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The interface between the implant and host bone plays a key role in maintaining primary and long-term stability of the implants.
Surface modification of implant can enhance bone ingrowth and increase bone formation to create firm osseointegration between
the implant and host bone and reduce the risk of implant losing. This paper mainly focuses on the fabricating of 3-dimensiona
interconnected porous titanium by sintering of Ti6Al4V powders, which could be processed to the surface of the implant shaft
and was integrated with bone morphogenetic proteins (BMPs). The structure and mechanical property of porous Ti6Al4V was
observed and tested. Implant shaft with surface of porous titanium was implanted into the femoral medullary cavity of dog
after combining with BMPs. The results showed that the structure and elastic modulus of 3D interconnected porous titanium
was similar to cancellous bone; porous titanium combined with BMP was found to have large amount of fibrous tissue with
fibroblastic cells; bone formation was significantly greater in 6 weeks postoperatively than in 3 weeks after operation. Porous
titanium fabricated by powders sintering and combined with BMPs could induce tissue formation and increase bone formation
to create firm osseointegration between the implant and host bone.

1. Introduction

Thehip joint is a spherical joint between the femoral head and
the acetabulum in the pelvis. It is a diarthrosis or synovial
joint wrapped in a capsule that contains the synovial fluid
(SF). The hip joint can transmit high dynamic loads and
accommodate a wide range of movements because of the
presence of the SF and the ball-in-socket geometry. Though
its remarkable characteristics, the hip joint can be affected,
more often in aged people, by chronic pain and diseases
such as osteoarthritis, rheumatoid arthritis, bone tumors,
or traumas. In these cases, the best clinical solution is the
total hip replacement, a surgical procedure that replaces the
unhealthy hip joint with an implant, preserving the synovial
capsule [1–3].

Metallic materials are widely used for joint replacement
and orthopedic and dental implants. Metals aremore suitable
for loading-bearing applicationswhen comparedwith ceram-
ics or polymeric materials because of their excellent mechan-
ical property. Among various metallic biomaterials, titanium

and its alloys are the most attractive metallic biomaterials
for orthopedic and dental implants due to their excellent
mechanical properties, biocompatibility, processability, and
good corrosion resistance in recent years. However, a major
problem about metallic implants in orthopedic surgery is
the mismatch of Young’s modulus between natural bone and
bulkmetallic biomaterials. Due to thismechanical mismatch,
bone is insufficiently loaded and causes a problem of stress
shielding. Stress shielding can lead to eventual loosening of
the implant. In order to overcome this drawback, porous
materials are used, which are increasingly attracting the
interest of researchers as a method to reduce mechanical
mismatches and achieve stable long-term fixation by means
of full bone ingrowth [4–10]. A porous implant material
with adequate pore structure and appropriate mechanical
properties has been sought as the ideal implants for bone
substitute.

Porous Ti6Al4V usually has a similar Young’s modulus
with nature, which is a more suitable material used as hip
prosthesis implants. There have been various processes for
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Figure 1: Solid phase sintering principle.

making open-cell titanium and its alloy foams, such as
space holder method, combustion synthesis, plasma spray-
ing, polymeric sponge replication, and powder sintering
approach. In this study, Ti6Al4V implantwith interconnected
porous structure was fabricated by sintering. Regarding the
procedures used to develope porous titanium structures,
solid-phase sintering techniques have been proven to bemore
suitable than liquid-phase foaming. This is mainly due to
the high melting point of titanium and its reactivity at high
temperatures [7, 11]. The porous samples used in this work
were therefore developed by powders sintering.

In this study, a method to fabricate porous Ti6Al4V
is reported, by which the porosity and the pore structure
of porous Ti6Al4V alloy that is similar to the trabecular
bone structure are achieved. Also, the microstructure and
mechanical property of porous Ti6Al4V are studied. The
porous Ti6Al4V is processed to the surface of the implant
shaft and was integrated with BMPs. An animal experiment
is done in order to study the bone formation on the surface
of the implant.

