
killed and the femurs were explored. Local bone healing was
observed. 5 cm femur samples including all the defects were
removedwith a diamond saw.The bone samples were cleaned
and were doused in 10% formalin for 7 days. After initial
fixation, the bones were dehydrated in a series of alcohol
until the standardization was reached.Then the samples were
decalcified and embedded in epoxy resin. 5𝜇mcross-sections
were cut by a diamond saw microtome (Leica Spa, Milan,
Italy), and Masson’s trichrome staining was conducted. The
stained sections of each sample were observed with a light
microscope (NICON E 600).

2.2. Primary Clinical Use

2.2.1. Patients and Methods. This was a prospective nonran-
dom compared study of patients with cervical spondylosis
myelopathy or radiculopathy who underwent anterior cer-
vical discectomy and fusion (ACDF) with cage and anterior
plate. The study was approved by the Institutional Review
Board and was performed at our department from January
2013 to June 2013.

During this period, 60 patients were eligible for inclusion.
The inclusion criteria were (1) myelopathy or radiculopathy
with failure of conservative treatment (of at least three
months), (2) cervical degenerative diseases with compression
of the cervical spinal cord or nerve roots, or best clinical
symptoms and signs which can explain well documented
radiographs, and (3) through ACDF surgery, the spinal
cord or nerve roots could be adequately decompressed. The
exclusion criteria were (1) cervical deformities or neoplasia,
(2) severe osteoporosis, and (3) patients with psychiatric
disorders. The clinical presentation and radiological findings
determined the level of discectomy. The anterior fusion was
performed using n-HA/PA66 cage (Sichuan National Nano
Technology Co., Ltd., Chengdu, china) (see Figure 3) in 30
patients and PEEK cage (Medtronic Sofamor Danek Inc.,
Memphis, TN) in the other patients.
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All the operations were performed by one of two senior
spine surgeons. The patients were placed in the supine
position with neck extension. Cervical discectomy and
decompression were performed in the standard right-side
anterior cervical approach.Then local autologous bone filling
PEEK or n-HA/PA66 cage was implanted into the disc
space. The Atlantis anterior cervical plate system (Medtronic
Sofamor Danek Inc., Memphis, TN) was used in each patient
for further stabilization. After surgery, all patients were
requested to wear a soft cervical collar for approximately four
weeks.

2.2.2. Outcomes Assessment. At three and six months after
surgery, the patients had radiological follow-up. The cervical
plain radiographs were taken at each follow-up examination.
The following parameters were evaluated on lateral plain
radiographs: preoperative and postoperative segmental sagit-
tal alignment (SSA), cage subsidence, and fusion status. The
height of the fusion segment was measured as the distance
between the midpoint of the superior endplate of the upper
vertebra and themidpoint of the inferior endplate of the lower
vertebra. Subsidence was defined as the difference of height
of the fusion segment between immediately after surgery
and the later follow-up. It would be considered as severe
subsidence once cage subsidence exceeded three millimeters.
We defined the Cobb angle between the superior endplate
of the C4 vertebra and the inferior endplate of the C7
vertebra as the SSA. The lordosis angle and the kyphosis
angle were defined as positive angle and negative angle,
respectively.The changes in sagittal alignment before surgery
and at postoperative follow-ups were determined. When a
trabecular bone across the interfaces appeared, fusion was
considered complete. If the lucency between the implants
and vertebral endplates surfaced, nonunion would be noted.
All these radiographic parameters were measured by five
independent senior spine surgeons who were not involved in
the primary surgery and were unaware of the clinical results
of the patients. Their average value was adopted for final
analysis.

In addition, the clinical outcome of each patient was
assessed by comparing the scores on a 10-point visual ana-
logue scale (VAS) and the Japanese Orthopedic Association
(JOA) scale before surgery and at six-month follow-up.
Excessive operation time, blood loss, hospital stay, and surgi-
cal complications were recorded.The recovery rate (JOA)was
measured by the method of Hirabayashi et al. [22]. Recovery
rate (%) = post-op score − pre-op score/17 (full) − pre-op
score × 100.

2.3. Statistical Analysis. In this study, SPSS 17.0 statistic
software (SPSS, Chicago, IL, USA) was used for all statistical
analyses. Quantitative data are presented as the mean ±
standard deviation. With one-way ANOVA, the mean com-
parison at different time points was conducted, and with
the LSD method the pairwise comparison was performed.
By the Mann-Whitney test, mean comparison in two groups
was analyzed. All 𝑃 values were two-sided, and levels of
significance reaching >95 % were accepted.

Figure 4: 4 weeks after implanting n-HA/PA66 blocks.

3. Result

3.1. Animal Experiments

3.1.1. Wound Healing and Local Inflammatory Reactions. All
the rabbits survived until they were killed. Wounds healed
well in all cases and sutures were removed on the tenth
postoperative day. There was no swelling, fluid, or local heat
during the postoperative period.

3.1.2. Macroscopic Observations. At the time of 4, 12, and
24 weeks after surgery, the femurs were exposed and were
macroscopically observed. There were no obvious signs of
local inflammation observed in any animal. At the fourth
week, the implants were stable in the defects and the callus
formation covered about 70% of the surface of implants
(Figure 4); in the blank control defects, few calluses were
observed. At the twelfth week, the whole surface of the
implant was almost covered by callus. But in the blank
control, the calluseswere fewer. At twentiethweek, the defects
in the n-HA/PA 66 groupwere coveredwith the natural bone.
In the control group, the callus was thin and the defects were
still visible.

3.1.3. Histological Analyses. The defects with n-HA/PA
implantation in the 4-week group were filled with newly
formed bone and connective tissue. The interface between
the implant and bone was filled with direct bone bonding.
New osteoid tissue was observed in the pore structure, and
osteoblast infiltration was seen on the surface of the implant.
In the control group, loose fibrocollagen tissue filled the
defects and no bone formation was observed. In the 12-week
group, large amounts of new bone tissue are invading the
porosity of the n-HA/PA 66 implant. Osteoid tissue was also
detected in the central area of the implant. The lamellar bone
transitionwas seen in formed bone area. In the control group,
although new bone tissue was observed, fibrous tissue was
more frequently observed. New bony tissue was only detected
in marginal areas. 24 weeks postoperatively, part of n-HA/PA
66 also remained. But the cortex of the bone showed well-
developed lamellar appearance. Mature bone trabecular was
seen in no implant defects, but it was only good in marginal
areas of the defects.
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Figure 5: PEEK cages in a 65-year-old male postoperatively.

Figure 6: n-HA/PA66 cages in a 62-year-old male postoperatively.

3.2. Clinical Results. Of the 60 patients eligible for inclusion
in this study, we obtained complete datasets (preoperative,
immediately postoperative, 3 months postoperative, and 6-
month follow-up data) for 57 patients (95%). It contained 37
men and 20 women with a mean age of 51.3 years (range
35–71 years). 29 patients underwent the ACDF with PEEK
cage (PEEK group) (Figure 5) and the other 28 patients
with n-HA/PA66 cage (n-HA/PA66 group) (Figure 6). The
demographics of both groups of patients are shown in Table 1.
There were no statistically significant differences in sex, age,
smoking, diagnosis, or pathogenic level between these two
groups (all 𝑃 > 0.05). There were no severe complications
in both groups.

3.2.1. Radiographic Analysis. There was no case of cage
migration or breakage in either group at the last follow-up.

Table 1: Demographic data of cervical spondylitis.

PEEK group
(𝑛 = 30)

n-HA/PA66 group
(𝑛 = 30)

M : F 18 : 12 19 : 11
One level 22 24
Two levels 8 6
C4-C5 9 10
C5-C6 18 17
C6-C7 11 9
Radiculopathy 8 9
Myelopathy 16 14
Radiculomyelography 6 7
There are no statistical differences in each item between the groups.

Table 2: Clinical outcomes.

PEEK group
(𝑛 = 29)

n-HA/PA66 group
(𝑛 = 28)

VAS scores of the two groups
Pre-op 7.1 ± 1.4 7.3 ± 1.6

Six-month follow-up 2.1 ± 1.3 2.3 ± 1.2

JOA scores of the two groups
Pre-op 8.4 ± 2.4 8.2 ± 1.6

Six-month follow-up 15.1 ± 1.6 15.6 ± 1.2

There are no statistical differences in each item between the groups.

At three months after surgery, 24 patients’ cages were fused
with a fusion rate of 83% in the PEEK group that was
markedly lower than the fusion rate of 93% (26 of 28) in the
n-HA/PA66 group. At the six-month follow-up, the fusion
rate was 100% in the two groups. There was no severe cage
subsidence in the two groups. In the PEEK group, the mean
SSA before surgery was 13.8∘, and it significantly improved to
19.6∘ immediately after surgery (𝑃 < 0.05). While in the n-
HA/PA66 group, the mean preoperative SSA was 14.1∘, and
it significantly improved to 19.8∘ immediately after surgery
(𝑃 < 0.05). The change of SSA before and after surgery was
similar in the PEEK group and n-HA/PA66 group. In later
follow-ups, themean SSAof the PEEKgroup andn-HA/PA66
group had no significant change.

Clinical Outcome. The six-month follow-up VAS and JOA
scores of the two groups were significantly improved com-
pared to preoperative scores. However, there is no statistical
difference between the two groups over the follow-up period
(Table 2).

4. Discussion

Bone grafts are widely used in orthopedics surgery and
should provide support, bone conduction, and induction.
Autogenous bone grafts are considered the gold standard in
bone transplantation, but donor sites complications concern
many surgeons. Thus biological substitutes were developed
by many researchers. Developments of bone substitutes are
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based on a better understanding of the biological process in
the bone healing. The biological approach provides the key
that plays an important role in the repair of bone defects
[23, 24]. Artificial bone substitutes are clearly inferior to
autogenous bone grafts in osteoinduction, but they enhance
osteoconduction, provide support, and can be easily made in
the required shapes. Another important point which should
be considered is histocompatibility.

The n-HA/PA 66 used in this study was prepared by
thermal-press molding. Compared to injection molding
HA/PA [18], the pores in the materials prepared by the
hot-press molding are irregular tubular, the connectivity of
which is good. The shape and connectivity of the pores in
the biomaterials have important effects on their biological
activities in vitro and in vivo [21]. The irregular tubular
biomaterial provide good interface between n-HA/PA 66 and
host bone; new bone tissue can survive in the pores. The
compressive strength of n-HA/PA 66 used in this study was
13∼46Mpa. N-HA/PA 66 can provide enough support during
the bone healing period.

In this study, n-HA/PA 66waswell accepted and tolerated
by all the rabbits, no infection, wound complications, serious
inflammation, and rejection response were found in any
case. The results of macroscopic and histologic analysis
proved better bone reparation in the n-HA/PA 66 group
than the blank controls in all groups. New bone tissue was
detected around the implant and inside the pore structure 4
weeks postoperatively, which strongly demonstrated the good
osteoconductivity of the bone substitute.

In our clinical study, the cage was made of n-HA/PA
66, the same material used in the animal study. Compared
to the traditional PEEK cage used in ACDF, n-HA/PA 66
cages had the higher fusion rate at 3-month follow-up, but
at 6-month follow-up, there was no difference.The operation
time, blood loss, complications, and clinical outcome scores
were similar in the two groups. The results were similar to
other reports [25, 26]. However, the follow-up period was
short and the probability of similar case was little. Further
study is necessary.

In conclusion, the n-HA/PA 66 composite was safe and
effective in repairing bone defects of rabbits. The excellent
osteogenesis of the porous n-HA/PA 66 composite in this
study was rationalized by not only the biomimetic composi-
tion but also the interconnecting porosity. Porous n-HA/PA
66 cage was successfully used in ACDF and had a good
outcome that it can be a substitution to traditional cages.
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The interest in polymer based composites for tissue engineering applications has been increasing in recent years. Nanotubes
materials, including carbon nanotubes (CNTs) and noncarbonic nanotubes, with unique electrical, mechanical, and surface
properties, such as high aspect ratio, have long been recognized as effective reinforced materials for enhancing the mechanical
properties of polymer matrix. This review paper is an attempt to present a coherent yet concise review on the mechanical and
biocompatibility properties of CNTs and noncarbonic nanotubes/polymer composites, such as Boron nitride nanotubes (BNNTs)
and Tungsten disulfide nanotubes (WSNTs) reinforced polymer composites which are used as scaffolds for tissue engineering. We
also introduced different preparation methods of CNTs/polymer composites, such as in situ polymerization, solution mixing, melt
blending, and latex technology, each of them has its own advantages.

1. Introduction

Tissue engineering, an important emerging topic in biomed-
ical engineering, has shown tremendous promise in creating
biological alternatives for harvested tissues, implants, and
prostheses [1]. Tissue engineering may be defined as the
application of biological, chemical, and engineering princi-
ples toward the repair, restoration, or regeneration of living
tissues using biomaterials, cells, and factors alone or in
combination [2]. Scaffold is one of the key components in
the tissue engineering paradigm in which it can function
as a template to allow new tissue growth and also provide
temporary support while serving as a delivery vehicle for
cells and/or bioactive molecules structure [3, 4]. The scaffold
should be porous and permeable to permit the ingress
of cells and nutrients and should exhibit the appropriate
surface structure and chemistry for cell attachment. Ideal
scaffold should possess a suitable combination of physical
properties to match those of the replaced tissue with good
biocompatibility. Various synthetic alternatives such asmetal,
alloys, ceramics, polymers, and biocomposites have been
researched as scaffold for bioapplications. Among those

scaffold biomaterials, the polymers and polymers composites
occupy significant position. Polymer materials are playing an
increasingly important part in a diverse range of applications;
polymer systems can be used for a variety of applications,
such as drug delivery, diagnostics, tissue engineering and
“smart” optical systems, switching surfaces and adhesives,
and protective coatings that adapt to the environment, as well
as biosensors,microelectromechanical systems, coatings, and
textiles [5]. Nowadays, synthetic degradable polymers, such
as polycaprolactone (PCL), polyglycolic acid, polyvinyl alco-
hol (PVA), and polylactic acid (PLA), have been evaluated
extensively as scaffold biomaterials [6]. However, the results
of research show that their mechanical properties and bio-
compatibility are unsatisfactory for the tissue engineering
of load-bearing bone. Several strategies for improving the
mechanical properties (compression and flexural) of poly-
meric scaffolds have been reported, with a focus towards
developing nanomaterials reinforced polymeric composites
[6].

Nanomaterials, which are materials with basic structural
units, grains, particles, fibers, or other constituent compo-
nents smaller than 100 nm in at least one dimension, have
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evoked a great amount of attention [7]. Nanomaterials have
special mechanical, electrical magnetic, optical, chemical,
and other biological properties because of their high aspect
ratio and surface area. Among nanomaterials, the nan-
otube material attracted wide attention of researchers. Nan-
otubes, with structures that resemble tiny drinking straws,
large inner volumes can be filled with sundry chemicals
and biomolecules, ranging in size from small molecules
to proteins [8, 9]. After carbon nanotubes (CNTs) were
discovered by lijima in 1991, noncarbonic nanotubes were
manufactured by different routes: in 2000, Rothschild et
al. discovered Tungsten disulfide nanotubes (WSNTs) by
vapor-solid growth method; Nath et al. composited MS

2

nanotube in 2001 by vapor phase method; Kinenkamp et al.
synthesised ZnS nanotube by restoring sulfurization process
[10–12]. Then a variety of noncarbonic nanotubes has been
synthesized, such as boron nitride nanotubes (BNNTs) [13],
Bi
2
S
3
nanotube [14], NbS

2
nanotube [15], NbSe

2
nanotube

[16], AIN nanotube [17], GaN nanotube [18], InP nanotube
[19], SiO

2
nanotube [20], and ZnO nanotube [21]. CNTs,

one of the most concerned nanomaterials, with unique
electrical, mechanical, and surface properties, such as high
aspect ratio, high strength-to-weight ratio, extraordinary
mechanical properties (their axial elastic modulus and tensile
strength were theoretically predicted to be as high as 1-2 TPa
and 200GPa, resp.), have held great interest with respect to
biomaterials, particularly those to be positioned in contact
with bone such as prostheses for arthroplasty, plates or screws
for fracture fixation, drug delivery systems, and scaffolding
for bone regeneration, whose outstanding properties have
sparked an abundance of research [22–31]. In recent years,
some reports have showed that functionalized CNTs even
can improve cell compatibility of matrix material, promote
tissue regeneration, and inhibit the formation of glial scar
and fibrous tissue [32, 33]. These results suggest that CNTs
might hold great promise for synthesizing new kinds of
multifunctional nanocomposites in biomedical applications
and might be used as reinforcements to improve biological
properties of polymer. Noncarbonic nanotubes are important
members in quasi-one-dimensional family, because they
have a high volume percentage of surface area, which show
a high chemical activity and unique physical properties.
Through modifying by physical and chemical methods,
giving nanotubes new features, such as in the information
element, biosensors, molecular field of ion channel machine,
smart drugs, microtools, and advanced technology materials
in aerospace have important applications. To noncarbonic
nanotubes, their research has been focused on the discussion
of their manufacturing method and properties, and few
reports have investigated the application of their reinforce
polymer in tissue engineering; only BNNTs and WSNTs as
reinforcement factor with polymer composites have been
reported.

In this paper, we will present a comprehensive review
about the preparation and processing and the properties of
polymer composites reinforced by carbon and noncarbonic
nanotube that used or potentially could be used as scaffolds
in tissue engineering.

2. Preparation of Nanotubes

CNTs were discovered in the late 1950s while the synthesis of
CNTswas first reported in 1991 by Iijima [23] and Bacon [42].
Right now, there are several methods to produce CNTs
including arc discharge, laser ablation, chemical vapor depo-
sition (CVD), catalyst chemical vapor deposition (CCVD),
and template-directed synthesis [43]. Although arc discharge
is a common method for CNTs synthesis, it is difficult to
control the morphology of CNTs, such as length, diameter,
and number of layers. Compared with arc-discharge and
laser-ablation methods, CVD is most widely used for its
low setup cost, high production yield, and ease of scale-up.
There are two main types of nanotubes existing: the single-
walled nanotubes (SWNTs) which are composed by a rolled
monolayered graphene sheet and the multiwalled nanotubes
(MWNTs) which possess several graphitic concentric layers.
In the high-temperature methods, multiwalled carbon nan-
otubes (MWCNTs) can be produced from the evaporation of
pure carbon, but the synthesis of single-walled carbon nan-
otubes (SWCNTs) requires the presence of ametallic catalyst.
The CVD approach requires a catalyst for both types of CNTs
but also allows the production of carbon nanofibers [44].

In recent years, people from compounds of graphite,
boron nitride which have layered structure synthesized nan-
otubes. Methods of noncarbonic nanotubes mainly are arc
discharge, chemical vapor deposition, laser ablation, carboth-
ermal reduction, carbon nanotubes as a template, pyrolysis, a
ball mill, and a relatively low temperature of decomposition
[13, 45–51]. Recently, the mechanism of nanotubes has a new
understanding, breaking conventional wisdom that only lay-
eredmaterials can form nanotubes. Scientists have developed
new ideas of synthesis and proposed a new mechanism of
into the tube and from the nonlayered material prepared
nanotubes. For example, from chalcogenide MX

2
(M = Mo,

W, Nb, X = S, Se) prepared nanotubes. Methods prepar-
ing chalcogenide nanotubes are direct vulcanization MO

3

method, decompositionMX
3
method, decomposition (NH

4
)

MS
4
method, carbon tube template method, a hydrothermal

synthesis method, and so on. In 2000, Rothschild et al.
prepared nanoscale diameter of WS

2
nanotubes by vapor-

solid growth method [10].
BNNTs represent V compound nanotubes that can be

obtained through a variety of methods, such as arc dis-
charge, chemical vapor deposition, laser ablation, carbother-
mal reduction, carbon nanotube template method, pyrolysis
method, ball milling method, and hydrothermal synthesis
method [13, 45–51]. In 2000, Lourie et al. synthesized BNNTs
by chemical vapor deposition method [13]. Xu et al.’s team
prepared BNNTs by hydrothermal synthesis method in 2003
[51]. After obtaining BNNTs, a number of groups used
BNNTs, by filling heterogeneous substances into the pipe
body cavity to get the nanotubes reinforced composites,
hoping to obtain superior characteristics.

3. Preparation of Polymer Composites
Reinforced by Nanotubes

Preparing nanotubes/polymer composites must solve two
major problems: favorably dispersed of nanotubes in the
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Table 1: Comparison of CNTs/polymer composites with various fabricating methods.

Method Advantages Disadvantages
Solution mixing Wider applicability, better dispersion Low stability, residual solution
Melt blending Wide applicability, good dispersion Poor dispersion, large residual stress, and low interfacial bonding strength
In situ polymerization Widest applicability, best dispersion Residual monomer, matrix strength decline, and large residual stress
Latex technology Versatile, reproducible, and reliable Mechanical properties of the material were not significantly improved

matrix and the interface binding with the polymer and
nanotubes. Due to small diameter and high surface energy,
nanotubes tend to agglomerate easily, which affect their
dispersion in the polymer uniformly. Therefore, the primary
problem in the preparation of nanotubes/polymer compos-
ites is to solve the uniform dispersion of nanotubes in a
polymer matrix. In recent years, ultrasound treatment as an
important method of dispersing nanotubes, which benefits
its dispersion and activation and initiates the polymerization,
can effectively solve the problem of nanotubes dispersion
in the polymer [6]. In order to improve the adhesion of
the interface between the polymer and the nanotubes, it is
possible to introduce functional groups into the surface of
nanotubes or using the plasma treatment (e.g., NH

3
) [52].

The common fabricating methods of nanotubes/polymer
composites are solution mixing, melt blending, latex tech-
nology, and in situ polymerization method. These methods
and their features are briefly described in Table 1. Solution
mixing is the most common method for the fabrication of
nanotubes/polymer nanocomposites because it is amenable
to small sample sizes. In solution mixing, nanotubes are
generally dispersed in solvent and then mixed with polymer
solution by mechanical mixing, magnetic agitation, or high
energy sonication. Subsequently, the nanotubes/polymer
composites can be obtained by vaporizing the solvent at
a certain temperature [53–55]. Many researchers, such as
Xu et al. and Lau et al., have fabricated the CNTs/epoxy
composite using this method [56, 57]. For laboratory studies,
the solution blendingmethod is a simple way, often to achieve
the desired results, but for insoluble polymers, this method is
not applicable. It is also not suitable for large-scale industrial
preparation. Because this method the process is long and
complicated to operate, the consumption of solvents, and
complete removal of the solvent are difficult [58]. Melt blend-
ing is a versatile and commonly used method to fabricate
polymeric materials, especially for thermoplastic polymers.
Melt blending uses a high temperature and a high shear
force to disperse nanotubes in a polymer matrix [59–61]. The
major advantage of thismethod is that no solvent is employed
to disperse nanotubes. Its well-known disadvantage is that
nanotubes can easily be damaged to a certain extent or broken
in some cases [44, 62–64]. Latex technology is a relatively
new approach to incorporate nanotubes into a polymer
matrix. By using this technology, it is possible to disperse
nanotubes inmost of polymers that are produced by emulsion
polymerization or that can be brought into the form of an
emulsion. The advantages of this technique are obvious: the
whole process is easy, versatile, reproducible, and reliable [53–
55]. The solvent used for nanotubes dispersion is water; thus,
the process is a safe, environmentally friendly, and low-cost.