2. Materials and Methods

2.1. Materials. Ti6Al4V powders used in this study are
provided by Northwest Institute for Nonferrous Metal
Research, Xi’an.The Ti6Al4V particles are spherical in shape,
which can pass through 300-mesh sieve. Silica sol (30wt%
SiO
2
, <0.5 wt% Na

2
O) was used as a binder. Polyurethane

sponge was used as a carrier. BMPs are bought from China-
Gen, Inc., Tianjin. The Ti6Al4V was fabricated by powders
sintering in the lab. The artificial femoral handles were
provided by Baimujinghang Company.

2.2. Fabrication of Scaffold. The Ti6Al4V power was mixed
with a certain amount of silica sol. The slurry was stirred
at room temperature. The Ti6Al4V foam is made of
polyurethane sponge and Ti6Al4V slurry. A 50mm × 20mm
× 10mm volume of polyurethane (PU) sponge block was
utilized in this study. The block was soaked in the Ti6Al4V
slurry and then dried in the air for 24 hours.The dried porous
Ti6Al4V form is first heated in vacuum furnace and then
sintered at 1400∘C for 2 hours to make the sponge disappear

Figure 2: Morphology of Ti6Al4V powder when magnified 500
times using SEM.

Figure 3: The photomacrograph of polyurethane sponge when
magnified 50 times using optical microscope.

to fabricate the porous Ti alloy that is similar to the trabecular
bone both in structure and elasticity modulus.

Figure 1 shows us the solid phase sintering principle. Ti-
6Al-4Vpowders have small particle size, large specific surface
area, and high surface energy. According to the minimum
energy principle, the sintering process is a spontaneous
irreversible process. According to the equal diameter sphere
model proposed by G. C. Kuczynski, there are a positive
pressure in the convex and a negative pressure in concave,
so materials migrate from convex to concave spontaneously.
Densification was achieved by mass transfer.

2.3. Microstructure and Mechanical Property Test. The
microstructure of porous Ti6Al4V was observed by SEM
(XL30 S-FEG), the mechanical property was tested by
compression test using Mini Bionix (MTS 858), and the
porosity was tested by mercury porosimeter.

The porous Ti6Al4V was cut into a block with a size
of 15mm × 15mm × 10mm for SEM test. Five samples
were used for testing the porosity of porous Ti6Al4V by
mercury porosimeter. Five samples were used for testing the
mechanical property by compression test.

2.4. Animal Experiment In Vivo. The BMPs directly com-
posite with porous titanium of the implant surface through
chemical infiltration method. The porous Ti6Al4V was
immersed in the rhBMP-2 solution (rhBMP-2 in PBS) with
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Figure 4: The macrostructure of the porous Ti-6Al-4V alloy ((a), (b), and (c)) and the trabecular bone structure of femoral head (d).

Table 1: Chemical composition of Ti6Al4V powder.

O max H max N max C max Si max Fe max Al max V max Ti
0.13 0.012 0.03 0.08 0.04 0.25 5.5–6.5 3.5–4.5 Bal

concentration of 1000 ng/mL for 24 hours and then dried
in the air for 4 days at the temperature of 4∘C. Prune the
three-dimensional interconnected porous titanium into the
size of the slot, and weld it on the slot of the dog femoral
prosthesis handle with a laser welding. Implant the dog
femoral prosthesis handle twice.

Inject tetracycline fluorescent tags in the vein in the first
3 days of a week before taking the specimens. Cut the upper
femur with a saw, and observe the combing of prosthesis and
femur combining with the naked eye. Cut the specimens into
small blocks with the size of 1 × 1 × 0.5mm and dehydrate,
embed, section, stain, then observe them under microscope.