In situ polymerization is considered as a very efficientmethod
to significantly improve the nanotubes dispersion and the
interaction between nanotubes and polymer matrix. Gener-
ally, nanotubes are firstly mixed withmonomers, either in the
presence or absence of a solvent, and then these monomers
are polymerized via addition or condensation reactionswith a
hardener or curing agents at an elevated temperature. One of
the major advantages of this method is that covalent bonding
can be formed between the functionalized nanotubes and
polymer matrix, resulting in much improved mechanical
properties of composites through strong interfacial bonds
[65–67]. To improve the processability, electrical, magnetic,
and optical properties of nanotubes, some conjugated or
conducting polymers are attached to their surfaces by in
situ polymerization. It enables grafting of polymer macro-
molecules onto the convex walls of nanotubes. This then
provides a better nanotubes dispersion and formation of
a strong interface between the nanotube and the polymer
matrix. Epoxy-based nanocomposites comprise the majority
of reports using in situ polymerization methods [68–75].
Song et al. successfully covalently grafted biocompatible poly
(L-lactic acid) (PLA) onto the convex surfaces and tips of the
MWNTs by one step based on in situ polycondensation of the
commercially available L-lactic acid monomers [76].

4. Properties of Polymer Composites
Reinforced by Nanotubes as Scaffold for
Tissue Engineering

4.1. Polymer Composites Reinforced by Carbon Nanotubes.
Recently, polymers have received broad attention in the
field of biomedicine. However, their respective problems,
such as insufficient mechanical properties and biocompat-
ibility, can directly affect their performance in vivo. For
example, although PGA and poly-L-lactic acid (PLLA) can
provide a proper plasticity and controlled biodegradation,
the biocompatibility is not as satisfactory as that of other
biomaterials and themechanical properties of them seem like
insufficient when they are used for large bone defect repair.
Conversely, natural polymers, such as collagen, chitosan, and
natural extracellular matrix (ECM), exhibit excellent bio-
compatibility, biodegradable properties; however, their weak
mechanical properties have limited their clinical applications
[77]. An ideal composite with proper mechanical properties
for biomedical applications must be biodegradable and bio-
compatible and promote cell growth and proliferation. For
instance, polymers, which include natural polymer and syn-
thesized polymer, when they are fabricated as CNTs/polymer
composites, some of them demonstrate excellent biocom-
patibility and bioactivity due to the high aspect ratio and
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surface area of nanostructure. Nanostructured surfaces of
CNTs show high (bio- and cyto-) compatibility, by promoting
protein adsorption and enhancing subsequent cellular adhe-
sion and tissue growthmore than on traditional biomaterials’
surfaces such as ceramics, titanium alloy, and biopolymers.
Many experimental results have shown that the combination
of CNTs offers an attractive route to introduce new mechan-
ical properties. The use of CNTs/polymeric biomaterial com-
posites as scaffolds for bone engineering has recently become
a subject of interest. Scaffolds for tissue regeneration require
properties such as rigidity to bear external force, biodegrad-
ability and absorption, the ability to promote the adhesion
and proliferation of cells, and the ability to be penetrated by
blood vessels and body fluids. To date, CNTs have been used
to reinforce the weak points of existing scaffold materials. In
2011, Zhang synthesized a series of poly (lactic-co-glycolic
acid) (PLGA)/MWNTs composite scaffolds for tissue engi-
neering [34]. Compared to the pure PLGA scaffold, the tensile
stress of the PLGA/0.25%MWNTs scaffolds was increased by
54% (from 5.88 to 9.08MPa), Young’s modulus was increased
by 8% (from 163.53 to 176.83MPa), and the elongation at
break was increased by 49% (from 27.14% to 40.39%). It
is evident that even a small amount of MWNTs would
significantly improve the tensile strength of the composites.
Thermal characterization showed that the incorporation of
MWNTs into the PLGAmatrix increased the thermal stability
of the composite scaffolds. After 24 hours of rat bonemarrow-
derived mesenchymal stem cells (BNSCs) culture, compared
to the pure PLGA scaffolds, cells on the PLGA/MWNTs com-
posites were spread more with long filopodia. In addition,
cells on the PLGA/1.25% MWNTs scaffolds had started to
migrate through the pores and grow inside the fiber network.
The cells that came in contact with each other through filopo-
dia integrated with the surrounding fibers to form a 3D cel-
lular network, indicating better adhesion on the PLGA/1.25%
MWNTs scaffolds. Therefore, the mechanical and biological
properties of PLGA reinforced by MWNTs have improved
significantly and the PLGA/MWNTs composite scaffolds
fabricated by electrospinning may be potentially useful in
tissue engineering applications, particularly as scaffolds for
bone tissue regeneration. In 2013, Vozzi et al. microfabri-
cated three-dimensional (3D) scaffolds by mixing PLLA and
MWCNTs for bone tissue engineering [35]. In the test, their
mechanical properties aremeasured and their biocompatibil-
ity with human fetal osteoblasts (hFOB) is studied. The 3D
microfabricated PLLA/MWCNTs nanocomposite scaffolds
showed higher stiffness and cell viability than the pure 3D
microfabricated PLLA scaffolds. The result of nanoindenta-
tion test suggested that the presence of CNTs increased the
elasticmodulus.The results showed that the PLLA/MWCNTs
nanocomposite structures exhibited an improvement in the
mechanical properties that could be tailored through changes
in the topology of the structure. Cell test showed that all of
the composite films possess good cell compatibility, with a
value from the viability test of higher than 75% with respect
to the control (Figure 1(a)). At different times, the cell density
statistically increased (Figure 1(b)), so this result suggests
that the cells on the PLLA/MWCNTs scaffold were more
viable. In 2013, Chen et al. synthesized Chitosan-multiwalled

carbon nanotubes/hydroxyapatite nanocomposites (CHI-
MWCNTs/HA) for bone tissue engineering (Figure 2). The
mechanical properties of the composites were evaluated by
measuring their compressive strength and elastic modulus
[36].The result showed that elastic modulus and compressive
strength increased sharply from 509.9 to 1089.1MPa and
from 33.2 to 105.5MPa with an increase of multiwalled
carbon/chitosan weight ratios from 0 to 5%, respectively. Bio-
logical results suggested that no matter on the CHI-HA com-
posites or on theCHI-MWNTs/HA composites with different
MWNTs/CHI weight ratios, the cells were spread out and
had some filopodia. Meanwhile, the cells presented fusiform
and polygonal morphology. These results demonstrate that
preosteoblast MC3T3-E1 cells attachment and adhesion on
the surface of the CHI-MWNTs/HA composites are good and
the CHI-MWNTs/HA composites possess noncytotoxicity.
Using CCK-8 assay to quantify cell proliferation, the result
showed thatMC3T3-E1 cell proliferation onCHI-HAorCHI-
MWNTs/HA surface at 7 days of culture is higher than that at
3 days of culture, indicating good in vitro biocompatibility of
CS-HA and CHI-MWNTs/HA nanocomposites.Abarrategi
et al. studied the use of MWCNTs/CHI scaffolds, with
a well-defined microchannel porous structure, has been
shown biocompatible and biodegradable supports for cul-
ture growth, which was suitable for biomedical applications
[78]. Zawadzak et al. developed porous polyurethane foams
coated with CNTs by depositing CNTs on the surfaces of
polyurethane foams using electrophoretic deposition (EPD),
with the overall objective of creating a new family of func-
tional bone tissue engineering scaffolds with nanostructured
surface topography shown in Figure 3. The scaffolds retained
their high porosity and interconnected pore structure after
CNTs coating [79]. Furthermore, the CNTs coating was
thought to promote the scaffolds osteoconductivity and
mineralization potential as well as provide not only a nanos-
tructured surface but also an electric conductivity function,
suggesting that the polyurethane foams with CNTs coating
have the potential to be used as bioactive scaffolds in bone
tissue engineering due to their high interconnected porosity,
bioactivity, and nanostructured surface topography. Shi et al.
[80] studied the fabrication of highly porous scaffolds made
of three different materials: poly (propylene fumarate (PPF)
polymer, an ultrashort single-walled carbon nanotube (US-
tube) nanocomposite, and a dodecylated US-tube (F-US-
tube) nanocomposite. To assess the influence of the different
composition and porosity of materials on the properties
of scaffolds, scanning electron microcopy, microcomputed
tomography, and mercury intrusion porosimetry were used
to analyze the pore structures of scaffolds.The results indicate
that the good performance of the functionalized ultrashort
SWCNTs nanocomposite, which is tunable porosity and
mechanical properties, may be a promise candidate of the
ideal materials for scaffolds applied for the bone tissue
engineering applications.

4.2. Polymer Composites Reinforced by Noncarbonic Nan-
otubes. The first inorganic nanotubes WSNTs were dis-
covered in 1992 by Tenne and coworkers [81]. The study
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Figure 1: SEM micrographs of hFOB 1.19 cells cultured on the (a) PLLA/CNT spun film, (b) PLLA spun film, (c) PLLA/CNT 3D bonelike
PAM scaffold, and (d) PLLA 3D bonelike PAM scaffold [35].

observed closed polyhedral and cylindrical crystals of tung-
sten disulphide semiconductor compound. WSNTs possess
high mechanical properties (Young’s modulus ≈150GPa,
bending modulus ≈217GPa) [82, 83] and functional groups
make it possible to disperse in organic solvents, polymers,
epoxy, and resins [84]. In comparison to CNTs [85–93],
few reports have investigated the mechanical properties
of WSNTs-reinforced polymeric nanocomposites [39, 94].
Zohar et al. [39] evaluated the effect of embedding inor-
ganic nanotubes (INT) of tungsten disulfide (WS

2
) in an

epoxy matrix, on the mechanical, thermal, and adhesion
properties of the resulting nanocomposites and reported
≈49%, ≈39%, and ≈85% improvements in fracture tough-
ness, shear strength, and peel strength of epoxy composites
(compared to pristine epoxy controls) at 0.5 wt.% loading
of WSNTs. Reddy et al. reported an ≈22-fold improvement
in the elastic modulus and 30–35% improvements in the
tensile strength and toughness of electrospun PMMA fiber
composites (compared to pristine PMMA fiber controls) at
2 wt.% loading of WSNTs [40]. The study shows that the
mechanical properties of polymeric nanocomposites can be
significantly enhanced at very low loading concentrations of
WSNTs. Lalwani et al. investigated the efficacy of WSNTs
as reinforcing agents to improve the mechanical properties

of PPF composites as a function of nanomaterial loading
concentration (0.01–0.2 wt.%), compared with SWCNTs and
MWCNTs, and crosslinked PPF composites [41]. TEM result
showed that WSNTs (Figures 4(c) and 4(d)) existed as indi-
vidually dispersed sharp needle-like nanotubes with mean
outer diameter of≈100 nm and a length of≈1–15 lm. TEMwas
performed on 50–100 nm thick sections of crosslinked PPF
nanocomposites to assess the dispersion of nanostructures in
the polymer matrix (Figure 4). WSNTs were well dispersed
as individual nanotubes. Mechanical testing (compression
and three-point bending) shows a significant enhancement
(up to 28–190%) in the mechanical properties (compressive
modulus, compressive yield strength, flexural modulus, and
flexural yield strength) of WSNTs-reinforced PPF nanocom-
posites compared to the crosslinked PPF composites. In
general, WSNTs showed mechanical reinforcement better
than (up to 127%) or equivalent to that of carbon nanotubes
(SWCNTs and MWCNTs). Sol fraction analysis showed
significant increases in the crosslinking density of PPF in
the presence of WSNTs (0.01–0.2 wt.%). The results taken
together indicate that PPF nanocomposites were fabricated
at low loading concentrations (0.01–0.2 wt.%) of WSNTs
towards the fabrication of biodegradable polymeric implants
possessing improved mechanical properties. And none of
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Figure 2: SEMmicrographs of (a) MWNTs, (b) the CS/HA composite, (c) the CS-MWNTs/HA composite, and (d) TEMmicrographs of the
CS-MWNTs/HA composites [36].

Figure 3: SEM image showing the macroscopic pore structure of a
polyurethane foams coated with CNTs by EPD (deposition voltage:
20V) [79].

these studies have focused on biomedical applications or
havemade direct comparisons between carbon and inorganic
nanotubes as reinforcing agents.

BNNTs, other important noncarbonic nanotubes, were
predicted theoretically in 1994 and they were synthesized

shortly thereafter [45, 95, 96]. Boron nitride is isoelectronic
to carbon and has a stable hexagonal structure analogous
to that of graphite and possesses chiralities [46] (Figure 5).
BNNTs have excellent elastic modulus of 1.22 TPa (similar to
CNTs) and tensile strength similar to CNTs, which makes it
a potential candidate as reinforcement. In addition to their
structural similarity, BNNTs and CNTs have similar mechan-
ical properties and thermal conductivity [97, 98]. However,
BNNTs are distinct in several key aspects. First, BNNTs are
wide band gap semiconductors whose electrical properties
are independent of geometry, while CNTs may be metal
or semiconducting depending on chirality and diameter.
Second, BNNTs are more chemically inert and structurally
stable than CNTs [99]. Hence, their reinforcement will not
adversely affect the ductility of the scaffolds. BNNTs have
higher chemical stability than CNTs in oxidative atmosphere,
with their oxidation starting at 1223 k compared to CNTs
at 773 k. The flexible and elastic nature of BNNTs and its
ability to withstand heavy deformation could be helpful in
preventing damage to itself during high pressure application.
High temperature oxidation resistance of BNNTs is better
than CNTs, which makes it more suitable for high temper-
ature processing. BNNTs are noncytotoxic to osteoblasts and
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Figure 4: AFM and TEM images ofMWCNTs ((a) and (b)) andWSNTs ((c) and (d)).The insets in (a) and (c) show the corresponding height
(𝑍) profiles [41].

50nm

Figure 5: TEM images of BN straight cylindrical nanotubes. The
inset shows the perfect ordering of BN tubular layers [46].

macrophages. BNNTs are also found to be noncytotoxic to
human embryonic kidney cells and human neuroblastoma
cell line. BNNTs are relatively new in the field of composites

with very few studies on them being available. BNNTs-
reinforced polymer composites have shown improvement
in thermal, mechanical, and optical properties [37, 100–
104]. In 2005, By Zhi et al. fabricated BNNTs-reinforced
composites by using poly(methyl methacrylate) (PMMA),
polystyrene (PS), poly(vinyl butyral) (PVB), or poly(ethylene
vinyl alcohol) (PEVA) as the matrix and their thermal,
electrical, and mechanical properties are evaluated by Vick-
ers microhardness tests [105]. More than 20-fold thermal
conductivity improvement in BNNTs-containing polymers
is obtained, and such composites maintain good electrical
insulation. The coefficient of the thermal expansion of the
BNNTs-loaded polymers is dramatically reduced comparing
the breakdown electric fields of neat polymers with those
of their BNNTs composites including PMMA, PS, PVB, and
PEVA. Only in the case of PS dose the breakdown electric
field decreases, while in the other three cases, it marginally
increases. In any case, all the materials remain insulating and
possess a high breakdown electric field.The Vickers hardness
of PEVA, PS, and PMMAwas only slightly affected when they
were loaded with the BNNTs. This indicated that there is no
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250nm

Figure 6: SEM image of the fracture surface of PLC-5BNNT
composite showing polymer coated BNNTs of varying diameters
[37].

obvious negative effect on the mechanical properties of the
composites.

Lahiri et al. [37] studied the cytocompatibility of BNNTs
reinforced polylactide-polycaprolactone (PLC) copolymer
composite with osteoblasts andmacrophages in vitro in 2010.
The results show that the BNNTs addition to PLC enhances
the tensile strength and also resulted in an increase in the
expression levels of the Runx2 gene, the main regulator
of osteoblast differentiation. Stress-strain behavior shows a
gradual increase in the tensile strength with the addition of
BNNTs from 2.67MPa in PLC to 4.98 and 5.59MPa for PLC-
2BNNTs and PLC-5BNNTs, respectively. Tensile strength at
2.4 strain increases by 87% and 109%, with addition of 2
and 5wt.% BNNTs, respectively. SEM images of the fracture
surface of PLC-5BNNTs (Figure 6) show the BNNTs bridges
within PLC matrix. Dangling BNNTs with the other end
fully embedded in the polymer matrix. Cytotoxicity assay
of bare BNNTs on osteoblast and macrophage cells shows
that presence of BNNTs does not increase the number
of dead cells and hence are biocompatible to these cells.
Osteoblast cell viability study on polymer films reveals a
30% increase in live to dead cells ratio with BNNTs addi-
tion in PLC. Gene expression results indicate accelerated
osteoblast differentiation and growth in the presence of
BNNTs. Biodegradable PLC-BNNTs composite films, with
improved mechanical properties and biocompatibility, have
been successfully synthesized for their possible application
in orthopedic scaffolds. In the same year, Lahiri et al.
propose BNNTs reinforced hydroxyapatite (HA) as a com-
positematerial for orthopedic implant application.HA-4wt%
BNNTs composite offers excellent mechanical properties—
120% increment in elastic modulus, 129% higher hardness,
and 86% more fracture toughness, as compared to HA [38].
HA-BNNTs composite also showed 75% improvement in
the wear resistance. Tribological behavior of HA and HA-
BNNTs composite is quantified in terms of coefficient of
friction (CoF) and wear volume loss. The CoF increases by
∼25% with BNNTs reinforcement in HA. The presence of
BNNTs decreases the wear volume loss of HAmatrix by 75%.
Proliferation and viability of osteoblast cells are evaluated on
HA and HA-BNNTs surface after in vitro culturing for 1, 3,
and 5 days. The population of the osteoblast also increases

visibly from 1 to 3 days on both surfaces. This observation
indicated that HA and HA-BNNTs surfaces are suitable for
osteoblast cell proliferation. Population of osteoblast cells
is slightly denser on HA-BNNTs surface than HA after 3
days of culture. Osteoblast proliferation and cell viability
showed no adverse effect of BNNTs addition. HA-BNNTs
composite is, thus, envisioned as a potential material for
stronger orthopedic implants.

We summarized the properties of the polymer composites
reinforced by nanotubes mentioned in this paper in Table 2.

5. Conclusion and Future Developments

In this review,we provide an overviewof the research onpoly-
mer composites reinforced by CNTs and noncarbonic nan-
otubes. CNTs and noncarbonic nanotubes reinforced poly-
mer composites are an emerging class of high-performance
materials with unique and promising properties. CNTs and
noncarbonic nanotubes reinforced polymer, in particular,
aimed at taking advantage of nanotubes’ superior mechanical
properties as well as their high aspect ratio and surface
area [106, 107]. CNTs and noncarbonic nanotubes/polymer
nanocomposites have the advantage of size compatibility
between their constituents. Introducing CNTs and noncar-
bonic nanotubes to polymer matrices modifies mechanical,
electrical, thermal, and morphological properties of the pro-
duced nanocomposite. The prospect of obtaining advanced
nanocomposites with multifunctional features, for example,
materials used for structures and electrical conductors, has
attracted the efforts of researchers in both academia and
industry [108, 109]. Biomedical in particular recognizesmany
potential applications such as scaffolds for bone and neural
tissue engineering materials [110–112].

The most commonly employed synthetic polymers for
tissue engineering are biodegradable polyesters. Although
they do not possess adequate mechanical stiffness to provide
structural support in bone constructs, they are very easy
to manufacture and process compared with biopolymers
such as collagen, which are highly labile, or ceramics such
as hydroxyapatite, which are difficult to melt, dissolve, or
extrude. Advanced polymer-based nanocomposite materials
have gained popularity for wide engineering applications
which have been conducted in vitro and in vivo environments
in research in the past few years. Many researches have
also demonstrated the use of nanostructural materials as
reinforcements to enhance the mechanical properties and
thermal stability of biocompatible polymers for artificial
joints and scaffolding [113–115]. To keep highly porous
structure of scaffolds, which can further provide an ideal
environment for the migration and proliferation of cells,
they had better supply and adequate mechanical strength
during the initial healing state. Moreover, it is shown that
many research efforts have been directed towards producing
CNTs and noncarbonic nanotubes/polymer composites for
functional and structural applications [116–119].

Emergence of carbon nanotubes raises nanotube research
boom, and researchers have prepared a variety of noncar-
bonic nanotubes. Overall, new trends appear in preparation



International Journal of Polymer Science 9

Ta
bl
e
2:
Pr
op

er
ty
im

pr
ov
em

en
ts
of

po
ly
m
er

co
m
po

sit
es

re
in
fo
rc
ed

by
na
no

tu
be
s.

Re
in
fo
rc
em

en
t

Bi
oc
om

pa
tib

ili
ty

M
ec
ha
ni
ca
lp
ro
pe
rt
ie
s

Re
fe
re
nc
es

Ty
pe

C
on

te
nt

(%
)

M
at
rix

M
et
ho

d
Im

pr
ov
em

en
t

Pr
op

er
ty

Pe
rc
en
ta
ge

M
W
N
T
>
95

w
t

PL
G
A

BM
SC

sc
el
ls
cu
ltu

re
H
um

an
fe
ta
lo
ste

ob
la
sts

ce
lls

Im
pr
ov
ec

el
la
dh

es
io
n
an
d
pr
ol
ife
ra
tio

n
Im

pr
ov
ec

el
lc
om

pa
tib

ili
ty

Te
ns
ile

str
es
s

54
[3
4]

M
W
CN

T
—

PL
LA

El
as
tic

m
od

ul
us

67
[3
5]

M
W
N
T

—
CH

I-
H
A

CC
K-

8
Im

pr
ov
ec

el
ls
at
ta
ch
m
en
ta
nd

ce
ll
pr
ol
ife
ra
tio

n
El
as
tic

m
od

ul
us

53
[3
6]

BN
N
T

2w
t

PL
C

O
ste

ob
la
st
ce
ll

Ac
ce
ler

at
ed

os
te
ob

la
st

di
ffe
re
nt
ia
tio

n
an
d
gr
ow

th
Te
ns
ile

str
en
gt
h

87
[3
7]

BN
N
T

5w
t

PL
C

O
ste

ob
la
st
ce
ll

Ac
ce
ler

at
ed

os
te
ob

la
st

di
ffe
re
nt
ia
tio

n
an
d
gr
ow

th
Te
ns
ile

str
en
gt
h

10
9

[3
7]

BN
N
T

4w
t

H
A

H
A-

BN
N
T
to

os
te
ob

la
sts

Im
pr
ov
eo

ste
ob

la
st

pr
ol
ife
ra
tio

n
an
d
vi
ab
ili
ty

El
as
tic

m
od

ul
us

12
0

[3
8]

W
SN

T
0.
5w

t
Ep

ox
y

—
—

Pe
el
str

en
gt
h

85
[3
9]

W
SN

T
2w

t
PM

M
A

—
—

El
as
tic

m
od

ul
us

30
[4
0]

W
SN

T
0.
01
–0

.2
w
t

PP
F

—
—

C
om

pr
es
siv

em
od

ul
us

60
[4
1]



10 International Journal of Polymer Science

of noncarbonic nanotubes which is mainly from random
growth transition to controlled growth and from disorder
growth transition to order growth. Evaluation of the per-
formance will be the main theme of research in the field
of noncarbonic nanotubes and exploring the causes of the
growth mechanism and the peculiar physical properties are
the focus of research fromnowon. Contacting the noncarbon
nanotubes with the next generation of nanodevices also
becomes future research development direction in this area.

There are still some challenges to be confronted. It
has become clear that issues of dispersion, alignment, and
stress transfer are crucial and often problematic at this size
scale. Dispersion is often obtained by using unentangled
nanotubes, high viscosities, and high shear rates. A degree
of alignment has been successfully obtained using shear and
elongation as well as, to a lesser extent, magnetic and electri-
cal fields. However, the most critical factor is the production
and how to achieve efficient, fast, large, and continuous
production of low-cost high purity nanotube is also a need
to solve practical problems, such as the progress of research
on BNNTs is still limited by the poor availability of BNNT
samples for widespread investigation of their properties and
applications. The lack of a simple and straightforward pro-
duction process has made it extremely difficult to perform an
accurate biocompatibility investigation [120, 121]. Recently,
new techniques have been developed to obtain high-purity
BNNTs using common furnaces exploited for CNT synthesis
[122, 123]. This will allow an increment of BNNT production
and a more sustained availability of good samples for future
biological investigations.

In conclusion, the improvement and application of these
composites will depend on how effectively we can handle
the challenges. The significant progress in the understanding
of these composite systems within the past few years points
toward a bright future.
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3D printing technology has recently gained substantial interest for potential applications in tissue engineering due to the ability of
making a three-dimensional object of virtually any shape from a digital model. 3D-printed biopolymers, which combine the 3D
printing technology and biopolymers, have shown great potential in tissue engineering applications and are receiving significant
attention, which has resulted in the development of numerous research programs regarding thematerial systemswhich are available
for 3D printing.This review focuses on recent advances in the development of biopolymermaterials, including natural biopolymer-
based materials and synthetic biopolymer-based materials prepared using 3D printing technology, and some future challenges and
applications of this technology are discussed.

1. Introduction

Tissue engineering has been an area of immense research in
recent years because of its vast potential in the repair or re-
placement of damaged tissues and organs [1, 2]. The present
reviewwill focus on scaffolds as they are one of the threemost
important factors, including seed cells, growth factors, and
scaffolds in tissue engineering [3].

According to Hutmacher [4] a scaffold should satisfy the
following criteria: (1) it should be bioresorbable and biocom-
patible with a controllable degradation and resorption rate
to match cell/tissue growth in vitro/vivo; (2) it should have
suitable surface chemistry for cell attachment, proliferation,
and differentiation; (3) it should be three-dimensional and
highly porous with an interconnected porous network for cell
growth, flow transport of nutrients, and metabolic waste; (4)
it should have proper mechanical properties to match the
tissues at the site of implantation [5].

Randomprocesses such as foaming [6], emulsification [7]
solvent casting, particle/salt leaching [8, 9], freeze drying [10],
thermally induced phase separation [11], and electrospinning
[12, 13] have been used for the manufacturing of tissue engi-
neering scaffolds. Onemajor drawback is the fact that porous
scaffolds fabricated by random processes cannot be produced
with complete control of the geometrical parameters, such as
pore size, pore interconnection size, and porosity.

Moreover scaffolds with tailored porosity for specific
defects are difficult to manufacture with most of these ap-
proaches. Such scaffolds can be designed and fabricated using
three-dimensional printing (3DP), which is becoming popu-
lar due to the ability to directly print porous scaffolds with
designed shape, controlled chemistry, and interconnected
porosity [14].

3D printing proposes an effectivemeans to assemble all of
these necessary components through the use of biomate-
rials, printing techniques, and even cell delivery methods.

Hindawi Publishing Corporation
International Journal of Polymer Science
Volume 2014, Article ID 829145, 13 pages
http://dx.doi.org/10.1155/2014/829145

http://dx.doi.org/10.1155/2014/829145


2 International Journal of Polymer Science

Laser/UV/binder
Powder/liquid

Recycling

Product in the beginning
of 3D printing process 

Product in the middle of 
3D printing process

The final 
product

Scanning

Data in 3D form 
Slicing up 
the date

Data in 2D form 

Figure 1:The principle schematic of 3D printing.The data that represents the products is sliced into two dimensions.The data, layer by layer,
gets passed through the machine starting at the base of the product, and material is deposited layer by layer, infusing the newest layer of
material to the old layer in an additive process.

The standard for 3D-printed tissue engineering constructs is
to provide a biomimetic structural environment that facili-
tates tissue formation and promotes host tissue integration,
including hard and soft tissues, whether through scaffold-
based or scaffold-free approaches [15].

In this review, the commonly used biopolymers and basic
principles of 3D printing will be introduced, as well as the
development of polymers fabricated using 3D printing for tis-
sue engineering. The development of natural polymer, syn-
thetic polymer, and their composites is introduced, respec-
tively, and the prospects of the 3D-printed biomaterials are
discussed.

2. The Principle of 3D Printing Technology

3D printing is a process ofmaking a three-dimensional object
of virtually any shape from a digital model. 3D print-
ing, which is additive manufacturing (AM) technology, is
achieved using an additive process, where successive layers
of material are laid down in different shapes.The 3D printing
technology is used for both prototyping and distributedman-
ufacturing, with applications in industrial design, automative
industry, aerospace, architecture, medical industries, tissue
engineering, and even food.

Thefirst step of 3Dprinting ismodeling. 3Dprinting takes
virtual models from computer-aided design (CAD) or ani-
mation modeling software and “slices” them into digital
cross-sections, so that the machine can successively use them
as a guideline to print. Depending on the machine used, ma-
terial or a binding material is deposited on the build bed or

platform until the material/binder layering is complete and
the final 3D model has been printed. The second step of 3D
printing is printing. In this step, themachine reads the design
from an stl file and lays down successive layers of liquid, pow-
der, or some other materials to build the model from a series
of cross-sections. At last, the 3D-printed object is finished
according to the modeling. Some 3D printing techniques are
capable of usingmultiplematerials in the course of construct-
ing parts and some may also utilize supports when building.
Supports are removable or dissolvable upon completion of the
print and the final object can be obtained. Postprocessingmay
be needed for some 3D-printed objects, while for others it
may not be necessary.The principle schematic of 3D printing
is shown in Figure 1.

A large number of additive processes including selective
laser sintering (SLS), stereolithography (SLA), fused depo-
sition modeling (FDM), and direct metal laser sintering
(DMLS) are available for 3D printing. They differ among
them in the materials that can be used and in the way the
layers are deposited to create parts. For biopolymers, themost
commonly used processes are SLS, SLA, and FDM.

In SLS, one of the many 3D printing technologies avail-
able, the slices are written by a carbon dioxide (CO

2
) laser

beam. The written process derives from the coalescence of
particles through sinterization caused by the application of
laser and thermal energy [16, 17].The slice geometries are de-
fined by selective sintering that follows the laser beam scan-
ning onto the powder layers, according to the digital slices.
The interaction of the laser beam with the powder raises the
powder temperature to the point of melting and causes
the particles to be fused together to form a solid mass.
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The sintered material forms the object and the powder sup-
ports it during its manufacturing [18]. In the final stage of
the SLS process the object is removed from the powder envi-
ronment and it is cleaned from the remaining powder at-
tached to its walls [17].

In SLA, thin successive layers are photocrosslinked by
ultraviolet or visible light that induces photopolymerization
of a reactive system according to a sliced CAD model. The
technique requires a liquid photocrosslinkable resin with
defined viscosity properties and, for that reason, reactive or
nonreactive diluents are typically used. SLA can generate a
large number of widely differing 3D structures in a repro-
ducible waywith precise control over the finalmicrostructure
and geometry [19]. In addition, nonlinear scaffold geometries
can be produced.

In FDM, like other RP methods, one layer at a time is
printed but typically the material is directly deposited on a
surface where it is desired. Extrusion through a nozzle results
in a cylindrical coiled morphology of each layer [20]. FDM
uses a small temperature-controlled extruder to force out a
thermoplastic filament material and deposit the semimolten
polymer onto a platform in a layer by layer process. The
monofilament is moved by two rollers and acts as a piston to
drive the semimolten extrudate. At the end of each finished
layer, the base platform is lowered and the next layer is
deposited.

3. Materials Fabricated by
3D Printing for Tissue Engineering

In the search for alternatives to conventional treatment strate-
gies for the repair or replacement of missing or mal-
functioning human tissues and organs, promising solutions
have been explored through tissue engineering approaches.
Biomaterials-based scaffolds have played a pivotal role in this
quest. At present, biomaterials have been widely used in skin
[21, 22], cartilage [23], bone [24, 25], tendons [26], vessels
[27, 28], nerves [29], bladder [30], and liver [31] tissue engi-
neering.When designing a polymeric scaffold, a combination
of biological and engineering requisites is considered within
an application-specific manner. Material selection for tissue
engineering applications is based on several important factors
including biocompatibility, degradability, surface characteris-
tics, processability, and mechanical properties [32].

Both natural and synthetic polymers have been used for
biomedical applications. Natural polymers, such as collagen
[33], chondroitin sulphate [34, 35], chitin [36, 37], and chi-
tosan [38, 39], are widely used for tissue engineering and
organ regeneration, since they facilitate cell attachment and
maintenance of differentiation. Synthetic polymers such as
poly(𝜀-caprolactone) (PCL), poly(lactic acid) (PLA), poly
(glycolic acid) (PGA), poly(lactic-co-glycolic acid) (PLGA),
and other synthetic polymers can provide extreme versatility
regarding the control of their physicochemical properties and
are generally easy to process into tissue engineering scaffolds
[40–42]. Synthesis of these polymers can be tailored to yield
a specific molecular weight, chemical structure, end group
chemistry, and composition (homopolymers, copolymers,

and polymer blends) in terms of tissue response. Further-
more, the biodegradation time of synthetic polymers makes
them more attractive over natural ones [43].

Among the polymers used in tissue engineering, poly(𝛼-
hydroxy esters) (such as PLA, PGA, and PLGA) have
attracted extensive attention for a variety of biomedical
applications. Besides, PCL has been widely utilized as a tissue
engineering scaffold. Blends and block copolymers of PCL
with other poly(𝛼-hydroxy esters) (such as poly(L-lactic acid-
co-𝜀-caprolactone) (PLLACL) or poly(D,L-lactic acid-co-𝜀-
caprolactone) (PDLLACL)) have been used to produce pol-
ymers with tailored properties [44–46]. In order to increase
wettability, biocompatibility, or softness of bioresorbable pol-
ymers, blends and copolymers with nondegradable poly
(ethylene glycol) (PEG) have been developed, such as block
copolymers of PEG with poly(L-lactide) (PLLA), PLGA, and
PCL [46, 47].

3.1. Natural Polymer and Its Composites Fabricated by 3D
Printing Technology. Gelatin, the main component of hy-
drolyzed collagen, has been given much attention due to its
natural origins in the extracellular matrix (ECM) and its abil-
ity to suspend cells in a gel at low temperatures [15]. Yan and
others manually printed a liver tissue construct made of gel-
atin and chitosan mixed with hepatocytes followed by glu-
taraldehyde fixation [15, 48].

Research that explores natural polymers (such as starch)
with water-based binders for use in direct 3D printing meth-
ods has shown promising results and can be combined with
synthetic polymers for the desired biodegradable and
mechanical properties. Starch-based polymers allow for in-
creased degradation time and consequently expanded poros-
ity as cellular integration increases, which is optimal for bone
tissue engineering. A unique blend of starch-based polymer
powders (cornstarch, dextran, and gelatin) was developed for
the 3DP process by Lam et al. [49]. The scaffold properties
were characterized by scanning electron microscopy (SEM),
differential scanning calorimetry (DSC), porosity analysis,
and compression tests. The analysis and tests demonstrated
that porous 3D scaffolds created by a new blend of materials
through 3DP were achievable. Starch and cellulose compos-
ites were shown to be biocompatible, which has been utilized
in polymers designed for controlled drug delivery [50, 51] and
bone cement [52, 53]. Salmoria et al. present the rapid fabrica-
tion of starch-cellulose and cellulose acetate scaffolds by SLS
and the evaluation of the laser power, laser scan speed, and the
polymer particle size influence on the scaffold properties [54].
The specimens with small particle sizes presented a higher
degree of sintering and a significant level of closed pores, as
indicated by the density measurements and mechanical tests,
while the mechanical properties of specimens prepared with
larger particles presented lower values of elastic modulus and
tensile strength because of the low degree of sintering and
limited number of unions. The results obtained showed that
it is possible to fabricate biopolymer scaffold structures using
starch-cellulose and cellulose acetate using SLS by process
optimization based on the adjustment of laser power and scan
speed. Specimens prepared with small particle size exhibit
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satisfactory mechanical properties and level of porosity for
the design and fabrication of scaffolds with potential use in
tissue engineering and drug delivery [54].

The application of 3D printing in tissue engineering has
enabled new methods for the printing of cells and matrix
materials to fabricate tissue-analogous structures [55–57].
The practicality of using 3D printing to fabricate cell-laden
constructs was demonstrated, where cells were localized as
intended and the cell viability of the fabricated constructs was
high.

Gelatin methacrylate was used to fabricate via the pro-
posed projection stereolithography (PSL) platform, which
can be used to design intricate 3D structure that can be engi-
neered to mimic the microarchitecture of tissues, based on
CAD [58]. Variation of the structure and prepolymer con-
centration enabled tailoring the mechanical properties of the
scaffolds. A dynamic cell seeding method was utilized to
improve the coverage of the scaffold throughout its thickness.
The results demonstrated that the interconnectivity of pores
allowed for uniform human umbilical vein endothelial cells
(HUVECs) distribution and proliferation in the scaffolds,
leading to high cell density and confluence at the end of the
culture period. Moreover, immunohistochemistry results
showed that cells seeded on the scaffold maintained their
endothelial phenotype, demonstrating the biological func-
tionality of the microfabricated GelMA scaffolds.

In 2014 Billiet et al. [59] reported the 3D printing of
gelatin methacrylamide cell-laden tissue-engineered con-
structs with high cell viability for liver tissue engineering.
They used VA-086 as a photoinitiator with enhanced bio-
compatibility compared to the conventional Irgacure 2959. A
parametric study on the printing of gelatins was performed
in order to characterize and compare construct architectures.
The parameters including hydrogel building block concen-
tration, the printing temperature, the printing pressure, the
printing speed, and the cell density were analyzed in depth
and optimized. The scaffolds can be designed having a 100%
interconnected pore network in the gelatin concentration
range of 10–20w/v%. Control over the deposited strand
dimensions can be guaranteed due to the physical properties
of gelatin methacrylamide hydrogels and machine operating
parameters. High viability (>97%) constructs displaying a
maintained expression of liver specific functions were ob-
tained using the VA-086 photoinitiator.

3.2. Synthetic Biopolymers andTheir
Composites Fabricated by 3D Printing

3.2.1. Synthetic Biopolymers Fabricated by 3D Printing.
Among several tissues that are being actively researched,
bone is one of themost widely studied, due to its critical func-
tions in everyday life. When bone experiences disease or
trauma, the defective portion often needs to be surgically
removed [60]. Bone is able to self-regenerate; however, regen-
eration is limited to a distance of a few millimeters from
healthy bone. Thereafter, a graft used to replace the removed
portion of bone in order to restore functionality is required
[61]. Autografting, which is the gold standard in filling bone

defects, has known disadvantages, such as donor site mor-
bidity, greater scar formation, and increased surgery times,
as well as limited donor sites [62]. To enhance bone regen-
eration bone defects must be filled with an artificial porous
spacer allowing the ingrowth of blood vessels and bone but
restricting soft tissue ingrowth. In general, it is agreed that
the porous network should consist of interconnected pores
with a diameter in the range of 50–1000𝜇m [5]. Because
of the obvious advantage of 3D printing, many researchers
study the potential of 3D printing biopolymers for bone tissue
engineering.

Themost commonly used polymer for 3D porous scaffold
is PCL, which, despite its good biocompatibility and process-
ability, is rather hydrophobic leading to limited cell-scaffold
interactions. Further, PCL is semicrystalline which together
with its hydrophobicity and low water absorbing capacity,
resulted in very slow degradation kinetics, which is regarded
as a soft and hard tissue compatible bioresorbable material
[43, 63]. Sudarmadji et al. chose PCL to fabricate 3D porous
scaffolds using SLS [64]. Mathematical relations correlating
scaffold porosity and compressive stiffness readings were for-
mulated and compiled. In addition, cytotoxicity assessment
was conducted to evaluate the toxicity of the fabricated PCL
scaffolds [46]. The porosities, compressive stiffnesses, and
yield strengths of the scaffolds varied in the ranges 40–84%,
2.74–55.95MPa, and 0.17–5.03MPa, respectively. This range
of stiffness closely matches that of cancellous bone in the
maxillofacial region. Besides, the chosen mode of fabrication
for the PCL scaffolds has been proven to be feasible, as it
is evident from the results of the cytotoxicity assessment.
Elomaa et al. prepared and applied a photocrosslinkable
PLC-based resin to build a porous scaffold using solvent-
free SLA [65] (Figure 2). Photocrosslinkablemacromers were
prepared by methacrylating three-armed oligomers with
methacrylic anhydride. Photocrosslinked networks had a
high gel content, which indicates a high degree of crosslink-
ing. Since macromers were heated above the melting temper-
ature to obtain the suitable viscosity, no solvent was needed.
No material shrinkage was observed after extraction and
drying of the scaffolds due to the absence of solvent. The
scaffolds accurately represented the structure modeled by
computer-aided design.The average porosity was 70.5±0.8%,
and the average pore size was 465 𝜇m. The interconnectivity
of the pores was high, indicating a great potential for these
structures in cell seeding and implanting. PCLwas developed
as a filament modeling material to produce porous scaffolds,
made of layers of directionally aligned microfilaments, using
this computer-controlled extrusion and deposition process
by Zein et al. in 2002 [66]. The PCL scaffolds were produced
with a range of channel size 160–700mm, filament diameter
260–370mm, and porosity 48–77% and regular geometrical
honeycomb pores, depending on the processing parameters.
The scaffolds of different porosity also exhibited a pattern of
compressive stress-strain behavior characteristics of porous
solids under such loading. The compressive stiffness ranged
from 4 to 77MPa, yield strength from 0.4 to 3.6MPa, and
yield strain from 4% to 28%. Analysis of the measured data
shows a high correlation between the scaffold porosity and
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Figure 2: Photograph (a), 𝜇CT visualization (b), and SEM images ((c) and (d)) of a scaffold built by SLA using PCLmacromere (the targeted
theoretical molecular weights (Mn) of which was 1500 g/mol) [65].

the compressive properties based on a power-law relation-
ship.

Cardiomyocytes are terminally differentiated cells and
therefore unable to regenerate after infarction [67]. Myocar-
dial infarction (MI) refers to necrosis or death of myocardial
cells resulting from coronary occlusions. The medical con-
dition called ventricular remodeling typically results in scar
formation, heart wall thinning, and ventricular dilation [68,
69]. The major cause of progressive heart failure and death
after myocardial infarction is the adverse remodeling [70]
which has motivated the rapidly growing interest in develop-
ing regenerative therapies to restore the heart function and
regenerate cardiomyocytes. Yeong et al. [69] present results
on sintering PCL powder to fabricate a highly porous scaffold
by SLS for application in cardiac tissue engineering. The ten-
sile stiffness, mechanical property of sintered PCL struts, was
characterized. C2C12myoblasts were cultured on the scaffold
in order to investigate the cellularity of the scaffold design
for up to 21 days. Cell culture results were characterized
using the MTS cell proliferation assay, F-actin and myosin
heavy chain (MHC), and fluorescence immunostaining of
the nucleus. Scaffolds produced by SLS with micropores
are suitable for cell attachments and offer consistency and
reproducibility in building complicated scaffolds. In vitro
cell cultures using C2C12 cells showed the formation of
multinucleated myotubes in the scaffold after 11 days of cell
culture. A stable colony of cells was observed throughout 21
days of cell culture.This scaffold could potentially be used for
cardiac and skeletal muscle tissue engineering.

There are some other polymers, in addition to PCL, that
are used in 3D printing for tissue engineering. In 1998

Kim et al. [71] demonstrated the potential of 3DP technology
when it is combined with salt leaching in the fabrication of
polymeric scaffolds. The material used was copolymers of
PLGA and a suitable solvent.They fabricated cylindrical scaf-
folds (8mm in diameter and 7mm in height) and managed
to achieve interconnected porous channels of about 800Am
andmicroporosities of 45–150Amby using salt leaching [49].
In 2001, scaffolds of varying pore sizes (38–150Am) and
void fractions (75% and 90%) were fabricated using PLLA
and chloroform via the 3DP technology and salt leaching
technique by Zeltinger et al. [72]. The cellular reactions to
pore size and void fractions were investigated based on 3DP
fabricated scaffolds. Cell proliferation was also observed on
these scaffolds.

Poly(3-hydroxybutyrate) (PHB) is a natural thermoplas-
tic polyester produced by microorganisms under imbalanced
growth conditions and has attracted attention for applica-
tions in biomedical areas, such as in the production of
scaffolds for tissue engineering due to its biocompatibility
and biodegradability [17]. PHB processing by 3D printing
can be made without the incorporation of additives such
as plasticizers unlike the traditional methods. Oliveira et al.
[73] successfully produced PHB porous structures with a
height around 2.5mm and pores with the size of 1mm.
Pereira et al. successfully produced PHB three-dimensional
structures using 3D printing technology.The physical models
showed dimensional features and geometries very close to
the digital model. It was also demonstrated that the PHB
powder was not altered after being submitted to 32.5 hours of
SLS processing.The thermal properties of the physical model
obtained with unprocessed PHB and PHB powder, which
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underwent printing sets, did not show a significant difference
between them.This corroborated the powder analysis, which
indicated that the reuse of remaining material from a 32.15
hours-SLS did not affect the reproducibility of the process
[17].