3. Results and Discussions

3.1. Characteristics of Materials. Figure 2 illustrates an image
of Ti6Al4V powder under SEM. It shows that the particles

have both a highly spherical shape and a smooth surface.
The size of Ti6Al4V powder in this paper is in the range
of 5–30 𝜇m. Table 1 shows the chemical composition of the
Ti6Al4V powder. It shows that the aluminum, vanadium; and
titanium are in the main proportion.

Figure 3 is the photomacrograph of polyurethane sponge
used in this article. The PU sponge has a porosity of 78–80%,
and macropores are in the range of 600–1200 𝜇m.

3.2. Characteristics of Scaffold. The macrostructure of the
porous Ti-6Al-4V alloy obtained by sintering of Ti-6Al-4V
powder presents a fully interconnected pore network (Figures
4(a), 4(b), and 4(c)), which is similar to the trabecular bone
structure of femoral head (Figure 4(d)). The microstructure
of the porous Ti-6Al-4V alloy is shown in Figure 5. It shows
that particle bonding is achieved by neck growth through
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Figure 5: The microstructure of the porous Ti-6Al-4V alloy when magnified with different times using SEM ((a) 200 times, (b) 500 times,
and (c) 1000 times).

1 2 3 4 5 6

Ti

Al

V

Ti

Figure 6: The energy spectrum analysis of the porous Ti-6Al-4V
alloy.

a solid-state diffusion process. The formation of necks
between particles is evidence of good sintering conditions.
It can be seen that both macro- and micropores exist in the
porous Ti-6Al-4V alloy. SEM shows that the micropore size
of porous Ti6Al4V alloy ranges from 300 𝜇m to 600𝜇m.

The energy spectrum analysis of the porous Ti-6Al-4V
alloy is done using SEM, and the result is given in Figure 6.
It shows that the absorption peak of titanium element,
aluminium element, and vanadium element can be observed,
and the intensity of the absorption peak ratio is consistent
with that of Ti-6Al-4V alloy.

The elasticity modulus of the porous Ti-6Al-4V alloy
was tested by MTS 858 Mini Bionix (Figure 7). The elasticity
modulus of Ti-6Al-4V alloy is 0.6∼0.7GPa and similar to
that of trabecular bone structure, whose elasticity modulus
is 0.1 GPa∼2GPa.

The porosity of the porous Ti-6Al-4V was analyzed
by mercury porosimeter. The porosity is in the range of
50%−60%, and the average pore diameter is 300∼600mm.

Porous titanium presents diminishedmechanical proper-
ties, and porous titanium implant helps reduce the stiffness
mismatch between implant and bone tissue for a similar elas-
ticity modulus with trabecular bone structure, thus reducing
“stress shielding” and achieving stable long-term fixation. A
porous implant material with adequate pore structure and

appropriate mechanical properties has been sought as the
ideal bone substitute.

The processing of sintering can be improved by changing
the sintering temperature, the type of binder, the size of PU
sponge, and so on in order to fabricate a kind of porous Ti
alloy with uniform interconnected porous and less closed
pore.

3.3. In Vivo Bone Repair. BMPs are a group of growth factors
also known as cytokines and as metabologens. Originally
discovered by their ability to induce the formation of bone
and cartilage, BMPs are now considered to constitute a group
of pivotal morphogenetic signals, orchestrating tissue archi-
tecture throughout the body. Because of the interconnected
pore structure and larger porous, the bone can grow into the
porousmaterials easily. By combining with BMPs, the porous
materials can speed up the early bone ingrowths and improve
the amount of bone formation, making the bond between
the prosthesis and the bone tighter. The purpose of this
experiment is to make the artificial femoral handle surface
patch a three-dimensional interconnected porous titanium
which composites BMPs and to observe bone ingrowth in
vivo.