Recently, a functionalized aliphatic polyester based on
PCL, namely, poly(hydroxymethylglycolide-co-𝜀-caprolac-
tone) (PHMGCL) which possesses significantly higher hy-
drophilicity due to its hydroxyl groups attached to the back-
bone, resulting in a significant increase in human mesenchy-
mal stem cell adhesion, proliferation, and differentiation as
compared to PCL, was developed [74]. To evaluate the in vivo
biodegradation and biocompatibility of 3D-printed scaffolds
based on PHMGCL, which has enhanced hydrophilicity,
increased degradation rate, and improved cell-material inter-
actions as compared to its counterpart PCL, 3D scaffolds
based on this polymer were prepared by means of fiber
deposition (melt plotting) [75].Thebiodegradation and tissue
biocompatibility of PHMGCL and PCL scaffolds after subcu-
taneous implantation in Balb/cmice were investigated.The in
vitro enzymatic degradation of these scaffolds was also inves-
tigated in lipase solutions. It was shown that PHMGCL 3D
scaffolds lost more than 60% of their weight within 3 months
of implantation while PCL scaffolds showed no weight loss
in this time frame. The molecular weight (Mw) of PHMGCL
decreased significantly after 3 months of implantation, while
themolecular weight of PCLwas unchanged in this period. In
vitro enzymatic degradation showed that PHMGCL scaffolds
were degraded within 50 h, while the degradation time for
PCL scaffolds of similar structure was longer. A normal
foreign body response to both scaffold types characterized by
the presence of macrophages, lymphocytes, and fibrosis was
observed with a more rapid onset in PHMGCL scaffolds.The
extent of tissue-scaffold interactions as well as vascularization
was shown to be higher for PHMGCL scaffolds compared
to PCL ones. Therefore, the fast degradable PHMGCL which
showed good biocompatibility is a promising biomaterial for
bone and cartilage tissue engineering [75].

3.2.2. Synthetic Biopolymer-Based Composites Fabricated by
3D Printing. Griffith and others bound a mixed biodegrad-
able polymer powder of 25% PLLA and 75% PLGA using
chloroform as a binder to print a branched liver construct
with internal architecture [76].This design took host implan-
tation into consideration by creating an artery- and vein-like
inlet and outlet [15]. Organogenesis of liver tissue using 3D-
printed PLLA/PLGA scaffolds has been investigated in vitro
[14]. It was shown that culturing a mixture of hepatocytes
and endothelial cells on a channeled biodegradable scaffold
results in the desired tissue structure intrinsically.

Pati et al. [77] successfully printed 3D cell-laden con-
structs using the principle of hybrid structure fabrication,
using PEG and PCL as materials. They printed an ear-shaped
construct with a complex porous structure using the process
described above. The use of sacrificial layer technology
allowed the stacking of complicated structures regardless of
geometrical shape. To fabricate the ear-shaped construct, a
CADmodel was generated from a computerized tomography

(CT) scanned image of an ear; both the main framework and
sacrificial parts were designed. A code generation process was
then carried out via amotion programgenerator developed in
house. In particular, two different hydrogels were printed into
the framework, because native human ears consist of both
cartilage and fat tissues.

Two photocrosslinkable hydrogel biopolymers, poly
(ethylene glycol) dimethacrylate (PEG-DMA,MW 1000) and
poly(ethylene glycol) diacrylate (PEG-DA, MW 3400), were
used as the primary scaffold materials to prepare multimate-
rials [78]. Multimaterial scaffolds were fabricated by includ-
ing controlled concentrations of fluorescently labeled dex-
tran, fluorescently labeled bioactive PEG, or bioactive PEG
in different regions of the scaffold. The presence of the flu-
orescent component in specific regions of the scaffold was
analyzed with fluorescent microscopy, while human dermal
fibroblast cells were seeded on top of the fabricated scaffolds
with selective bioactivity and phase contrast microscopy
images were used to show specific localization of cells in the
regions patterned with bioactive PEG. Multimaterial spatial
control was successfully demonstrated. In addition, the equi-
librium swelling behavior of the two biopolymers after SL
fabrication was determined and used to design constructs
with the specified dimensions at the swollen state. The use
of multimaterial SL and the relative ease of conjugating
different bioactive ligands or growth factors to PEG allow for
the fabrication of tailored three-dimensional constructs with
specified spatially controlled bioactivity.

The majority of current protocols utilize water-insoluble
photoinitiators that are incompatiblewith live cell-fabrication
and ultraviolet (UV) light that is damaging to the cellular
DNA. Various studies have reported the use of water-soluble
dimethacrylatedpoly(ethyleneglycol)(PEG-DMA) to create
structured, cell-containing hydrogels by stereolithography
[79]. Dhariwala et al. were the first to successfully encapsulate
(Chinese hamster ovary) cells in PEG-DMA hydrogels, using
SLA [80]. Later, PEG-DMA constructs containing encap-
sulated human dermal fibroblasts [36] and PEG-diacrylate
gel structures containing marrow stromal cells [81] were
reported. In these cases, large numbers of cells could be cap-
sulated at high densities (several millions of cells per mL)
[82]. Lin et al. [79] reported the development of a visible light-
based PSL system (VL-PSL), using lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) as the initiator and pol-
yethylene glycol diacrylate (PEGDA) as the monomer, to
produce hydrogel scaffolds with specific shapes and internal
architectures. Furthermore, live human adipose-derived stem
cells (hADSCs) were suspended in PEGDA/LAP solution
during the PSL process and were successfully incorpo-
rated within the fabricated hydrogel scaffolds. hADSCs in
PEG scaffolds showed high viability (>90%) for up to 7
days after fabrication as revealed by live/dead staining.
Scaffolds with porous internal architecture retained higher
cell viability and activity than solid scaffolds, likely because
of the increased oxygen and nutrients exchange into the
interior of the scaffolds. The VLPSL can be applicable
as an efficient and effective tissue engineering technol-
ogy for point-of-care tissue repair in the clinic. Three-
dimensional biodegradable PEG/PDLLA hydrogel structures



International Journal of Polymer Science 7

were prepared by Seck et al. using SLA at high reso-
lutions [83]. The porous hydrogel structures had a well-
defined pore network architecture, with a narrow pore size
distribution and high interconnectivity of the pores.The resin
and the built structures were compatible with cells. Upon
seeding, human mesenchymal stem cells attached to the
surfaces of the hydrogel structures and showed a spreadmor-
phology. After five days in culture, proliferation of the cells
was observed. These hydrogel structures could therefore be
used in tissue engineering, drug delivery, cell transplantation,
and other biomedical applications.

ABS is not widely used in medical devices in comparison
to materials such as PCL and PLA which offer greater native
biocompatibility [20]. Applications involving biological sys-
tems require materials that can minimize protein and any
other biomolecule adhesion during flow. It is therefore of
great interest to chemically modify the surface of ABS to
engineer hydrophilicity and enable biocompatibility. Surface
modification, specifically by the grafting of PEG, has long
been shown to be a promising strategy to increase the bio-
compatibility ofmaterials [20, 84].McCullough andYadavalli
[20] examined the use of ABS as a core material for the con-
struction of microdevices. A method to fabricate water-tight
microfluidic devices using chemical dissolution via acetone
is shown to render a porous FDM ABS device impervious
to water flow between layers, while preserving the structural
fidelity of printed microstructures down to 250𝜇m. A strat-
egy is then presented that can enable the formation of a stable,
biocompatible surface of ABS by the photoinduced grafting
of PEG groups that improves the biocompatibility of the ABS
by reducing the biofouling behavior. Surface characterization
and protein adhesion studies are presented that demonstrate
that thismodifiedABS represents a versatilematerial that can
be used in fused deposition modeling to form microfluidic
channels resistant to biofouling, thereby broadening the
range of possible uses for ABS based FDM in microdevice
and lab-on-a-chip type applications. The grafting caused the
contact angle of the surface to be lowered from 77.58∘ for
native ABS samples to below 40∘ for ABS-g-PEG and reduced
the adhesion of the protein BSA. The results clearly indicate
that sealing an FDM ABS surface with an acetone treatment
can be achieved with minimal effect on the device and the
grafting of PEGMA onto ABS is a viable method to increase
surface hydrophilicity and biocompatibility.

Currently, composites of polymers and bioactive inor-
ganic materials are being developed with the aim of increas-
ing the mechanical scaffold stability and improving tis-
sue interaction. By combining biodegradable polymers and
bioactive ceramics, such as hydroxyapatite (HA) and trical-
cium phosphate (TCP), calcium phosphate (CaP) composite
scaffolds were made by 3D printing. Nanosized osteoconduc-
tive calcium phosphates (Ca-Ps), including HA, tricalcium
phosphate (TCP), and substituted HA and TCP, have gained
much recognition in biomaterials development due to their
small size, high surface area to volume ratio, and biomimetic
similarity to natural bone structure when combined with
biopolymers such as collagen, PLLA, and chitosan [17, 85, 86].

Hydroxyapatite (Ca
10
(PO4)

6
(OH)
2
) has attracted much

interest due to its chemical similarity to the calcium phos-
phate mineral present in biological hard tissues [87, 88]. HA
has been used for a variety of biomedical applications, such
as a matrix for controlled drug release and a carrier material
in bone tissue engineering [89]. Recently, nanosized hydrox-
yapatite (nHA) has been highlighted due to its advantageous
features over conventionalmicrosizedmaterials. nHAhas the
potential to act as a carrier of therapeutic agents, enabling
controlled drug release extracellularly or intracellularly, and
at the same time it has high absorbability in the body for the
regeneration of hard tissue [90, 91].

PCL/HA composite has attracted a great interest for the
bone tissue engineering application. Wiria et al. researched
the use of biocomposite materials, consisting of PCL andHA,
to fabricate tissue engineering scaffolds via the SLS technol-
ogy in 2007 [92]. Simulated body fluid (SBF) samples show
the formation of hydroxy carbonate apatite, as a result of
soaking HA in a SBF environment. Cell culture experiments
showed that Saos-2 cells were able to live and replicate on the
fabricated scaffolds. The results show the favorable potential
of PCL/HA biocomposites as tissue engineering scaffolds that
are fabricated via SLS. Eosoly et al. [93] studied PCL/HA
composite scaffolds in the same year. In their study HA and
PCL, which were considered suitable for hard tissue engi-
neering purposes, were used in a weight ratio of 30 : 70. Four
parameters, namely, laser fill power, outline laser power, scan
spacing, and part orientation, were investigated according to
a central composite design. A model of the effects of these
parameters on the accuracy and mechanical properties of the
fabricated parts was developed. The compressive modulus
and yield strength of the fabricated microstructures with a
designed relative density of 0.33 varied between 0.6 and 2.3,
0.1 and 0.6MPa, respectively. The mechanical behavior was
strongly dependent on themanufacturing direction. Eshraghi
and Das [94] studied the experimental characterization of
the compressive mechanical properties of PCL-HA com-
posite scaffolds prepared by SLS technology for bone tissue
engineering. In their study, they further establish the ability
of SLS to manufacture PCL-HA composite scaffolds with
near-full density in designed solid regions for bone tissue
engineering.Themechanical properties of the PCL-HA com-
posites showed improvement over that of pure PCL.They also
demonstrate that the mechanical properties of these scaffolds
can be predicted before manufacturing with high accuracy.
A direct extension of being able to predict the mechan-
ical properties of composite materials at any filler load-
ing in combination with a direct fabrication method with the
capability to produce complex anatomic parts is the ability
to custom design both the material properties and the an-
atomical shape of tissue-engineered constructs for both
patient and site-specific recovery strategies.

A poly(D,L-lactide)/nanosized hydroxyapatite (PDLLA/
nHA) composite resin was prepared and used to fabricate
composite films and computer designed porous scaffolds by
Ronca et al. [95] using SLA,mixing varying quantities of nHA
powder and a liquid photoinitiator into a photocrosslink-
able PDLLA-diacrylate resin. The influence of nHA on the
rheological and photochemical properties of the resins was
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Figure 3:Three dimensionally interconnected controlled porosity PP-TCP composite scaffoldswith different internal architecture using FDM
process [101].

investigated, with the materials being characterized with
respect to their mechanical, thermal, and morphological
properties after postpreparation curing. In the cured com-
posites stiffness was observed to increase with increasing
concentration of nanoparticles. With increasing ceramic
component the resins became more viscous, and NMP was
added as a nonreactive diluent to decrease the viscosity and
allow processing by stereolithography. SEM images showed
exposed ceramic particles on the pore surface, allowing
interaction between the bone-forming nHA and cells.

Calcium phosphate ceramics have the ability to induce
osteogenic differentiation of human adipose-derived stem
cells by osteoinduction [96–99]. Three-dimensional na-no-
composite scaffolds based on calcium phosphate (Ca-P)/
poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) and car-
bonated hydroxyapatite (CHAp)/PLLA nanocomposite mic-
rospheres were successfully fabricated by Duan et al. [100]
using SLS. The optimized scaffolds had controlled material
microstructure, totally interconnected porous structure, and
high porosity. The morphology and mechanical properties
of Ca-P/PHBV and CHAp/PLLA nanocomposite scaffolds
as well as PHBV and PLLA polymer scaffolds were studied.
Biological evaluation showed that SaOS-2 cells had high cell
viability and normal morphology and phenotype after 3- and
7-day culture on all scaffolds. The incorporation of Ca-P
nanoparticles significantly improved cell proliferation and
alkaline phosphatase activity for Ca-P/PHBV scaffolds,
whereas CHAp/PLLA nanocomposite scaffolds exhibited a
similar level of cell response compared with PLLA poly-
mer scaffolds. The three-dimensional nanocomposite scaf-
folds provide a biomimetic environment for osteoblas-
tic cell attachment, proliferation, and differentiation and
have great potential for bone tissue engineering applica-
tions. Particulate-reinforced polymer-ceramic composites
were developed by high shear mixing of polypropylene (PP)
polymer and tricalcium phosphate (TCP) ceramic [101] (Fig-
ure 3). Processing aids were used to improve plasticity and
processability to the composites. Controlled porosity scaf-
folds were fabricated via the FDM. These porous scaffolds
were characterized for their use as bone grafts in terms
of physical, mechanical, and biological properties. Hg po-
rosimetry was performed to determine pore size and their
distribution. Scaffolds with different complex internal archi-
tectures were also fabricated using this composite material.

Tensile properties of neat PP, PP with processing aids (with-
out TCP), and PP-TCP composite (with processing aids) were
evaluated and compared using standard dog bone samples.
Uniaxial compression tests were performed on cylindrical
porous samples with an average pore size of 160Am and
varying vol.% porosity (36%, 48%, and 52%). Samples with
36 vol.% porosity showed the best compressive strength of
12.7MPa. Cytotoxicity and cell proliferation studies were
conducted with amodified human osteoblast cell line (HOB).
Results showed that these samples were nontoxic with excel-
lent cell growth during the first two weeks of in vitro testing.

Bioactive glass is known to benefit cell interactions of
polymeric tissue engineering scaffolds [102, 103]. Most likely,
the best response is obtained when the glass is on the scaffold
surface without a cover. Miller and others recently developed
a 3D fiber drawing system to fabricate perfusable carbohy-
drate glass lattices coated with a thin layer of poly(d-lactide-
co-glycolide), resembling patterned vascular networks [104].
Elomaa et al. [105] combined a photocrosslinkable PCL resin
with bioactive glass and fabricated the composite scaffold.
Bioactive glass was homogeneously distributed through the
highly porous scaffolds and their surface. The presence of
calcium phosphate deposits on the surface of the composite
scaffolds indicated in vitro bioactivity. The bioactive glass
increased the metabolic activity of fibroblasts. The research
showed that SLA technology enables the fabrication of well-
defined composite scaffolds in which the bioactive glass
is homogeneously distributed on the surface and readily
available for rapid ion release and cell interactions. By SLA,
an unwanted polymer layer covering the BG particles on
the scaffold surface can be successfully avoided. The study
suggested that photocrosslinked composite scaffolds of BG
and PCL prepared by SLA technology had great potential as
bioactive and biodegradable supports for cells in regenerative
medicine.

Serra et al. combined PEG and CaP glass particles with
the PLA matrix to fabricate 3D biodegradable porous com-
posite scaffolds [106]. The 3D printing technique permitted
the fabrication of highly porous scaffolds with mechanical
properties considerably higher than other methods com-
monly used to fabricate 3D polymer scaffolds.The addition of
the soluble CaP glass particles (and PEG) to the PLA matrix
changed both the morphology and the physicochemical
properties of the surface of the materials which affected
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cell behavior. Surface properties were also assessed, showing
that the incorporation of glass particles increased both the
roughness and the hydrophilicity of the scaffolds. Mechanical
tests indicated that compression strength is dependent on
the scaffold geometry and the presence of glass. Prelimi-
nary cell response was studied with primary mesenchymal
stem cells (MSC) and revealed that CaP glass improved
cell adhesion. Overall, the results showed the suitability of
the technique/materials combination to develop 3D porous
scaffolds and their initial biocompatibility, with both being
valuable characteristics for tissue engineering applications.

4. Prospects and Conclusions

By the year of 2014, 3D printing technology has been studied
by biotechnology firms and academia for possible use in tis-
sue engineering applications in which organs and body parts
are built using inkjet techniques. One of the main advantages
of 3D printing is that it allows the manufacturing of objects
having complex geometries and intricate internal structure,
which can be designed according to the needs of individual
patients using their 3D medical scan data. A great prospect
for biomedical applications, especially for tissue engineering
applications, has been shown. Both natural and synthetic
polymers have been developed for tissue engineering via the
3D printing technology, and numerous additional materials
are being developed. Fibers and particles have been combined
with polymers to fabricate materials with better bioactivity
and biocompatibility, as well as physical and chemical prop-
erties.

For a wider application of 3D printing, themoral problem
related to the 3D-printed organ for medical application
should be further studied, the cost of 3D printers should be
less, and more materials systems which are available for 3D
printing should be developed. A further study on the mech-
anism of cell attachment, differentiation, and growth within
the 3D-printed materials should be carried on as well.

With the development of nanotechnology, materials such
as nanotubes [107–110], nano-structured particles [111], na-
nofibers [112, 113], and other nanosized materials [114–116]
have been fabricated.Nanomaterials have specialmechanical,
electrical, magnetic, optical, chemical, and other biological
properties due to their high aspect ratio and surface area [117–
119]. Many nanomaterial surfaces exemplify high (bio- and
cyto-) compatibility, by promoting protein adsorption and
enhancing subsequent cellular adhesion and tissue growth
more than on conventional flat implant surfaces such as
titanium, ceramics, and biopolymers [114]. Nanocomposites
attract more attention because of their potential combination
of properties from both the nanomaterials and the host
materials matrix [108, 120–122]. It is promising to incorporate
nanomaterials in 3D printing. The nanomaterials can be
introduced into 3D printing in the following way: (1) premix-
ing the nanomaterials into the host matrix before 3D printing
and (2) introducing the nanomaterials at the intermittent
stoppages of the 3D-printed host matrix [123]. All in all, 3D
printing will help to expand the application of nanomaterials
for tissue engineering.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The authors acknowledge the financial support from the
National Basic Research Program of China (973 Program,
no. 2011CB710901), the National Natural Science Founda-
tion of China (no. 31370959), Fok Ying Tong Education
Foundation (no. 141039), Beijing Natural Science Foundation
(no. 7142094), the Beijing Nova Program (no. 2010B011),
Program for New Century Excellent Talents (NCET) in
University from Ministry of Education of China, State Key
Laboratory of New Ceramic and Fine Processing (Tsinghua
University), International Joint ResearchCenter of Aerospace
Biotechnology andMedical Engineering, Ministry of Science
and Technology of China, and the 111 Project (no. B13003).

References

[1] X. M. Li, Y. Huang, L. S. Zheng et al., “Effect of substrate
stiffness on the functions of rat bonemarrow and adipose tissue
derived mesenchymal stem cells in vitro,” Journal of Biomedical
Materials Research A, vol. 102A, pp. 1092–1101, 2014.

[2] X. Li, Y. Fan, and F. Watari, “Current investigations into carbon
nanotubes for biomedical application,” Biomedical Materials,
vol. 5, no. 2, Article ID 022001, 2010.

[3] S. P. Nukavarapu and D. L. Dorcemus, “Osteochondral tissue
engineering: current strategies and challenges,” Biotechnology
Advances, vol. 31, pp. 706–721, 2013.

[4] D. W. Hutmacher, “Scaffolds in tissue engineering bone and
cartilage,” Biomaterials, vol. 21, no. 24, pp. 2529–2543, 2000.

[5] A. Butscher, M. Bohner, S. Hofmann, L. Gauckler, and R.
Müller, “Structural and material approaches to bone tissue
engineering in powder-based three-dimensional printing,”Acta
Biomaterialia, vol. 7, no. 3, pp. 907–920, 2011.

[6] L. M. Mathieu, T. L. Mueller, P.-E. Bourban, D. P. Pioletti, R.
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Owing to own nature of articular cartilage, it almost has no self-healing ability once damaged. Despite lots of restore technologies
having been raised in the past decades, no repair technology has smoothly substituted for damaged cartilage using regenerated
cartilage tissue. The approach of tissue engineering opens a door to successfully repairing articular cartilage defects. For instance,
grafting of isolated chondrocytes has huge clinical potential for restoration of cartilage tissue and cure of chondral injury. In
this paper, SD rats are used as subjects in the experiments, and they are classified into three groups: natural repair (group A),
hyaluronic acid repair (group B), and polysaccharide biocomposites repair (hyaluronic acid hydrogel containing chondrocytes,
group C). Through the observation of effects of repairing articular cartilage defects, we concluded that cartilage repair effect of
polysaccharide biocomposites was the best at every time point, and then the second best was hyaluronic acid repair; both of them
were better than natural repair. Polysaccharide biocomposites have good biodegradability and high histocompatibility and promote
chondrocytes survival, reproduction, and spliting. Moreover, polysaccharide biocomposites could not only provide the porous
network structure but also carry chondrocytes. Consequently hyaluronic acid-based polysaccharide biocomposites are considered
to be an ideal biological material for repairing articular cartilage.

1. Introduction

Articular cartilage plays a vital role in the function of joint
action. Complete articular cartilage is the foundation of the
normal function of the joint to exercise. Articular cartilage
is a single tissue without supply of blood and lymphatic. As
the cartilage cells divide very slowly, its ability to repair itself
is low and it usually cannot be repaired. Therefore articular
cartilage defects are a significant problem in orthopedic
surgery. For the reason of primary osteoarthritis or from
trauma, it will cause the felling of joint pain. Owing to
lack of ability of self-repairing, cartilage injuries are kept
for years and can result in further degeneration [1]. With
the rapid development of tissue engineering, techniques to
restore articular cartilage defects have also made tremendous
progress [2], but these are still unsatisfactory for the effect
of repairing articular cartilage defect. For decades, lots of
researches have been conducted on articular cartilage, we

had a better understanding of the biological repair process,
and it has recently been shown that articular cartilage has
a spontaneous repair reaction in the case of full-thickness
cartilage defects [3]. However, the extent of this repair
response is finite. By contrast, few useful elaborations with
respect to repair processes in terms of partial-thickness
lesions restricted the cartilage itself [4].

Despite the fact that lots of methods have been employed
to repair cartilage damages, they work ineffectively, such as
chondrectomy [5], drilling [6], cartilage scraping [7], arthro-
plasty [8], grafting of autogenic or allogenic chondrocytes
[9, 10], and periosteum [11] as well as cartilage and bone
flap being the most commonly applied [12]. Although the
bone repair could be induced [13], it will remain to be a
great challenge in terms of repairing large defects of articular
cartilage [14].

Rebuilding cartilage makes it possible to repair cartilage
defects with the rapid development of tissue engineering.
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The primary method is to repair cartilage defects by the use
of seeding cells and scaffolds [15]. Scaffolds are generally
employed to restore cartilage defects mainly because of their
three-dimensional surroundings needed for regeneration of
cartilaginous tissues [16]. Both synthetic [17–20], natural [21–
25] scaffolding materials and other composites containing
fillers biomaterials [26] have been used for cell conveying in
special cell regeneration.

Synthetic scaffolds are artificial option for biological
repairing. In comparison with natural scaffolds, their advan-
tage lies in the ability to stand weight-bearing forces by
means of regulating their mechanical performance. Also, it
has been reported for the successful use of different syn-
thetic polymers in repairing the cartilage defects. However,
synthetic materials have the following disadvantages: first,
acidic byproducts will be created and accumulated in the use
of scaffolds; second, they take on a poor biocompatibility;
last, the underlying toxicity of byproducts in the course of
thesematerials’ degradationmay give rise to an inflammatory
reaction [27].

In all natural materials, chitosan [28, 29], collagen [30,
31], atelocollagen gel [32, 33], fibrin [34], alginate [35], and
agarose [36] have been employed as effective scaffolds for
cartilage repairing, and the repair effect of all above natural
materials are relatively satisfactory natural materials. De
Franceschi et al. demonstrated that implanting chondrocytes
via the carrier of an atelocollagen gel could boost the repair
of the articular cartilage in the knee [30]; especially when
the scaffold exhibits nanostructure, the effect of repair will be
more clear and effective [37].

For the existing form of polyanion, hyaluronic acid
with linear high molecular mass polysaccharide is gen-
erally known as hyaluronan; also 𝛼-1,4-D-glucuronic acid
and 𝛽-1,3-N-acetyl-D-glucosamine are component unit of
hyaluronic acid. Generally speaking, the molecular weight
of hyaluronic acid lies in the range of 103 to 107 [38].
Hyaluronic acid is the component not only existing inthe
ECM of various connective tissues, but also interacting with
binding proteins. Proteoglycans which function as lubricant
safeguarding the surface of articular cartilage help in the
control of water balance. Additionally, hyaluronic acid plays
a role of selecting and protecting around the cell membrane;
what is more, special cell receiverswhich control inflam-
mation, cell behavior, angiogenesis, and healing processes
could be easily identified by hyaluronic acid [37]. Umbilical
cord, synovial fluid, rooster comb, and vitreous humor are
major source for commercially available hyaluronic acid
[39, 40]; however, hyaluronic acid could be also obtained
by means of massive microbial fermentation, avoiding the
danger of animal-derived pathogens [40], and sometimes
natural materials like hyaluronic acid could be guided by
other specific materials [41].

As a result of excellent biocompatibility and viscoelastic
performances, hyaluronic acid has been broadly studied
and employed in the biomedical area for cell encapsulation,
carrier systems, and tissue engineering. It is just because
of its nonimmunogenic performances, extensive use, and
simple operating of chain size that hyaluronic acid is espe-
cially suitable for tissue engineering applications. What is

more, by means of interaction with cell-surface receptors,
it immediately imposes an influence on tissue organization,
which advances the transfer of ECM remodeling and spe-
cial cell. Hyaluronic acid is well known to interact with
chondrocytes by means of every exterior receptor related
to signaling pathway, which enable chondrocytes to keep
their original phenotype. Additionally, hyaluronic acid could
activate collagen II and aggrecan alongwith cell proliferation.
What is more, by means of integrating alginate, chitosan,
and fibrin gel matrices, hyaluronic acid possesses the ability
to offer artificial ECM surroundings. So hyaluronic acid
scaffold is a very promising biomaterial to repair articular
cartilage defects. In this study, polysaccharide biocomposites
(hyaluronic acid hydrogel containing chondrocytes) were
used to repair full-thickness articular cartilage defects in rats.
According to the evaluation of histological and biochemical
criteria, the repair effect of restoration materials will provide
a basis for its application.

2. Materials and Methods

2.1. Grouping. In this experiment, we selected 120 250 ± 20 g
clean-grade SD rats (The Animal Experimental Center of
Hebei Medical University) and classified them into three
groups randomly: natural repair (group A), hyaluronic acid
repair (group B), and polysaccharide biocomposites repair
(hyaluronic acid hydrogel containing chondrocytes, group
C). Each group has 36 rats. The remaining 12 rats are used
to get chondrocytes.

2.2. Obtaining Chondrocytes. Cut rats’ xiphoid cartilage
under sterile conditions, and shear cartilage into pieces.Then,
digest cartilage pieces by 0.25% trypsin (GIBCO Company,
France) at 37∘C for 3 minutes, drain the supernatant, and
after that digest treated cartilage pieces by 0.25% trypsin
(GIBCO Company, France) again at 37∘C for 1 hour; then
digest them by 0.2% collagenase II (Baiao Biotechnology
Company) at 37∘C for 2 hours. Get the supernatant and cen-
trifuge at 800 rpm for 10 minutes for collecting chondrocytes.
Via Toluidine blue staining, we made an identification of
chondrocytes. By means of Trypan blue staining, the fact
that the viability of acquired cells was greater than 90% was
detected. Few medium was added into collected cells, and
cells density was adjusted at 1 × 105/mL and mixed evenly by
vortex shaker to reserve.

2.3. Preparation of Polysaccharide Biocomposites. The achi-
eved chondrocytes were added into 1% hyaluronic acid
hydrogel (The Experimental Center of The First Hospital
of Hebei Medical University; pH: 6.8∼7.8, osmotic pressure
ratio: 1.0∼1.2).The cell density was adjusted to 5× 104/mL and
mixed evenly by vortex shaker to reserve.

2.4. Surgical Methods

2.4.1. Preparation of Cartilage Damage Model. Animals were
banned food and water 12 hours before surgery and injected
with anesthetic (ketamine 1%, 10mg/kg, diazepam 1mg/kg)
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in the upper left thigh. The experimental animals that had
been anaesthetized were put on the sterile surgical drapes
with both their legs’ extension position fixed in a supine
position. The surgical area in right leg was disinfected by 2%
iodine, 75% alcohol. Skin was slit in longitudinal orientation
from the 2mm on the pole of patella to the 2mm under
the lower pole of patella on its right knee. Medial support
belt and joint capsule were slit in level at 1mm inside the
inner edge of the patella. The patella was dislocated to the
outside. Femoral trochlear appeared in flexion at 90∘. In
order to form full-thickness cartilage defects, use a hollow
drill (with a diameter of 2.5mm) to drill several 3mm
holes in the middle of trochlea humeri. After ful hemostasis,
medial retinaculum, joint capsule, and the skin were sutured
in turn. After surgery, 0.1mL of hyaluronic acid hydrogel
was injected into articular cavity of group B. Also 0.1mL
of polysaccharide biocomposites (hyaluronic acid hydrogel
containing chondrocytes) was injected into articular cavity of
group C; the rats of group A would be naturally repaired. All
surgeries were performed by experimenter under the help of
same assistants.

2.4.2. Postoperative Treatment. The operative incision was
disinfected by 75% alcohol once a day and surgical suture was
removed after 7 days.

2.5. The Experimental Details of Some Steps

2.5.1. HE Staining. Prepare the tissue slice and dewax in the
xylene for 5–10min; then remove slice into the mixture of
xylene and absolute ethanol (1 : 1). Soak the slice in the 100%,
90%, and 85% ethyl alcohol in sequence each for 2–5min;
at last, after dealing with the distilled water, transfer it to
dye liquor; stain the slice with hematoxylin dyeing for 5–
15min, wash redundant dye off the slide with water, and
separate color using 0.5–1% hydrochloric acid alcohol for
a moment; perform a microscopy control until the nucleus
and chromatin are clear. Flush with running water for 15–30
minutes, and then the nuclei will turn blue. Then wash the
slice with distilled water for a short time, and stain with 0.1–
0.5% eosin dye for 1–5min, dehydrate with 85%, 90%, and
100% ethyl alcohol in sequence each for 2-3min. Treat sample
with xylene twice for about 10min totally. In the end, wipe the
excess xylene around the section, and drop proper amount of
neutral gum rapidly; then seal the slice with coverslip.

2.5.2. Masson Staining. Fix the tissue with neutral formalde-
hyde liquid, prepare paraffin section, and dewax to water
routinely. Then, stain section with Masson compound stain-
ing liquid for about 5min, and wash with 0.2% acetic acid
aqueous solution for a short time. Treat section with 5%
phosphotungstic acid for 5–10min, and then embathe section
with 0.2% acetic acid aqueous solution twice; then stain
with aniline blue for 5min and wash with 0.2% acetic acid
aqueous solution for a moment. Finally, dehydrate section
with absolute alcohol and treat using xylene; seal slice with
neutral balsam.

2.5.3. Scanning ElectronMicroscope Observation. Select 4 rats
randomly in each group 40 days after cartilage damage repair
operation; cut open along original operative incision imme-
diately after rabbits’ execution. Obtain materials regularly
according to electron microscope specimen. Cut and acquire
a tissue block (with the size of 2.5 × 2.5 × 1.0mm3) in the
local damage cartilage rapidly, fix the tissue block with 4%
glutaraldehyde fixation fluid, observe the scanning electron
microscope, and take pictures.

2.5.4. Immunohistochemistry. Fix the tissue, prepare paraffin
section and dewax routinely. Conduct a digestion using
enzyme and then carry out rehydration. Wash section using
PBS (0.01mol/L, pH: 7.2–7.4) for 5min, dry with cold wind,
and put into the wet box. Drop diluted fluorescent antibody
at temperature of 37∘C for 30–60minutes.Wash sections with
PBS twice and distilled water once, respectively, in sequence.
Eventually, seal slices with 50% glycerol buffer, examine the
section under fluorescence microscope, and then conduct
control staining.

2.5.5. Measuring the Contents of Type II Collagen. In the
experiment, the content of type II collagen was calculated via
determination of content of hydroxyproline. Specifically, the
average content of hydroxyproline in collagen is 13.4%, and
the content of type II collagen accounts for 80% in articular
cartilage collagen; as a consequence, as long as we make
a determination of content of hydroxyproline in articular
cartilage, we will figure out the content of type II collagen.

Determination of content of hydroxyproline: cut and
acquire a tissue block (with the size of 2.5 × 2.5 × 1.0mm3)
in the local damage cartilage, and the block weighs about 60–
80mg. Then dehydrate the tissue block with 1mL anhydrous
ethanol for 1 h after physiological saline flushing, discard the
supernatant, and degrease the tissue block 2 timeswith 1.6mL
mixture of acetone and ethyl ether, each time of degreasing
operation stays overnight. Take out and dry out the tissue
block; then put it into oven (at temperature of 110∘C) and dry
to constant weight, weigh 5mg cartilage samples accurately,
and put into a test tube; then add 0.7mL muriatic acids (at
concentration of 6mol/L) into tube and hydrolyze in the oven
(at temperature of 105∘C) for 24 h; adjust the solution to pH 6
with 6mol/L sodium hydroxide. Then, adjust the volume to
5mL accurately, centrifuge at the rate of 2500∼3000 rpm for
10min, and gain 0.6mL supernatant for determining content
of hydroxyproline.

2.6. Statistical Analysis. Data were analyzed with SAS soft-
ware, and expressed as mean ± SD. The difference between
the two groups was compared with Student’s 𝑡-test. A value
of 𝑃 < 0.05 was considered statistically significant.

3. Results

In the observation of electron microscope observation, spec-
imen staining revealed that the bottom of restoration area
in group A appeared to be a small amount of red granu-
lation tissue whose surface was covered by pale, relatively



4 International Journal of Polymer Science

smooth, and transparentmembrane after 10 days of operation
(Figure 1(a)).The restoration area of groups B andCwas filled
with regenerated tissue whichwas white and soft and also had
an uneven surface and clear boundary (Figures 1(b) and 1(c)).
After 20 days of surgery, repair tissue of restoration area in
group A was white and slightly hard and had uneven surface
and clear boundary (Figure 1(d)); repair tissue of restoration
area in groups B and C was milky white and tough and
also had a flat surface and clear boundary (Figures 1(e) and
1(f)). After 40 days of surgery, the bottom of restoration
area group A was filled with granulation tissue (Figure 1(g)).
Restoration area in group Bwas filledwith repair tissuewhich
was yellowish white and had a relatively clear boundary,
tough quality, and uneven surface (Figure 1(h)). The repair
tissue of group C without clear boundary with normal
cartilage (Figure 1(i)) was tough and translucent. After 10
days of surgery, the case of inflammatory cell (most were
lymphocytes) infiltration was found in repair tissue. 20 days
later, inflammatory cell infiltration went clearer. after 40
days of operation, lymphocytes cell infiltration reduced. For
groups A and B, slight lymphocytes cell infiltration appeared
in the repair tissue of both groups after 10 days of operation;
lymphocytes cell infiltration got a little more after 20 days
of operation, but obviously less than group C; lymphocytes
cell infiltration reduced obviously after 40 days of operation.
According to the specimen staining, group C (Figure 2(a))
performed best in the synthesis of collagen in repair area.The
second best is group B (Figure 2(b)) and both group C and
group B outperformed group A (Figure 2(c)).

By the observation of scanning electron microscopy,
collagen fibers in parallel with articular surface arranged
regularly as with groupC (Figure 3(c)) in the restoration area,
and the boundary of collagen fibers in the restoration area
is not clear with normal cartilage after 40 days of operation.
In case of group B (Figure 3(b)), the arrangement of collagen
fibers was relatively regular; also fibers were relatively thinner
and partially fractured or sunken. For group A (Figure 3(a)),
collagen fibers in the restoration area were in disorder and
thick; just like group B, collagen fibers in group A were
partially fractured too. In the results of immunohistochem-
ical detection, brown and yellow positive reaction product
was found in every cell cytolymph in the restoration area.
The amount of group C (Figure 4(a)) was the most and well
dispersed; the second was group B (Figure 4(b)) and the
reaction product dispersed uniformly, and just few positive
reaction products were found in group A (Figure 4(c)).

In Table 1, We can obviously see that the content of type
II collagen was the highest in group C in the tissue of repair
area; then the second highest was group B; the last is group A
after 10, 20, and 40 days of operation.

In a word, at every time point, through the evaluation of
histology and biochemistry, cartilage repair effect of group
C is the best; the second best is group B; both of them were
better than group A.

4. Discussions
Articular cartilage is hyaline cartilage, whose tissue’s meta-
bolic activity is low, without blood supply and lymphatic
drainage, and cartilage cells divide very slowly, so its ability

to repair itself is low; usually it cannot be repaired [42–44].
Therefore, how to promote the repair of damaged cartilage is
one of the key research points to scholars for a long time.With
the development of tissue engineering technology, cartilage
injury repair has made some progress [45–48]. Currently,
cartilage tissue engineering research’s main content focused
on seed cells, the carrier material, and the interaction of seed
cells and carrier [49]. In the process of tissue engineering
materials application, there is no generally accepted ideal
implant because of the compatibility of the seed cells; the
carrier’s adhesion and degradation should be considered
[50–52]. Ideal carrier material whose extracellular matrix
components are as close as to the nature chondrocytes should
have good tissue compatibility and biodegradability [53].
Currently there are two categories: natural materials and syn-
thetic materials. Synthetic materials include polylactic acid,
polyglycolic acid copolymer, hydroxyapatite, and calcium
phosphate [54, 55]. Owing to lack of binding sites which cells
can recognize, so synthetic material has no biological activity
and its degradation products may be toxic. Natural materials
are mainly collagen, fibrin gel, hyaluronic acid, and so on. Its
biocompatible and biodegradable properties are better than
syntheticmaterials’. But its different resourcesmake obviously
different structure and performance [56–59].

Hyaluronic acid is a nonsulfated polysaccharide-based
natural cartilage matrix, whose three-dimensional structure
has high porosity and surface and space area are bigger,
which is benefit for growth of cell adhesion, extracellular
matrix deposition, the take-up of gases and nutrients, and
metabolic product discharge, and offers a good interface of
material-cell function.Hyaluronic acid can improve adhesion
between cells and extracellular matrix burial and play an
important role in cartilage nutrition, maintaining cartilage
characteristics and joint lubrication [60–62]. Hyaluronic
acid also can maintain normal growth of cartilage cells
and promote the integration of transplanted chondrocytes
and damaged cartilage [63–66]. Certainly, along with other
natural materials, such as chitosan [67, 68] and collagen [69],
the hyaluronic acid could be used as biomaterials scaffolds for
repairing articular cartilage. The purity of hyaluronic acid is
higher, the immunogenicity is lower, and the biocompatibility
is better. Hyaluronic acid’s degradation products can promote
wound healing [70–73]. Hyaluronic acid as a treatment for
osteoarthritis medication has been in clinical use for many
years [74]. Its efficacy is satisfactory with fewer side effects.
And its operation is simple as an injectable material. So in
this study hyaluronic acid is selected as a carrier material.
Experimental results indicate that the repair effect of group
B is better than that of group A in terms of tissue science and
biochemical evaluation, which fully proved that hyaluronic
acid can promote cartilage repair.

In this experiment, inflammatory cells, mainly lympho-
cytes, are in infiltration in each group restoration area at
early stage after surgery under light microscope and Group
C is the most obvious. With time going, inflammatory cells’
quantity becomes less. 10 days after the injection of repair
materials, infiltration of inflammatory cells can be seen in
restoration area for identification of phagocytic cells. Groups
A and B have the same level of infiltration of inflammatory
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Figure 1:The results of specimen HE staining in restoration area; magnification times of all pictures in Figure 1 are 200. Pictures (a), (d), and
(g) belong to group A; pictures (b), (e), and (h) belong to group B; pictures (c), (f), and (i) belong to group C.
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Figure 2: The results of specimen Masson staining in restoration area; magnification times of all pictures in Figure 2 are 200. Pictures (a),
(b), and (c) belong to groups A, B, and C, respectively.
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Figure 3: The scanning electron microscopy images of collagen fibers in repair area; magnification times of all pictures in Figure 3 are 2000.
Pictures (a), (b), and (c) belong to groups A, B, and C, respectively.
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Figure 4: The results of immunohistochemical detection in restoration area; magnification times of all pictures in Figure 4 are 200. Pictures
(a), (b), and (c) belong to groups A, B, and C, respectively.

cells, which indicates that hyaluronic acid as a carriermaterial
has good biocompatibility. The level of infiltration of inflam-
matory cells at each time point is the best, which indicates
that resource of immune resource is major histocompatibility
antigens on cartilage cell’s surface. The result of immunohis-
tochemistry shows that positive reaction product of Group
A restoration area is the least, which indicates that its ability
of proteoglycan synthesis was significantly reduced; positive
reaction product of group C restoration area is the most
in the all 3 groups, which indicated that hyaluronic porous
network structure is conducive to the growth of cartilage
cells and extracellular matrix is proteoglycan-rich both of
which can slow down the degradation of type II collagen
synthesis of chondrocytes. The sign of the maturity level of
cartilage is collagen because the structural basis of cartilage
is collagen. Masson staining indicates that a large number
of collagen fibers can be seen in group C restoration area,
which is more than groups A and B. As with hydroxyproline
content, group C contained the most; then the second is
group B; the last is group A. Three groups’ difference is

statistically significant. All can prove that this repair mate-
rial can effectively promote cartilage repair. Through the
experiment, compared to natural repair, the overall repair
effect of hyaluronic acid performed better. This fact fully
demonstrated that hyaluronic acid played a catalytic role
for cartilage repair. When compared with hyaluronic acid,
the repair effect of polysaccharide biocomposites (hyaluronic
acid hydrogel containing chondrocytes) was better, which
fully illustrated that the combined action of hyaluronic
acid and chondrocytes was advantageous to the growth of
cartilage cells and collagen and proteoglycan synthesis. Of
course, its porous network structure also played a driving role
in repairing cartilage defects. These polysaccharide biocom-
posites, which were obtained easily and prepared simply, are
a relatively ideal biomaterial for cartilage repair and could be
made into injection.

Because clinical cartilage damage is mostly closed, selec-
tion of repair material tends from solid to liquid and
the method of transplantation tends from open graft with
large injury to simple, minimally invasive intra-articular
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Table 1:The content of type II collagen in the repair area at different
time points (𝜇g/mg).

Groups 10 days
(𝜇g/mg)

20 days
(𝜇g/mg)

40 days
(𝜇g/mg)

Natural
repair 80.83 ± 4.91 81.03 ± 5.01 80.94 ± 5.35

Hyaluronic
acid 90.35 ± 9.59

∗

88.39±7.96
∗∗

89.17±8.52
∗∗

Composites 99.78 ± 7.56∗ 105.55±7.49
∗

101.97±7.34
∗

∗

𝑃 < 0.01; ∗∗𝑃 < 0.05.

injection. In this experiment, polysaccharide biocomposites
(hyaluronic acid containing chondrocytes) were applied in
intra-articular injection to repair cartilage defects, whose
result indicates that this method is feasible, satisfactory, and
provides a theoretical basis for clinical application. However,
due to the separation and culture of chondrocytes being
directly related to repair effect, the isolation and culture
techniques of chondrocytes are needed to further improve.

5. Conclusion

Transplantation of isolated chondrocytes which belongs to
the category of tissue engineering has tremendous potential
for treatment of cartilage injury and regeneration of articular
cartilage tissue. As to transplantation of isolated chondro-
cytes and formation of cartilage tissue, the determining
factor of success lays in particular cell-carrier materials. In
terms of restoring articular cartilage, hyaluronic acid bio-
materials outperformed natural repair obviously; of course,
polysaccharide biocomposites performed best in effect of
restoration. Polysaccharide biocomposites could offer the
porous network structurewhich could promote chondrocytes
proliferation, and it could also carry chondrocytes effectively.
The porous network structure has high histocompatibility
with the surrounding and good biodegradability, and it also
favors chondrocytes survival, reproduction, and splitting. So
the polysaccharide biocomposites is an appropriate specific
cell-carrier material. Consequently hyaluronic acid-based
polysaccharide hydrogels biocomposites are considered to be
an ideal biological material for repairing articular cartilage.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Authors’ Contribution

Feng Zhao and Wei He contributed equally to this work.