The loosening of prosthesis and host bone is a fatal weak-
ness about artificial joint replacement, which is the result
of the failure fusing between prosthesis and host bone. In
order to promote bone ingrowth in prosthesis, the researchers
use a number of methods of modifying the surface of the
prosthesis to achieve osseointegration [11–16]. In this article,
porous Ti6Al4V alloy fabricated by powders sintering is
used. The results are shown in Figure 8. Porous titanium
combined with BMPs was found to have large amount of
fibrous tissue with fibroblastic cells. Three weeks later, bone
ingrowth was found reaching half of the integrated material
layer, and the bone tissue is relatively dense under light
microscope with 40 times enlargement factor (Figure 8(a)).
There are more active bone tissues in the porous of the
Ti alloy under the fluorescence microscope (Figure 8(b)).
Six weeks later, bone ingrowth was found reaching the full
integrated material layer, and the new bone tissues grow
along the hole wall under light microscope with 40 times
enlargement factor (Figure 8(c)). The activity of the new
bone tissues is confirmed under the fluorescence microscope
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Figure 7: The mechanical property test using MTS 858 Mini Bionix.
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Figure 8: Image of bone tissue specimens gotten from BMPs and the porous titanium composite prosthesis, 3 weeks ((a), (b)) and 6 weeks
((c), (d)) under microscope with a 40 times enlargement factor (the right one is fluorescence-labeled, B is the bone, and the arrow is the
interface between porous titanium and the prosthesis).

(Figure 8(d)). Ti porous materials achieve part osseointegra-
tion after three weeks (Figure 9(a)) and complete osseoin-
tegration after six weeks (Figure 9(b)). Bone formation was
significantly greater in 6 weeks postoperatively than in 3

weeks. After combining with BMP, implant shaft with surface
modification of porous titanium had bone formation in the
interface that was found to increase with time. Six weeks after
operation, bone ingrowth had reached the whole integrated
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Figure 9: Image of osseointegration. The osseointegration of BMP + porous titanium after 3 weeks (a) and 6 weeks (b) since the operation
(the arrows mean the osseointegration of BMPs and bone; B is bone; Ti is titanium; I is the interface).

material layer. Two fixationmechanisms of mechanical inter-
lock and chemical bond in the implant-bone interface may
meet the demand of early fixation.

4. Conclusion

We can get the conclusion as follows.

(1) 3D interconnected porous titanium had a similar
structure with cancellous bone, and its elastic mod-
ulus was similar to cancellous bone.

(2) After combining with BMP, implant shaft with sur-
facemodification of porous titaniumhad bone forma-
tion in the interface that was found to increase with
time. Six weeks after operation, bone ingrowth had
reached the whole integrated material layer.

(3) Porous titanium fabricated by powders sintering and
combined with BMP could induce tissue formation
and increase bone formation to create firm osseoin-
tegration between implant and host bone.
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Natural biological materials such as bone, teeth and nacre are nano-composites of protein and mineral frequently exhibit highly
superior strength for self-assembly and nanofabrication. Mineral mass and microstructure/nanostructure of bone are susceptible
to stimulation by mechanical loads, ensuring that its mechanical behavior and strength are adapted to environmental changes.
Woodpeckers repeatedly drum tree trunks at a speed of 6-7m s−1 and acceleration of ∼1000 g with no head injuries. The uneven
distribution of spongy bone has been founded on woodpecker’s skull in our previous study. More knowledge of the distribution of
the shock-absorbing spongy bone could be incorporated into the design of new safety helmets, sports products, and other devices
that need to be able to resist the impact. In this study, the effect of microstructure of spongy bone in different parts on woodpecker’s
skull compared with other birds was observed and analyzed. It was found that the unique coordinate ability of micro-parameters in
different parts of woodpecker’s skull could be one of themost important roles of its resistance to impact injury. Better understanding
of the materials would provide new inspirations of shock-absorbing composite materials in engineering.