References

[1] J. A. Buckwalter and H. J. Mankin, “Articular cartilage: degen-
eration and osteoarthritis, repair, regeneration, and transplan-
tation,” Instructional Course Lectures, vol. 47, pp. 487–504, 1998.

[2] X. Li, X. Liu, J. Huang, Y. Fan, and F.-Z. Cui, “Biomedical
investigation of CNT based coatings,” Surface and Coatings
Technology, vol. 206, no. 4, pp. 759–766, 2011.

[3] F. Shapiro, S. Koide, and M. J. Glimcher, “Cell origin and
differentiation in the repair of full-thickness defects of articular
cartilage,” Journal of Bone and Joint Surgery A, vol. 75, no. 4, pp.
532–553, 1993.

[4] E. B.Hunziker and L. C. Rosenberg, “Repair of partial-thickness
defects in articular cartilage: cell recruitment from the synovial
membrane,” Journal of Bone and Joint Surgery A, vol. 78, no. 5,
pp. 721–733, 1996.

[5] J. A. Buckwalter, “Articular cartilage: injuries and potential for
healing,” Journal of Orthopaedic and Sports Physical Therapy,
vol. 28, no. 4, pp. 192–202, 1998.

[6] J. R. Steadman, B. S. Miller, S. G. Karas, T. F. Schlegel, K. K.
Briggs, and R. J. Hawkins, “The microfracture technique in
the treatment of full-thickness chondral lesions of the knee in
National Football League players,” Journal of Knee Surgery, vol.
16, no. 2, pp. 83–86, 2003.

[7] S. W. Holmes Jr., “Articular cartilage injuries in the athlete’s
knee: current concepts in diagnosis and treatment,” Southern
Medical Journal, vol. 97, no. 8, pp. 742–747, 2004.

[8] I. Martin, S. Miot, A. Barbero, M. Jakob, and D. Wendt,
“Osteochondral tissue engineering,” Journal of Biomechanics,
vol. 40, no. 4, pp. 750–765, 2007.

[9] M. Sittinger, C. Perka, O. Schultz, T. Häupl, and G.-R.
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Limb lengthening is frequently utilized in treating limb length inequalities, angulation deformities, nonunions, complex fractures,
and deficiencies after tumor resection in more recent year.The procedure of limb lengthening pioneered by Ilizarov is now a widely
accepted method for correcting limb length inequality and short stature as well as for bridging large defects in long bones. In order
to promote bone healing during distraction osteogenesis and reduce the complications caused by limb lengthening pioneered, an
alginate/nanohydroxyapatite/collagen (Alg/nHAC) composite was fabricated. General observation, histologically morphological
observations, X-ray examination, biomechanical test, bone density, and the percentage area of bone trabecula were used to assay
the ability of Alg/nHAC composite to promote bone healing.The present study demonstrates that the injection of liquid Alg/nHAC
composites can significantly promote distraction osteogenesis. Alg/nHAC composite is promising for clinical application, solving
the healing problem of backbone osteotomy and the fixing problem of metaphyseal backbone.

1. Introduction

Corrective limb lengthening is frequently utilized in treating
limb length inequalities, angulation deformities, nonunions,
complex fractures, deficiencies after tumor resection, and, in
more recent years, persons of short stature. During the last
two decades, many developments were achieved in the field
of limb lengthening surgery, in which the main goal was to
increase patients’ acceptance and comfort during lengthening
[1]. Among them, the adaptation of bone during distraction
osteogenesis (DO) is reliable and predictable [2], which is
a surgical procedure used to promote tissue regeneration
in long bones. It is used to lengthen limbs, repair major
bone defects caused by infections or tumours, and correct
congenital or acquired craniofacial defects [3, 4].

The procedure of limb lengthening pioneered by Ilizarov
is now an accepted method for correcting limb length
inequality and short stature as well as for bridging large
defects in long bones. Limb lengthening is associated with

numerous complications: infections [5, 6], stiff joints [6, 7],
pseudarthrosis [6–8], early union [7, 8], and neurological
sequela [7–9]. The bone healing problems associated with
the other methods of limb lengthening have largely been
resolved. Even though external systems have been improved
over the years, problems with soft tissue transfixation, neu-
rovascular injuries, pin track infections, malalignment, joint
stiffness, pain, and poor cosmetic results are still frequent
[10, 11]. A further study about lengthening is necessary.

Along with the development of tissue engineering, bone
tissue engineering was applied to treat bone defect. Large
amounts of material systems have been developed to mimic
the natural extracellular matrix (ECM) and induce bone
formation [12–15]. Researches had demonstrated that nHA
had ability to promote ossification and bone regeneration
[16–19] and collagen was a natural polymer with excellent
biocompatibility and bioactivity [20–24].The combination of
bone tissue engineering and DO technology is promising. In
this research, a liquid Alg/nHAC composite was injected into
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the extension area of rabbits’ tibia to study the effect on bone
healing.

2. Materials and Methods

2.1. Materials. Acid-soluble type I collagen gel (solid content:
1%) was produced by Beihua Fine Chemicals Co., Ltd., Bei-
jing. Sodium phosphate and calcium sulfate were produced
by Yili Fine Chemicals Co., Ltd., Beijing. Sodium alginate was
produced by Guoyao Chemical Reagent Co., Ltd. Calcium
carbonate was produced by Beijing Modern Oriental Fine
Chemicals Co., Ltd. Kirschner wire (12mm) was produced
by Jinlu Medical Equipment Company, Jiangsu. The New
Zealand rabbits were obtained from laboratory animal center
of Hebei Medical University.

2.2. Equipment. Philips 500mAX film machine (Germany),
IPP (Image-Pro Plus IPP) Mediaplayer (USA), DEXAUNIT-
2000 dual-energy X-ray absorptiometry instrument (Bei-
jing, China), USS biomechanical testing machine (Shenyang,
China), automatic dehydrator TP1020 (Germany), slicer 2125
(Germany), automatic paraffin embedding machine TKY-
BM (Hubei, China), roast machine HI1220 (Germany), push-
ing machine HI1210 (Germany), Olympus camera binocular
microscope CX31 (Japan), and image analysis system (Bei-
jing, China) were used in this research.

2.3. Methods

2.3.1. Preparation of Alg/nHAC. A small amount of sodium
alginate was mixed with sodium alginate (Na

3
PO
4
⋅12H
2
O)

and dissolved in deionized water. After stirring for 20 min-
utes, a pale yellow aqueous solution of completely dissolved
alginate was obtained. Calcium sulfate and deionized water
were mixed in a beaker according to the setting proportion
to obtain a slurry of calcium sulphate. The slurry was stirred
until no significant particles can be seen and then kept more
than 24 h to remove static. A certain amount of bone meal
(nHAC) which was prepared according to the research of
Li et al. [25] was dissolved in water and stirred to obtain
sufficient bone paste. Then, the bone paste was mixed with
the aqueous solution of sodium alginate and stirred to
produce an intermixture. Next, the slurry of calcium sulphate
was mixed with the intermixture and stirred to obtain a
new intermixture. The new obtained intermixture was kept
alone for about 15min. The solid bone repair materials were
got after the internal situ crosslinking reaction. Finally, the
materials were sterilized with Co60 irradiation (2.5Mrad) for
the next experiments.

2.3.2.Manufacture of External FixationDevices. In the exper-
iment, we made use of self-made and improved Ilizarov
full-ring external fixation with an outer diameter of 90mm,
an insider diameter of 60mm, thickness of 4mm, and 14
holes through the ring. The diameter of each is 6.5mm. The
diameter of each screw rod is 6mm and the length is 105mm.
The screw pitch is 1mm/lap, so 1mm extension length can
be achieved by extending one lap of the screw rod. The fixed

needle is medical Klinefelter needle with diameter of 1.2mm
and 1.0mm, respectively.

2.3.3. The Preparation of Animal Model of Rabbit Tibia Limbs’
Elongation. We selected big-ear white New Zealand rabbits
(2–2.5 Kg) as the experimental animal. The rabbits were
banned from food intake before operation and their left
hind shins were reserved. Then we anaesthetized the rabbits
by intravenous injection of 1% pentobarbital sodium after
that disinfected the bed sheets and put the rabbit back on
the rabbit platform. We drilled two 1.2mm Kirschner wires
across in the location 1.0 cm above tubercles of tibia. A
ring of preassembled external fixation was installed and the
Kirschner wire would be fixed on the steel ring. Two 1.0mm
Kirschner wires were drilled across in the distal of tubercles
of tibia in order to correspond with proximal Kirschner wire,
and the steel needle would be fixed on the steel ring using
screw bolt meanwhile. Adjust external fixation to be firm and
parallel. Under aseptic conditions, we made anterior lateral
tibial longitudinal incision which was as deep as periosteum
between the upper and lower two sets of needles. Moreover,
the incision was peeled in the periosteum and the upper
tibial appeared. Pry the lower end of the fibula into two
parts and truncate tibia fully in tubercles of tibia by fretsaw.
Adjust external fixation to make two ends of the fracture
close and keep the anatomical paraposition. Then tighten all
the nuts in order to avoid any accidental. Wash the wound
and close the incision after the suture of periosteum. To
prevent infection, making penicillin 400000U intramuscular
injection for 5 days is necessary after operation. We should
make anAnerdianwet compress on the blade andneedle tract
at the same time. It started to extend at the speed of 1mm/day
after 5 days of operation. Finally, it would extend 20mm by
2 times in 20 days. It should be kept fixed for 9 weeks after
lengthening. Raise the rabbits under the same conditions, and
the rabbits are free to move in the cage. Rabbits were exe-
cuted at particular period and the specimens were obtained.
The animal model of rabbit tibia elongation was shown in
Figure 1.

2.3.4. Animal Grouping. 60 New Zealand rabbits (2–2.5 Kg)
were classified into two groups equally, namely, group A and
group B. After the end of the extension, liquid Alg/nHACwas
injected into rabbits of group A in the region of elongation.
Rabbits of group B were not given any treatment as control.
Groups A and B were molded and raised under the same
conditions and the rabbits are free to move in the cage.
Rabbits were executed at particular period and obtained the
specimen.

2.4. Observations and Tests

2.4.1. General Observation. The general observation should
include the following contents: the conditions of postoper-
ative wound healing, daily activities of rabbits, and general
bone formation of specimens in the extension area and
whether the needle track was infected.
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(a) (b)

Figure 1: The animal model of rabbit tibia elongation ((a) osteotomy in the tibia and (b) the situation of rabbit after the osteotomy surgery).

2.4.2. Histological Observation. We executed rabbits and
acquired specimens at the following periods:medium term of
bone elongation, termination of bone elongation at 2, 4, and
8 weeks after termination of bone elongation, respectively.
The acquired specimens were fixed by 10% formaldehyde,
and ossified specimens were decalcified for 2 weeks. Then
we embedded sections by paraffin, conducted HE staining,
and made an observation under light microscope after fixing
sections.

2.4.3. X-RayObservation. We took photos of bone elongation
at three periods, respectively: after operation, termination
of bone elongation, and 2, 4, and 8 weeks after termination
of bone elongation. By means of these photos in different
periods, we could observe the condition of bone formation
of extended position and formation of poroma. The camera
model was Philips 500mAX, and conditions of exposure were
50KV, 4ms.

2.4.4. Measurement of the Percentage Area of Bone Trabec-
ula. We observed the tissue slices under the microscope
and acquired images and measured the percentage area of
trabecular bone using IPP (Image-Pro Plus IPP)Mediaplayer
measurement software.

2.4.5. Bone Density Test. Five rabbits were killed in each
group for obtaining the samples after 8 weeks, five rabbits
were killed in each group to obtain the samples of termination
of bone elongation. We determined the bone density using
dual-energy X-ray bone densometer.

2.4.6. Biomechanical Test. Three-point bending experiment
was conducted in elongation area of rabbit tibia at 2, 4, and
8 weeks, respectively. Five specimens in each group (groups
A and B) were prepared at each period and 5 specimens

from normal contralateral tibia were obtained and set as
control group. For the specimens, intermediate point was
support point and both ends were fixedwith a span of 30mm.
Then a loading was imposed slowly at the constant speed
of 0.5mm/min until specimens fractured. The average stress
value was taken and compared with the maximum stress
value of each group.

2.4.7. Statistical Methods. All acquired data were statistically
analyzed by statistical software SPSS10.0.

3. Results

3.1. General Observation. The rabbits had regular diet and
normal activities after operation. Affected limbs were slightly
swelled, the swelling would be reduced in 1-2 weeks, and all
the incisions would also be healed normally. In the course of
experiment, 15 rabbits died because of diarrhea and 2 rabbits
fractured in the Kirschner wire fixation. Except the rabbits
mentioned above, which were excluded in this experiment,
all the other rabbits survived. External fixation was fixed
so reliably that it made no adverse effects to animals. We
acquired 3 specimens after termination of bone elongation.
Via the observation of elongation region, dense fibrous
connective tissue was found in the region of elongation,
and the material quality was soft and tough without the
appearance of ossification.

Five rabbits of each group were executed, and a total of
10 rabbits were put to death for obtaining specimens after
2 weeks of termination of bone elongation. Most of the
elongation region in group A was ossified, and it was difficult
to cut poroma using operating knife blade. As to group B,
elongation region was ossified slightly; however, a majority
of fibrous connective tissue still existed.

Five rabbits of each group were executed, and a total of
10 rabbits were put to death for obtaining specimens after
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Figure 2: Compared with uninjured lateral tibia (right), operation
side lateral tibia (left) extended 2 cm.

Figure 3: Histologically morphological observations of the exten-
sion area in medium item. The extension area was filled with dense
fibrous connective tissue and no osteogenesis can be seen.

4 weeks of termination of bone elongation. For group A,
elongation region was totally ossified, but the intensity of
elongation region was weaker than the uninjured side and it
could be broken easily. As to group B, elongation region was
ossified basically, and the intensity of callus was not high and
it was practicable to cut using operating knife blade.

Five rabbits of each group were executed, and a total of
10 rabbits were put to death for obtaining specimens after
8 weeks of termination of bone elongation. The elongation
regions of groups A and B were ossified entirely. The appear-
ance of group A was similar to normal bone and it was
very hard to fracture, while group B was prone to fracture.
Compared with uninjured lateral tibia, operation side lateral
tibia extended 2 cm (Figure 2).

3.2. Histologically Morphological Observations. Five rabbits
were killed at each medium term and termination of
elongation, respectively, and a total of 10 rabbits were killed
for obtaining specimens. The elongation region was filled
with dense fibrous connective tissue, and bone tissues were
not found (Figure 3).

Five rabbits of each group were executed and a total of
10 rabbits were put to death for obtaining specimens after
2 weeks of termination of bone elongation. The material
implanted into group A was separated by fibrous connective
tissue; fibrous connective tissue and blood vessel grew into
the transplanted material. Osteoid formation mainly com-
prised of fibrous callus could be seen in most of the material,
but a few osseous calluses appeared around separated mate-
rials (Figure 4).

Five rabbits were executed and a total of 10 rabbits
were put to death for obtaining specimens after 4 weeks
of termination of bone elongation. For group A, most
mature bone could be seen, bone lacuna and the amount
of endoskeleton cells increased obviously, and transplanted
materials decreased obviously (Figure 5(a)). For group B, lots
of osteoid appeared, woven bone was formed, and trabecular
bone got mature gradually; part of osteoblast grew into
osteocyte gradually, trabecular bone increased compared to
2 weeks of termination of bone elongation, and immature
trabecular bones were still in the the major (Figure 5(b)).

Five rabbits of each group were executed and a total of
10 rabbits were put to death for obtaining specimens after
8 weeks of termination of bone elongation. As to group
A, injected material disappeared basically, only very small
amount of material existed in the center, and massive mature
bony callus was formed (Figure 6(a)). As to group B, generous
fibrous callus and bony callus accounted for the bulk, and a
fewmature bone lacuna and osteocyte emerged (Figure 6(b)).

3.3. X-Ray Examination. The X-ray examination after the
surgery showed that the tibial osteotomy is complete, the
fibula is also disconnected, and the site and lines of the
osteotomy are well matched (Figure 7(a)). The X-ray exam-
ination done at 10 days after surgery showed that the tibial
osteotomy had been apart and the line of osteotomymatched
well (Figure 7(b)). The X-ray examination done after length-
ening showed that a range about 2 cm existed and the line
of osteotomy matched well. The extended area was of low
density development and no calcification could be observed
(Figure 7(c)). Besides, the Alg/NHACused in groupA, which
is a liquid injection, is also of low density development
(Figure 7(d)).

At 2 weeks after lengthening, large amounts of high
density development formed and filled in the extension area
in group A (Figure 8(a)). A small amount of high density
development could be observed, namely, a few of new bones
formed in group B (Figure 8(b)). At 4 weeks after the length-
ening, the high density development in extension area of
group A obviously increased (Figure 8(c)).The callus volume
of group B increased when compared to group B at two weeks
but less than group A at the same period (Figure 8(d)). At 8
weeks after lengthening, X-ray examination showed that the
imaging performance of group A had been close to normal
bone, with a connected marrow and similar bone density
between cortical bone of extension area and normal bone
upper and lower (Figure 8(e)). The elongation areas were all
ossification in group B, but the bone mineral densities were
lower and bone masses were less (Figure 8(f)).
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(a) (b)

Figure 4: In the first two weeks after the end of the extension, in group A, osteoid based on fibrous callus can be seen in most of the materials
(a); in group B, large amounts of fibrous connective tissue can be seen and there is a small amount of osteoid formation (b).

(a) (b)

Figure 5: In the first four weeks after the end of the extension: (a) the histologically morphological observations of the extension area of
group A and (b) the histologically morphological observations of the extension area of group B.

3.4. Measurement of the Percentage Area of Trabecular Bone.
30 specimens were obtained by three times, of which, 10
specimens (group A: 5, group B: 5) were obtained at week 2,
8 specimens (group A: 5, group B: 5) were obtained at week
4, and the last 10 specimens (group A: 5, group B: 5) were
obtained at week 8.

The statistical analysis showed that the percentage areas
of the two groups were significantly different in 2, 4, and 8
weeks, 𝑃 < 0.05. The percentage area of trabecular bone in
group A was significantly higher than in group B, as shown
in Table 1.

3.5. Measurement of the Bone Density. In this study, 13
specimens were obtained: (group A: 6, group B: 7) at week 8.
The contralateral normal tibial bone was set as group C and
measured.

BMD of groups A, B, and C was (0.1240 ± 0.0069),
(0.0873±0.0042), and (0.1771±0.0078) separately.The BMD
of groupA is higher than group B, and a significant difference
existed (𝑃 < 0.01) at week 8.

The bone density in group A was to recover to 70.29
percent when compared to normal bone, while that of group
B was to recover to 49.29%.There was a significant difference
(𝑃 < 0.01) between the two groups.

Table 1: Percentage area of trabecular bone in two groups at 2, 4,
and 8 weeks (𝑥 ± s).

2 w 4w 8w
Group A 4.51 ± 1.83 18.68 ± 3.77 33.11 ± 4.11
Group B 11.2 ± 2.01 32.42 ± 2.88 51.49 ± 9.28

3.6. Biomechanical Test. In this test, 13 specimens were
obtained: (groupA: 6, group B: 7) at week 8. Five contralateral
normal tibial bones were set as group C and measured.

The maximum bending stress in groups A, B, and C was
(273.524 ± 50.680) N, (132.471 ± 37.010) N, and (396.570 ±
45.121) N separately.

The maximum bending stress of group A is higher than
that of group B at week 8, and a significant difference (𝑃 <
0.01) existed. The biomechanical property of group A was to
recover 68.94%, while that of group B was to recover 33.33%.
There was a significant difference (𝑃 < 0.01) between the two
groups.

4. Discussion

Although the Ilizarov method is regarded as a revolution
in the history of orthopedic therapeutics, the bone healing
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(a) (b)

Figure 6: In the first eight weeks after the end of the extension: (a) the histologically morphological observations of the extension area of
group A and (b) the histologically morphological observations of the extension area of group B.

(a) (b)

(c) (d)

Figure 7: The X-ray image of rabbit tibia of different group immediately taken after the surgery.

is relatively slow and there are more complications existing.
Besides, the pull speed can just be 1.0mm a day, considering
the bone healing time of extended area, and each extension
of 1.0mm needs about one or two months [26]. Therefore,
many scholars have explored the mechanism and method

to promote bone healing. The biological mechanism of limb
lengthening was regarded as osteotylus lengthening. Ilizarov
[27] has described the biological characteristics of broken
ends of fractured bone in the traction state. It was discovered
that the connection of the collagen fibers in bone gap and
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Figure 8: The X-ray image of rabbit tibia in different group at different time after lengthening.

the fusion of the trabecular of new bone were an ongoing
repair process which contained new bone formation and
the translation of matrix to matrix. In the extension of the
human tibia, cancellous bone and bundle bone were clearly
observed and finally turned to osteocyte, which was a process
that looked like fetal growth and development.The discovery
of tumor-related gene c-fos and c-jun in the early stages of
limb lengthening, whichwas related to the fetal development,
further proved the theory that distraction osteogenesis can
make some process that usually took place in the stage of fatal
development repeat in adult tissue.

The biological theory of distraction-traction osteogenesis
(DO) offered the theory support for limb lengthening and
changed the biological mechanism of limb lengthening. The
application of DO concept significantly improved the quality
of bone growth and reduced incidence of nonunion compli-
cations. Limb lengthening was not just a simple extension of
bone length, but the interaction of bone, soft tissue, joint, and
systemic factors in the overall. Polo and domestic scholars
[28, 29] have shown that nerves, blood vessels, andmuscle tis-
sue have the same adaptation and regeneration potential just

like the osteocyte. Striated muscle cells which have stopped
regenerating and splitting in adult tissue, differentiated into
muscle stem cells along with the proliferation of stellate cells,
and finally formed the new muscle tissue in the slow pulling
process. The research has shown that slow pulling process
can also induce the regeneration of new nerve tissue [30].
Thus, limb lengthening is a combination ofmodern histology,
biochemistry, and other systemic factors which influence
each other. Its meaning based on the concept DO has a new
extension, which should be the regeneration and rebuilding
of limb composite tissue under a slowpulling process, namely,
distraction histogenesis (DH).

In limb lengthening surgery, the speed and time of
lengthening process, the site and method of osteotomy,
patient age, and other factors will affect the bone healing
process. First, the extension rate is one of the most important
factors which influence bone healing process [31]. A large
number of clinical and animal experiments confirmed that
1.0mm/d is the most reasonable and beneficial extension rate
to the healing of bone and soft tissue adaptation. Second,
the osteotomy site is also one of the most important factors
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which affect bone healing process. Due to the ability of
blood supply and bone formation, different osteotomy sites
have different bone osteotomy healing rate. In metaphyseal
extension, the bone formation is faster because of the rich
blood supply, while the fixture is easy to lose, which have
serious impact on joint function and even cause permanent
barriers. Backbone osteotomy is far away from the joint,
which has light effect on the joint in the lengthening process,
and the function of joint can be restored through the exercise.
Because of the poor blood circulation here and the smaller
diameter of bone, the healing time and fixing time should be
increased. In comparison, the backbone of the bone ends is
the ideal osteotomy site. Due to the osteotomy line which is
farther away from the joint and has light effect on the joint,
the change of the joint function in the lengthening process
can be restored through exercise after surgery. Besides, the
blood circulation here is closed to the bone end and the
osteogenesis rate is faster than that of the backbone. Third,
osteotomy method also affects bone healing of extension
area. Frierson et al. [32] compared different osteotomy
method and found that the simple cortex osteotomy has
no significant differences with the common osteotomy.
Fourth, bone healing can be affected when the delay exten-
sion or immediate extension method is used. Yasui et al.
[33] have proved that the delay extension method is superior
to immediate extension because the blood can be rebuilt
and the soft tissue damaged after osteotomy surgery can be
restored in the delay extension process.

The Alg/nHAC composite actually promotes the Ilizarov
distraction osteogenesis and there maybe two reasons as
follows. On one hand, nHAC composite can promote bone
healing according to the research done before [25]. The
microstructure of nHAmay increase surface areas of implant.
Themicrostructured calcium phosphatematerials could con-
centrate more proteins, which may influence the attachment,
proliferation, and differentiation of cells. These proteins may
include bone-inducing proteins, which could differentiate
inducible cells to osteogenic cells that form inductive bone.
On another hand, the introduction of algorithm which
stabilizes collagen as a cross-linker and preserves its helical
structure creates a favorablemicroenvironment for the regen-
eration of tissue.

In order to promote bone healing, great amounts of
researches had been done [34–38]. By the development of the
modern medical technology, minimally invasive technology
has aroused people’s attention. The combination of clinical
treatment and minimally invasive technology is promising.
All in all, a further study about DO is rather necessary.

5. Conclusion

In this study, the liquid Alg/nHAC was injected into the
extension area of tibia. The group which was injected into
the liquid composite has more regenerated calluses than the
control group through general observation and histological
observation. The X-ray observation showed that the high
density area in the experimental group is superior to the
control group in different period. The results of bone density

test and biomechanical test also demonstrated that the degree
of bone healing and the strength of bone are much more bet-
ter than the control group. Alg/nHAC was an ideal material
for limb lengthening. The present study demonstrates that
the injection of liquid calcium alginate/nHAC composites
can significantly promote distraction osteogenesis. Algi-
nate/nHAC is promising to be used for clinical application
to solve the healing problem of backbone osteotomy and the
fixing problem ofmetaphyseal backbone which has bad effect
on the closed joint and causes complication.
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[10] P. H. Thaller, J. Fürmetz, F. Wolf et al., “Limb lengthening
with fully implantable magnetically actuated mechanical nails
(PHENIX1)-Preliminary results,” Injury: International Journal
of the Care of the Injured, vol. 45S, pp. S60–S65, 2014.

[11] L. Yang, G. Cai, L. Coulton, and M. Saleh, “Knee joint reaction
force during tibial diaphyseal lengthening: a study on a rabbit
model,” Journal of Biomechanics, vol. 37, no. 7, pp. 1053–1059,
2004.



International Journal of Polymer Science 9

[12] X. M. Li, C. A. Van Blitterswijk, Q. L. Feng, F. Z. Cui, and
F. Watari, “The effect of calcium phosphate microstructure on
bone-related cells in vitro,” Biomaterials, vol. 29, no. 23, pp.
3306–3316, 2008.

[13] A. I. Rodrigues, M. E. Gomes, I. B. Leonor et al., “Bioactive
starch-based scaffolds and human adipose stem cells are a good
combination for bone tissue engineering,” Acta Biomaterialia,
vol. 8, no. 10, pp. 3765–3776, 2012.

[14] Y. Liu, J. Lim, S.-H. Teoh et al., “Review: development of
clinically relevant scaffolds for vascularised bone tissue engi-
neering,” Biotechnology Advances, vol. 31, no. 5, pp. 688–705,
2013.

[15] X.M. Li, X. H. Liu,W. Dong et al., “In vitro evaluation of porous
poly(L-lactic acid) scaffold reinforced by chitin fibers,” Journal
of BiomedicalMaterials Research BApplied Biomaterials, vol. 90,
no. 2, pp. 503–509, 2009.

[16] Y. Deng, H.Wang, L. Zhang et al., “In situ synthesis and in vitro
biocompatibility of needle-like nano-hydroxyapatiteinagar-
gelatinco-hydrogel,”Materials Letters, vol. 104, pp. 8–12, 2013.

[17] X. M. Li, H. F. Liu, X. F. Niu et al., “Osteogenic differentiation
of human adipose-derived stem cells induced by osteoinductive
calcium phosphate ceramics,” Journal of Biomedical Materials
Research B Applied Biomaterials, vol. 97, no. 1, pp. 10–19, 2011.

[18] M.N. Salimi andA. Anuar, “Characterizations of biocompatible
and bioactive hydroxyapatite particles,” Procedia Engineering,
vol. 53, pp. 192–196, 2013.

[19] X. M. Li, X. H. Liu, M. Uo, Q. L. Feng, F. Z. Cui, and F.
Watari, “Investigation on the mechanism of the osteoinduction
for calcium phosphate,” Bone, vol. 43, supplement 1, pp. S111–
S112, 2008.

[20] X. M. Li, Q. L. Feng, W. J. Wang, and F. Z. Cui, “Chemical
characteristics and cytocompatibility of collagen-based scaffold
reinforced by chitin fibers for bone tissue engineering,” Journal
of Biomedical Materials Research B Applied Biomaterials, vol. 77,
no. 2, pp. 219–226, 2006.

[21] X. M. Li, Q. L. Feng, X. H. Liu, W. Dong, and F. Cui, “Collagen-
based implants reinforced by chitin fibres in a goat shank bone
defect model,” Biomaterials, vol. 27, no. 9, pp. 1917–1923, 2006.

[22] Y.-C. Chiu, M.-H. Cheng, S. Uriel, and E. M. Brey, “Materials
for engineering vascularized adipose tissue,” Journal of Tissue
Viability, vol. 20, no. 2, pp. 37–48, 2011.

[23] X. M. Li, Q. L. Feng, Y. F. Jiao, and F. Z. Cui, “Collagen-
based scaffolds reinforced by chitosan fibres for bone tissue
engineering,” Polymer International, vol. 54, no. 7, pp. 1034–
1040, 2005.

[24] G. Chen, J. Tanaka, and T. Tateishi, “Osteochondral tissue
engineering using a PLGA-collagen hybrid mesh,” Materials
Science and Engineering C, vol. 26, no. 1, pp. 124–129, 2006.

[25] X. M. Li, Q. L. Feng, and F. Z. Cui, “In vitro degradation
of porous nano-hydroxyapatite/collagen/PLLA scaffold rein-
forced by chitin fibres,”Materials Science and Engineering C, vol.
26, no. 4, pp. 716–720, 2006.

[26] A. D. Kanellopoulos and P. N. Soucacos, “Management of
nonunion with distraction osteogenesis,” Injury, vol. 37, supple-
ment 1, pp. S51–S55, 2006.

[27] G. A. Ilizarov, “Clinical application of the tension-stress
effect for limb lengthening,” Clinical Orthopaedics and Related
Research, no. 250, pp. 8–26, 1990.

[28] A. Polo, R. Aldegheri, A. Zambito et al., “Lower-limb length-
ening in short stature. An electrophysiological and clinical
assessment of peripheral nerve function,” Journal of Bone and
Joint Surgery B, vol. 79, no. 6, pp. 1014–1018, 1997.

[29] K.Huang, Y. Zeng,H.Xia, andC. Liu, “Alterations in the biorhe-
ological features of some soft tissues after limb lengthening,”
Biorheology, vol. 35, no. 4-5, pp. 355–363, 1998.

[30] G. A. Ilizarov, Transosseous Osteosynthesis: Theoretical and
Clinical Aspects of Regeneration and Growth of Tissue, vol. 1,
Springer, Berlin, Germany, 1992.

[31] S. H. White and J. Kenwright, “The importance of delay
in distraction of osteotomises,” Orthopedic Clinics of North
America, vol. 569, no. 4, pp. 569–579, 1991.

[32] M. Frierson, K. Ibrahim, M. Boles, H. Bote, and T. Ganey, “Dis-
traction osteogenesis: a comparison of corticotomy techniques,”
Clinical Orthopaedics and Related Research, no. 301, pp. 19–24,
1994.

[33] N. Yasui, H. Kojimoto, K. Sasaki, A. Kitada, H. Shimizu, and
Y. Shimomura, “Factors affecting callus distraction in limb
lengthening,” Clinical Orthopaedics and Related Research, no.
293, pp. 55–60, 1993.

[34] B. Kassis, C. Glorion, W. Tabib, O. Blanchard, and J. Pouliquen,
“Callus response to micromovement after elongation in the
rabbit,” Journal of Pediatric Orthopaedics, vol. 16, no. 4, pp. 480–
485, 1996.

[35] K. S. Eyres, M. Saleh, and J. A. Kanis, “Effect of pulsed
electromagnetic fields on bone formation and bone loss during
limb lengthening,” Bone, vol. 18, no. 6, pp. 505–509, 1996.

[36] X. M. Li, H. F. Liu, X. F. Niu et al., “The use of carbon nanotubes
to induce osteogenic differentiation of human adipose-derived
MSCs in vitro and ectopic bone formation in vivo,”Biomaterials,
vol. 33, no. 19, pp. 4818–4827, 2012.

[37] P. M. Van Roermound, B. M. Ter Haar Romeny, and T. Sakou,
“Bone growth and remodeling,” Journal of Bone and Mineral
Research, vol. 19, no. 6, pp. 84–88, 1997.

[38] X. M. Li, L. Wang, Y. B. Fan, Q. L. Feng, F. Z. Cui, and F. Watari,
“Nanostructured scaffolds for bone tissue engineering,” Journal
of Biomedical Materials Research A, vol. 101A, no. 8, pp. 2424–
2435, 2013.



Research Article
Enhancement of VEGF on Axial Vascularization of
Nano-HA/Collagen/PLA Composites: A Histomorphometric
Study on Rabbits

Xiao Chang,1 Hai Wang,1 Zhihong Wu,1 Xiaojie Lian,2 Fuzhai Cui,2 Xisheng Weng,1

Bo Yang,1 Guixing Qiu,1 and Baozhong Zhang1

1 Department of Orthopaedic Surgery, Peking Union Medical College Hospital, No. 1, Shuaifuyuan Hutong, Beijing 100730, China
2Department of Materials Science & Engineering, Tsinghua University, Beijing 100084, China

Correspondence should be addressed to Baozhong Zhang; zbz9639@sina.com

Received 28 January 2014; Accepted 6 March 2014; Published 31 March 2014

Academic Editor: Xiaoming Li

Copyright © 2014 Xiao Chang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The aim of this study was to investigate whether the nanohydroxyapatite/collagen/poly(L-lactic acid) (nHAC/PLA) composite is
suitable to be compounded with VEGF to enhance the axial vascularization in vivo. Thirty rabbits were divided into 2 groups of
15 animals each. In control group, a nHAC/PLA scaffold slice was vascularized axially by an inserted ligated femoral arteriovenous
(AV) bundle in the animal. In experimental group, a slice compounded with VEGF gel was applied. The rabbits were sacrificed
at 2 weeks, 6 weeks, and 10 weeks after surgery; the specimens of scaffold slices underwent histomorphometric examination;
analysis of the microvessel density (MVD) of both groups was done. The combination with VEGF (Group B) did not enhance
the vascularization in early phase (2 and 6 weeks, 𝑃 > 0.05) but worked in later phase (10 weeks, 𝑃 < 0.05). The data of the
experiment demonstrated the suitability of the nHAC/PLA composite as carrier for the growth factor VEGF, enabling its sustained
release in bioactive form with enough binding efficacy.

1. Introduction

Critical-sized bone defect due to serious trauma, infection,
malignant tumor resection, or congenital deformity is not
rare in clinic and remains amajor challenge for surgeons. Tis-
sue engineered bone (TEB) represents a promisingmethod to
resolve these problems. In the future, TEB might become the
most popular choice for surgeonswhen they repair segmental
bone defects [1]. Significant progress has been made to
develop several bone substitute materials which mimics
natural bone matrix in both composition andmicrostructure
[2–4]. Some kinds of seed cells and bioactive factors have
been composited with scaffolds by many tissue engineering
methods [5]. However, repair of bone defects over 30mm
using TEB still is a difficult problem [6], because seed cells
and bioactive factors will survive only with oxygen and
nutrition supplied by blood flow in limited scale.The osteoin-
duction and osteogenesis of large tissue-engineered scaffold

will not function because of absence of vascularization in the
scaffold.

Vascularization plays a very important role in skeletal
development and repair [7]. To repair large bone defect, it
is critical to vascularize the whole scaffold; there is more
new bone formation where the matrix is vascularized more
adequately [8]. There are two methods to promote the
angiogenesis of matrix of TEM. First, through microsurgical
procedure, a major vessel is implanted in the scaffold to
enhance angiogenesis around the vessel which is called axial
vascularization. Second, angiogenic factors are composited
with the scaffold to induce vessels formation. In the factors
the vascular endothelial growth factor (VEGF) and bone
morphogenetic protein (BMP) are the most commonly used
[9].

Nanohydroxyapatite/collagen/poly(L-lactic acid) (nHAC/
PLA) composite is a new type bone substitute scaffold; it
is similar to the natural bone in main composition and in
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hierarchical microstructure [9–12]. In previous studies we
have revealed that the nHAC/PLA composites can be axial
vascularized by femoral arteriovenous bundle of rabbits [13].
The purpose of this study was to investigate whether VEGF
can be loaded on nHAC/PLA composites to promote the axial
vascularization of the scaffold in vivo.

2. Materials and Methods

2.1. Materials. Process of synthesis of nHAC/PLA has been
previously described [9–13]. After ultrasonication, the mate-
rial was fabricated into cylindrical slices (Φ10mm × 10mm)
with a hole of 1.5mm diameter in the center.

2.2. Experimental Design. The whole experiment was
approved by the Animal Ethic Committee of Peking Union
Medical College Hospital (PUMCH), and the procedures
were conducted in accordance with the guidelines for the
care and maintenance of animals. Thirty-three-month-old
New Zealand rabbits (Experimental Animal Center of
PUMCH, Beijing, China) weighing 2.5 to 3.0 kg were divided
randomly into group A and group B (𝑛 = 15). All operations
were performed under sterile conditions by one surgeon.
In group A (control group), a nHAC/PLA composite slice
was directly implanted into the intramuscular gap with an
arteriovenous (AV) bundle in the left groin of a rabbit. In
group B (experimental group), the nHAC/PLA composite
slice was coated with VEGF165 gel and then implanted into
the animal with the same procedure as group A. Histological
examinations were performed at 2, 6, and 10 weeks after
implantation.

2.3. Experimental Steps

2.3.1. Compositing of VEGF. In clean bench, 10 cylindri-
cal slices were dripped into 50mL fibrinogen solution at
50mg/mL; the same volume of VEGF165 solution at 5 ng/mL
was added in. Then the mixture of VEGF165 and fibrinogen
infiltrated into the micropores of nHAC/PLA through vac-
uum suction for 30minutes.The 100mL thrombin solution at
250U/ml was added in and the vacuum suction was repeated
for 30 minutes. The thrombin transferred fibrinogen to gel
which contained VEGF165. After being removed from the
solution and air-dried, the slices were kept in sterile and 4∘C
environment until operation.

2.3.2. Surgical Protocol. With an intravenous injection of 3%
pentobarbital sodium (1mL/kg body weight, Sigma, USA),
the animalswere anesthetized. Before procedures, 800,000 IU
penicillin sodium (North China Pharmaceutical Group Cor-
poration, China) was injected intramuscularly in order to
prevent perioperative infection. The animals were placed
on the table in supine position. After shaving, sterilizing,
and draping, through a skin incision from the left groin
midpoint to the left knee, the femoral neurovascular bundle
was exposed, and the nerve was protected. The left femoral
artery and vein were surgically dissociated and then were
transversely cut and ligated at 2 to 3 cm under the femoral
artery furcation for an AV bundle. In group A, the AV bundle

(a) (b)

Figure 1: Stick drawing demonstrating the section process of
histological examinations: (a) 8 cross-sections were obtained per-
pendicular to the AV bundle in the middle; (b) 4 microphotographs
of interest in the inner 1/3 radius at 3, 6, 9, and 12 o’clock at 400x
magnification were evaluated for MVD (dark black points) [13].

was placed in the hole of a nHAC/PLA composite slice, and
the slice was placed into the intramuscular gap. In group B,
the nHAC/PLA composite slice coated with VEGF165 gel was
applied to place AV bundle in. Femoral muscle and skin were
sutured with 3–0 silk sutures. Postoperatively, 800,000 IU
penicillin sodiumand 0.15mgbuprenorphine (Tianjing Insti-
tute of Pharmaceutical Research, China) were separately
administered intramuscularly every 12 hours for 3 days.

2.4. Histological Examinations. The animals were sacrificed
after 2, 6, and 10 weeks (𝑛 = 5, resp.). The slices were
removed and fixed in 10% buffered formalin for 24 hours.
After washing, they were decalcified by 14% ethylenedi-
aminetetraacetic acid (EDTA) solution for 4–6 weeks. Then,
they were dehydrated in graded ethanol and embedded in
paraffin. Eight cross-sections (5𝜇m)were obtained from each
specimen, perpendicular to the AV bundle in the middle
(Figure 1(a)), using a Leica microtome (Leica Microsystems,
Wetzlar, Germany). For histomorphometric analysis, four
sections were randomly selected for haematoxylin and eosin
(H&E) staining and microphotographs were taken using a
microscope and a digital camera (Leica Microsystems); see
Figure 5. On each section, four microphotographs of interest
in the inner 1/3 radius at 3, 6, 9, and 12 o’clock at 400x
magnification were evaluated, and the number of vessels in
high power field (HPF) was counted by two independent
and blinded pathologists (Figure 1(b)). Microvessel density
(MVD) was calculated for each group and each time point.
One of the other sections was chosen randomly for CD31
immunohistochemical staining for qualitative assessment.

2.5. Statistics Analysis. The MVDs were given as means ±
standard deviation (X ± SD, vessels/HPF). Statistical analysis
was performed using the paired samples Student’s 𝑡-test with
SPSS 16.0. The critical level of statistical significance was set
at 𝑃 < 0.05.

3. Result

3.1. Surgery andMacroscopic Appearance. 27 rabbits tolerated
the surgical procedure and survived well. One rabbit in group
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Table 1: Quantification of MVD (X ± SD, vessels/HPE) between group A and group B, analyzed by histomorphometrics. 𝑃 values < 0.05
were marked (∗).

Group A (controlled group without VEGF) Group B (experimental group with VEGF) 𝑃 value
2 weeks 9.35 ± 1.58 9.02 ± 1.60 0.897
6 weeks 15.60 ± 3.20 16.04 ± 2.89 0.917
10 weeks 17.35 ± 2.64 20.92 ± 3.91 0.048∗

20𝜇m

Figure 2: Hematoxylin and eosin (HE) staining of specimens 10
weeks after implantation (magnification ×400) showed the tube
architecture of the newly formed vessels.

A and one in group B died of diarrhea in two weeks after pro-
cedures; one in group A was complicated with incision infec-
tion. Above-mentioned three animals were excluded from
the experiment and 3 new animals were selected to replace
the excluded. No extrusion of the implanted slices occurred
over the observation period. The slices were surrounded by
neighboring tissue when removal was performed; vessel-like
tissues were observed on the surface of the implanted slices
of both groups.

3.2. Histological Examinations. Microscopic angiogenesis
was identified in both groups of any time point. At low
magnification, the vision was full of connective tissue and
granulation tissue composed of inflammatory cells, blood
cells, fibroblasts, and blood vessels; at high magnification,
vascular endothelial cells could be identified (Figure 2).
Around the ligation AV bundle there were new vessels
formed which indicated arteriogenesis (Figure 3). The new
vessels formed in the slices could be identified through CD31
immunohistochemical staining; the endothelial cells of vessel
wall showed significant light brown (Figure 4). Along with
the time extension, there were fewer inflammatory cells and
more fibroblasts and vessels. By 10 weeks, more vessels even
arteriole-like ones were observed in both groups.

A trend towards an increase in MVD was observed in
each group over time, andMVDof group B gradually showed
its significance more than that of group A. At 2 and 6 weeks
after implantation,MVDof groupsA andBhadno significant
differences (𝑃 = 0.897 and 𝑃 = 0.917); at the last time point
of 10 weeks, the MVD of group B was significant more than
group A (𝑃 = 0.048) (Table 1).

50𝜇m

Figure 3: HE staining of specimens 10 weeks after implantation
(magnification ×200) showed arteriogenesis: new collateral vessels
formed around ligation AV bundle.

4. Discussion

Angiogenesis is a prerequisite for bone formation.The newly
formed vessel net supplies the site of bone formation with
nutrients, oxygen, and soluble factors [14]. Vascularization
also seems particularly to be important for the healing
process following the implantation of bone substitute mate-
rials [1, 15]. The establishment of a dense vascular network
is essential for bone formation, osseointegration, and the
subsequent material replacement by newly formed bone [16].

In previous studies, we have established animal models
for axial vascularization of the nHAC/PLA composite and
improved the scaffold to be applicable to axial vascularization
of vessel bundle [13].

The distal ligation arteriovenous (AV) bundle is one
of axial vascular carriers. Compared with the other two
methods, shunt loop and flow-through type AV bundle, the
distal ligation AV bundle is easy to construct and can be used
as the pedicle vessels if transposition repair is necessary. The
distal ligation AV bundle has been used clinically as vascular
carriers [17, 18]. The vascularization of AV bundle is based
on arteriogenesis. Upon occlusion of an artery, the blood
flow is redirected into preexisting arteriolar anastomoses
that experience increased mechanical forces such as shear
stress and circumferential wall stress. The endothelium of
the arteriolar connections is then activated, resulting in an
increased release of monocyte-attracting proteins as well as
an upregulation of adhesion molecules [19]. Upon adher-
ence and extravasation, monocytes promote arteriogenesis
by supplying growth factors and cytokines that bind to
receptors that are expressed on vascular cells within a limited
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200𝜇m

(a)

200𝜇m

(b)

Figure 4: CD31 immunohistochemical staining of specimens 10
weeks after implantation (magnification ×20): the arteriole-like
vessels can be seen, (a) from group A, (b) from group B.

time frame [20]. There is ischemic zone around AV bundle
secondary to surgical trauma and ligation of vessels. The
ischemia and hypoxia cause new collateral vessels formation
through cell proliferation and vessel budding [21].

The results of histological examinations showed good bio-
compatibility and property for angiogenesis of nHAC/PLA
composite. In early period of implantation, there was inflam-
matory cells in the scaffold which indicated foreign body
reaction; in late period, the connective tissue replaced the
inflammatory tissue and new vessels formed. The count
of microvessels showed that the AV bundle promotes the
vascularization of the scaffold. Though it is difficult to repair
critical-sized bone defect for the nHAC/PLA composite, it is a
promising scaffold material to construct TEB to repair larger
bone defects in the future [22].

To upload the bioactive factorswith the scaffold is another
method to promote vascularization of the scaffold and VEGF
is used most commonly. More recently, VEGF has gained
increasing attention because it has been demonstrated to be
mostly capable of stimulating angiogenesis in bone grafts.
VEGF is highly specific for vascular endothelial cells and its
bioactivity in angiogenesis is stronger than any of the other

50𝜇m

(a)

50𝜇m

(b)

Figure 5: HE staining of specimens (magnification ×100): the
vascular walls and red blood cells can be seen in both groups 10
weeks after implantation: (a) from group A; (b) from group B.

known proangiogenic factors; any proangiogenic factor pro-
motes vessel formation through VEGF directly or indirectly.
In vivo, VEGF induces angiogenesis and permeabilization of
blood vessels. VEGF165 is the most active member of the
family; by binding receptors in the endothelial cells, it can
stimulate endothelial cells to divide and proliferate; it also can
be the chemokine to push the EPCs to migrate from bone
marrow to get involved in angiogenesis [23].

In the experiment, VEGF165 was loaded on the scaffold
and released slowly in animals. Because of the short half-life
in vivo, VEGF165 degrades into inactive fragments quickly.
To prevent it from degradation, different methods were
applied to keep the activity of VEGF165 and release the
activity gradually [24, 25]. The method in the study was
similar to that introduced by Lode A [26, 27]. The mixed
solution of VEGF165 and fibrinogen adhered to the scaffold
by vacuum suction, and the mixture transferred to gel when
thrombin was added in. The activity of VEGF165 was kept in
the gel and released to function slowly.

The effect of angiogenesis by VEGF released from the
nHAC/PLA composite was not significant until 10 weeks
after implantation. In early time points, the histological
examination showed new vessel formation in the scaffolds of
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both groups, but there was no significant difference inMVDs
by statistic analysis. It was most likely due to lack of cells and
tissues as the targets of VEGF in early time after implantation.
With time, especially when inflammatory reaction was over,
the pores of scaffold were full of living tissue, and there were
enough target-cells of VEGF to activate. As a result, theMVD
of the experimental group was significantly higher than that
of the controlled group in 10 weeks.

There are still problems to resolve for VEGF in promotion
of angiogenesis of the substitute bone materials. The safety
of VEGF in vivo is unknown because VEGF is closely
related to the development and progression of tumors. The
procedure of compounding VEGF and the scaffold is the
lack of standardization. The concentration and release speed
vary due to different microstructure of the scaffolds. There
still is a lot of research work to do to bridge the laboratory
experimentation to practical clinical settings.

5. Conclusions

The data of the experiment demonstrated the suitability of
the nHAC/PLA composite as carrier for the growth factor
VEGF, enabling its sustained release in bioactive form with
enough binding efficacy. The microstructure of this kind of
scaffold not only fits new born tissue growing after axial
vascularization, but also fits coating of growth factor such as
VEGF.ThenHAC/PLA composite is proved to be a promising
scaffold material to construct the TEB in the future.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

This paper is sponsored by the National Natural Science
Foundation of China under Contract Grant no. 81000802.
Xiao Chang and Hai Wang are co-first authors.

References

[1] X. Li, L. Wang, Y. Fan, Q. Feng, F. Z. Cui, and F. Watari,
“Nanostructured scaffolds for bone tissue engineering.,” Journal
of Biomedical Materials Research A, vol. 101, no. 8, pp. 2424–
2435, 2013.

[2] X. Li, C. A. van Blitterswijk, Q. Feng, F. Cui, and F. Watari, “The
effect of calcium phosphate microstructure on bone-related
cells in vitro,” Biomaterials, vol. 29, no. 23, pp. 3306–3316, 2008.

[3] G. Zhou, Y. Hou, L. Liu et al., “Preparation and characterization
of NiW-nHA composite catalyst for hydrocracking,”Nanoscale,
vol. 4, no. 24, pp. 7698–7703., 2012.

[4] G. Zhou, Z. Wu, Y. Hou et al., “Research on the structure
of fish collagen nanofibers influenced cell growth,” Journal of
Nanomaterials, vol. 2013, Article ID 764239, 6 pages, 2013.

[5] X. Li, H. Liu, X. Niu et al., “The use of carbon nanotubes
to induce osteogenic differentiation of human adipose-derived
MSCs in vitro and ectopic bone formation in vivo,”Biomaterials,
vol. 33, no. 19, pp. 4818–4827, 2012.

[6] X. Li, Q. Feng, X. Liu, W. Dong, and F. Cui, “Collagen-based
implants reinforced by chitin fibres in a goat shank bone defect
model,” Biomaterials, vol. 27, no. 9, pp. 1917–1923, 2006.

[7] L. L. Ren, D. Y. Ma, X. Feng, T. Q. Mao, Y. P. Liu, and Y.
Ding, “A novel strategy for prefabrication of large and axially
vascularized tissue engineered bone by using an arteriovenous
loop,”Medical Hypotheses, vol. 71, no. 5, pp. 737–740, 2008.

[8] J. DELEU and J. TRUETA, “Vascularisation of bone grafts in
the anterior chamber of the eye,” The Journal of Bone and Joint
Surgery, vol. 47, pp. 319–329, 1965.

[9] J. Li, J. Hong, Q. Zheng et al., “Repair of rat cranial bone defects
with nHAC/PLLA and BMP-2-related peptide or rhBMP-2,”
Journal of Orthopaedic Research, vol. 29, no. 11, pp. 1745–1752,
2011.

[10] S. S. Liao, F. Z. Cui, W. Zhang, and Q. L. Feng, “Hierarchically
biomimetic bone scaffold materials: nano-HA/collagen/PLA
composite,” Journal of Biomedical Materials Research B: Applied
Biomaterials, vol. 69, no. 2, pp. 158–165, 2004.

[11] C. Du, F. Z. Cui, W. Zhang, Q. L. Feng, X. D. Zhu, and K. de
Groot, “Formation of calcium phosphate/collagen composites
through mineralization of collagen matrix,” Journal of Biomed-
ical Materials Research, vol. 50, no. 4, pp. 518–527, 2000.

[12] C. Du, F. Z. Cui, X. D. Zhu, and K. de Groot, “Three-
dimensional nano-HAp/collagen matrix loading with
osteogenic cells in organ culture,” Journal of Biomedical
Materials Research, vol. 44, no. 4, pp. 407–415, 1999.

[13] H. Wang, X. Chang, G. Qiu et al., “Axial vascularization of
Nano-HA/Collagen/PLA composites by arteriovenous bundle,”
Journal of Nanomaterials, vol. 2013, Article ID 391832, 6 pages,
2013.

[14] J. Harper and M. Klagsbrun, “Cartilage to bone—angiogenesis
leads the way,” Nature Medicine, vol. 5, no. 6, pp. 617–618, 1999.

[15] J. M. Kanczler and R. O. C. Oreffo, “Osteogenesis and angio-
genesis: the potential for engineering bone,” European Cells and
Materials, vol. 15, pp. 100–114, 2008.

[16] E. Wernike, M.-O. Montjovent, Y. Liu et al., “Vegf incorporated
into calcium phosphate ceramics promotes vascularisation and
bone formation in vivo,” European Cells and Materials, vol. 19,
pp. 30–40, 2010.

[17] J. J. Pribaz, P. K. M. Maitz, and N. A. Fine, “Flap prefabrication
using the “vascular crane” principle: an experimental study and
clinical application,”British Journal of Plastic Surgery, vol. 47, no.
4, pp. 250–256, 1994.

[18] K. C. Tark, R. K. Khouri, K. S. Shin, and W. W. Shaw, “The
fasciovascular pedicle for revascularization of other tissues,”
Annals of Plastic Surgery, vol. 26, no. 2, pp. 149–155, 1991.

[19] E. Deindl and W. Schaper, “The art of arteriogenesis,” Cell
Biochemistry and Biophysics, vol. 43, no. 1, pp. 1–15, 2005.

[20] K. Kosaki, J. Ando, R. Korenaga, T. Kurokawa, and A. Kamiya,
“Fluid shear stress increases the production of granulocyte-
macrophage colony-stimulating factor by endothelial cells via
mRNA stabilization,” Circulation Research, vol. 82, no. 7, pp.
794–802, 1998.

[21] A. Arkudas, G. Pryymachuk, J. P. Beier et al., “Combination of
extrinsic and intrinsic pathways significantly accelerates axial
vascularization of bioartificial tissues,” Plastic and Reconstruc-
tive Surgery, vol. 129, no. 1, pp. 55e–65e, 2012.

[22] X. ] Li, Y. Yang, Y. Fan, Q. Feng, F. Z. Cui, and F. Watari, “Bio-
composites reinforced by fibers or tubes as scaffolds for tissue
engineering or regenerative medicine,” Journal of Biomedical
Materials Research A, 2013.



6 International Journal of Polymer Science

[23] E. Boscolo, J. B. Mulliken, and J. Bischoff, “VEGFR-1 mediates
endothelial differentiation and formation of blood vessels in a
murine model of infantile hemangioma,”The American Journal
of Pathology, vol. 179, no. 5, pp. 2266–2277, 2011.

[24] Q. Tan, H. Tang, J. Hu et al., “Controlled release of chi-
tosan/heparin nanoparticle-delivered VEGF enhances regen-
eration of decellularized tissue-engineered scaffolds,” Interna-
tional journal of nanomedicine, vol. 6, pp. 929–942, 2011.

[25] P. Yang, C. Wang, Z. Shi et al., “Prefabrication of vascularized
porous three-dimensional scaffold induced from rhVEGF165: a
preliminary study in rats,” Cells Tissues Organs, vol. 189, no. 5,
pp. 327–337, 2009.

[26] A. Lode, A. Reinstorf, A. Bernhardt, C. Wolf-Brandstetter, U.
König, and M. Gelinsky, “Heparin modification of calcium
phosphate bone cements for VEGF functionalization,” Journal
of Biomedical Materials Research A, vol. 86, no. 3, pp. 749–759,
2008.

[27] A. Lode, C. Wolf-Brandstetter, A. Reinstorf et al., “Calcium
phosphate bone cements, functionalized with VEGF: release
kinetics and biological activity,” Journal of Biomedical Materials
Research A, vol. 81, no. 2, pp. 474–483, 2007.



Research Article
Vascularization of Nanohydroxyapatite/Collagen/Poly(L-lactic
acid) Composites by Implanting Intramuscularly In Vivo

Hai Wang,1 Xiao Chang,1 Guixing Qiu,1 Fuzhai Cui,2 Xisheng Weng,1 Baozhong Zhang,1

Xiaojie Lian,2 and Zhihong Wu1

1 Department of Orthopaedics, Peking Union Medical College Hospital, No. 1 Shuaifuyuan Hutong, Beijing 100730, China
2 Biomaterials Laboratory, Department of Material Science & Engineering, Tsinghua University, Beijing 100084, China

Correspondence should be addressed to Zhihong Wu; wuzh3000@126.com

Received 23 January 2014; Accepted 10 February 2014; Published 10 March 2014

Academic Editor: Xiaoming Li

Copyright © 2014 Hai Wang et al.This is an open access article distributed under theCreativeCommonsAttributionLicense,which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

It still remains a major challenge to repair large bone defects in the orthopaedic surgery. In previous studies, a nanohy-
droxyapatite/collagen/poly(L-lactic acid) (nHAC/PLA) composite, similar to natural bone in both composition and structure, has
been prepared. It could repair small sized bone defects, but they were restricted to repair a large defect due to the lack of oxygen
and nutrition supply for cell survival without vascularization. The aim of the present study was to investigate whether nHAC/PLA
composites could be vascularized in vivo. Composites were implanted intramuscularly in the groins of rabbits for 2, 6, or 10 weeks
(𝑛 = 5 × 3). After removing, the macroscopic results showed that there were lots of rich blood supply tissues embracing the
composites, and the volumes of tissue were increasing as time goes on. In microscopic views, blood vessels and vascular sprouts
could be observed, and microvessel density (MVD) of the composites trended to increase over time. It suggested that nHAC/PLA
composites could be well vascularized by implanting in vivo. In the future, it would be possible to generate vascular pedicle bone
substitutes with nHAC/PLA composites for grafting.

1. Introduction

In the past, autograft, allograft, xenograft, and synthetic bone
graft substitute materials have been available for repairing
bone defects [1]. Although autologous bone grafting is still
the gold standard for osteogenic bone replacement, its inher-
ent shortcomings, including limited availability of bone for
harvest and significant donor-site morbidity, restrict its
application [2]. Allogenic and xenogenic bone grafts are
alternatives, but they are used with reservation because of
the risk of disease transmission [3]. Synthetic bone substi-
tute has become technically feasible to repair small sized
bone defects in clinical practice, but it is difficult to repair
large one [4], because blood supply is restricted in its
exterior portion, and cells are the lack of reliable oxygen and
nutrient supply. Vascularization plays a very important role
in bone repair [5]. It is crucial for tissue-engineered bone
(TEB) to establish a vascular network that temporally pre-
cedes the formation of new bone [6]. A new bone scaffold
material, a nanohydroxyapatite/collagen/poly(L-lactic acid)

(nHAC/PLA) composite, had been developed by biomimetic
synthesis before [7–9]. It mimiced the microstructure of
cancellous bone. The purpose of this study was to evaluate
whether nHAC/PLA composites could be vascularized in
vivo.

2. Materials and Methods

nHAC/PLA composites were synthesised according to the
previous method described before [7–10]. The solution of
Type I collagen (0.67 g/L) (CELLON Company, Strassen,
Luxembourg) was diluted with deionized (DI) water. Solu-
tions of CaCl

2
and H

3
PO
4
were then separately added by

drops according to the ratio of Ca and P (Ca/P = 1.66). The
solution was adjusted with sodium hydroxide solution to pH
7.4 at room temperature. After 48 hours, it was centrifugated
and freeze-dried. Then, the nHAC deposition was harvested.
The nHAC powder was distributed in the PLA matrix
(MW = 1.0 × 105Da; Shandong Medical Appliance Factory,
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(a) (b)

Figure 1: Schematic drawing demonstrating the approach to histo-
logical examinations: (a) 8 cross sections were obtained perpendicu-
lar to the long axis in the middle; (b) 4 microphotographs of interest
in the inner 1/3 radius at 3, 6, 9, and 12 o’clock at 400x magnification
were evaluated for MVD (dark black points).

Liaocheng, China) at a 1 : 1 weight ratio (nHAC/PLA). The
mixture was frozen at −20∘C overnight and lyophilized for
removing dioxane. After ultrasonication, a cylindrical mate-
rial was fabricated. The diameter was 10mm and the height
was 10mm.

The study was approved by the animal ethic committee
of Peking Union Medical College Hospital (PUMCH). All
the procedures were conducted in accordance with the
guidelines for the care and maintenance of animals. Fifteen
three-month-oldNewZealand rabbits (ExperimentalAnimal
Center of PUMCH, Beijing, China) weighing 2.5 to 3.0 kg
were used. All operations were performed under sterile con-
ditions by the same surgeon. An nHAC/PLA composite was
directly implanted into the intramuscular gap in the groin.
Histological examinations were performed at 2, 6, and 10
weeks after implantation.

3% pentobarbital sodium (1mL/kg body weight, Sigma,
USA) was used for the anesthesia of the animals. 800,000 IU
penicillin sodium (North China Pharmaceutical Group Cor-
poration, China) was prophylactically injected before the
operation. All the animals were treated as follows. A 2 cm
skin incision from the groin midpoint to the knee was taken,
and the myolemma was longitudinally split. A composite
was directly placed into the intramuscular gap. The femoral
muscle and skin were sutured with 3-0 silk sutures. Postoper-
atively, 800,000 IU penicillin sodium and 0.15mg buprenor-
phine (Tianjing Institute of Pharmaceutical Research, China)
were separately administered intramuscularly every 12 hours
for 3 days.

The animals were, respectively, sacrificed after 2, 6, and 10
weeks (𝑛 = 5× 3). The composites were removed and fixed in
10% buffered formalin for 24 hours. After washing, they were
decalcified by 14% ethylenediaminetetraacetic acid (EDTA)
solution for 6 weeks. Then, they were dehydrated in graded
ethanol and embedded in paraffin. Eight cross sections
(5 𝜇m) were obtained from each specimen, perpendicular
to the long axis in the middle (Figure 1(a)), using a leica
microtome (Leica Microsystems, Wetzlar, Germany). For
histomorphometric analysis, four sections were randomly
selected for haematoxylin and eosin (H & E) staining and
microphotographs were taken using a microscope and a
digital camera (Leica Microsystems). On each section, four
microphotographs of interest in the inner 1/3 radius at 3, 6,

 
Figure 2: Macroscopic views of nHAC/PLA composites.

9, and 12 o’clock at 400x magnification were evaluated, and
the number of vessels in high power field (HPF) was counted
by two independent and blinded pathologists (Figure 1(b)).
Microvessel density (MVD) was calculated for each sample.
The results were given as means ± standard deviation (x ±
SD, vessels/HPF). Sections of each implant were evaluated for
endothelial cell structures by immunofluorescence staining
against CD31.Theprimary antibodywas rabbit anti-PECAM-
1 (Beijing Biosynthesis Biotechnology Corporation, China),
and the second antibody was goat anti-rabbit IgG/FITC
(Beijing Biosynthesis Biotechnology Corporation, China).

3. Results

All rabbits tolerated the surgical procedure and survived
well. No perioperative complication, including infection,
hematomas, and wound dehiscence, was found. After remov-
ing, the implants were surrounded by rich blood supply tissue
(Figure 2). As time goes on, the volume of tissue adhering to
the implant was also increasing.

Figure 3 showed that there were a lot of inflammatory
cells, fibroblasts, blood vessels, and vascular sprouts in the
middle of the composites. Along with the time extension,
there were fewer inflammatory cells and more fibroblasts
and vessels. MVD of the implants was significantly increased
(Figure 4, 2 weeks: 6.23 ± 1.55 vessels/HPF, 6 weeks: 10.58 ±
2.60 vessels/HPF, and 10 weeks: 12.96 ± 2.60 vessels/HPF).
The vascular walls of new vessels and red blood cells in
the composites were both emphasized as light green fluores-
cence by CD31 immunofluorescence histochemical staining
(Figure 5).

4. Discussion

As early as 1763, the importance of blood vessels in bone
formationwas noted: “the origin of bone is the artery carrying
the blood and in it the mineral elements” [11]. Blood vessels
are key contributors to the process of osteogenesis, both in
development and during repair. Since oxygen and nutrition
supply by diffusion are restricted to a maximum range
of 200𝜇m into a given matrix [12] and suboptimal initial
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Figure 3: Hematoxylin and eosin (H & E) staining of specimens (magnification ×400): (a) 2 weeks, (b) 6 weeks, and (c) 10 weeks.
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Figure 4: Microvessel density (MVD) of the composites.

Figure 5: CD31 immunofluorescence histochemical staining of
specimens by 10 weeks after implantation (magnification ×200): the
vascular walls and red blood cells display remarkable light green
fluorescence.

vascularization often limits survival of cells in the center
of large constructs [13], therefore, the vascularization of
TEB has drawn scholars’ interests recently. It includes the
progresses of angiogenesis (the sprouting of capillaries from
preexisting blood vessels) and vasculogenesis (the assembly
of capillaries in situ from undifferentiated endothelial cells)

[14]. Angiogenesis is involved in the initiation and promotion
of endochondral and intramembranous ossification in bone
growth and remodeling [15].

Nowadays, the technology of constructing a blood vessel
system has still many difficult issues that cannot be resolved
by the development of tissue engineering alone. Surgical
angiogenesis is the unique promising method to establish a
functional vascular network. It utilizes the preexisting blood
vessels as a vascular carrier to regenerate nutrient vessels by
incorporating artificial materials and cells into them.

Themost frequentmethod of neovascularization in tissue
engineering is that the neovascular bed originates from the
periphery of the construct implanted into a site of high
vascularization potential (subcutaneous [16], intramuscu-
lar [17], and intraperitoneal [13]). Vascularization occurs
via an endogenous response to the surgical implantation,
which creates an inflammatory wound-healing response [14].
Endogenous angiogenic growth factors are expressed because
of the hypoxia of the implant. Exogenous angiogenic growth
factors can be incorporated into the implant to enhance
the vascularization. Warnke et al. reported that they had
successfully used intramuscularly as in vivo bioreactor for
prefabrication of a large mandible replacement in a clinical
practice [18].

Tissue engineering is promising therapeutic strategies for
the repairment of diseased or injured tissues and organs [19].
There are three elements in tissue engineering, including
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scaffolds, seeding cells, and cytokines. Scaffolds play an
essential role, because they not only supported and regu-
lated the growth of cells, but also guided the ingrowth of
periphery tissue [20–22]. The osteogenesis and angiogen-
esis abilities of scaffolds have been significantly developed
[21]. The advantage of biocompatibility and osteoinduction
of microstructured calcium phosphate materials has been
shown before [23, 24]. Similar to the natural cancellous bone
in main composition and in hierarchical microstructure, a
new bionic porous scaffold, nHAC/PLA composite, has been
fabricated before [9]. Its pore size was about 100–300 𝜇m,
and its porosity was about 80%. Cellular activities were
affected by chemical composition, conformation, porosity,
and hydrophobicity of matrix [25].The osteogenesis ability of
nHAC/PLA composites were confirmed by osteoblasts cul-
ture and animal model tests [9]. But its vascularization ability
did not have been estimated before. This might decide its
availability for repairing large bone defects. In this study, we
first demonstrated that it could guide vessels’ ingrowth in vivo
to achieve its vascularization.

In conclusion, the ability of nHAC/PLA composites was
shown to generate new vascular networks for prefabrication
of large bone substitutes by implanting intramuscularly.
A vascularized large bone flap for transplanting could be
prefabricated using a nHAC/PLA composite as a scaffold in
the future.
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