1. Introduction

Head injuries sustained in sports or lifesaving in space
ejection and car crash accidents commonly cause serious
brain injury or death [1–3]. But woodpeckers repeatedly bash
their heads against tree trunks at a speed of 6-7m s−1 and
acceleration of ∼1000 g without any head injuries [4–7]. The
woodpecker rhythmically drums surfaces such as dead tree
limbs and metal poles with its beak to catch worms to eat
and attract a mate or announce its territorial boundaries
[7, 8].The woodpecker’s resistance to head impact injury was
a prime example of adaptive natural evolution by Natural
Selection mentioned by Darwin who commented it was so
admirably adapted to catch insects under the bark of tree [9].
Over the ensuing decades, the adaptiveness and evolution
of the feature have been examined by many researchers not

only ornithologists and biologists but also whom in the fields
of mechanical engineering, medical engineering, material
science, and electronics engineering [4–16]. But few studies
have been done in view of materials. A major problem was
that logically explanations were little based on the obser-
vation and analysis of microstructure and nanostructure of
woodpecker’s bone in view of biomaterials.

Natural biologicalmaterials such as bone, teeth, andnacre
are nanocomposites of protein andmineral frequently exhibit
highly superior strength for self-assembly and nanofabri-
cation that have been designed by natural evolution over
millions of years [17–19]. There was also overwhelming
evidence that the mineral mass and microstructure and
nanostructure of bone are susceptible to stimulation by
mechanical loads, ensuring that its mechanical behavior
and strength are adapted to environmental changes [20–29].
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Figure 1: (a) The three parts on the skull of birds and micro-CT scan images of cranial bone of (b) Great Spotted Woodpecker; (c) Grey
Headed Woodpecker; (d) Eurasian hoopoe; (e) Mongolian skylark; (f) Great Tit: (A) forehead; (B) temporomandibular; (C) occiput.

For example, the shape of the bill was adapted to the forces
on it during drilling [30], and in vivo bite force was reflected
in skull morphology and geometry and in the capacity for
contraction of the jaw muscles [31, 32]. The hyoid bone of
woodpecker has unique strength and flexibility owing to
its unique micro/nanohierarchical composite structures. It
consists of a flexible cartilage and bone skeleton covered
with a thin tissue layer having high strength of 136MPa and
elasticity of 3.74GPa. At the interface between the cartilage-
bone skeleton and the tissue layer, there is a hierarchical
fiber connection [15]. The cranial bone of the woodpecker
achieved a higher ultimate strength of 6.38MPa compared
with the Lark of 0.55MPa [6, 33, 34], which suggested that the
mechanical properties are sensitive to the shape of individual
trabeculae [35]. Materials that contain more organic material
are expected to exhibit greater flexibility under load [36–40].

The uneven distribution of spongy bone was founded
on woodpecker’s skull in our previous study [6, 33]. More
knowledge of the microstructure distribution of the shock-
absorbing spongy bone could be incorporated into the
design of new safety helmets, sports products, and other
devices that need to be able to resist the impact. Therefore,
the microstructure and nanostructure of spongy bone in
different parts of woodpecker skull should be associated with
woodpeckers’ resistance to impact injuries. In this study, the
effect of microstructure of spongy bone on the different parts
of woodpeckers’ skull compared with that of other birds was
observed and analyzed quantitatively. Better understanding
of the materials would provide new inspirations of shock-
absorbing composite materials in engineering.

2. Materials and Methods

This study was approved by the Science and Ethics Commit-
tee of School of Biological Science and Medical Engineering
in Beihang University, China (Approval ID: 20090301).

Two woodpeckers were selected including the Great
Spotted Woodpecker (Dendrocopos major; length 23 cm and
weight 70 g) and Grey Headed Woodpecker (Picus canus;
27 cm, 130 g) for their wide distribution in Northern China,
which peck regularly and efficiently. For comparison, the
other three kinds of birds with comparable size were also
selected including Eurasian hoopoe (Upupa epops; 26 cm,
62 g) that pecks on insects inside the soil mainly, Mongolian
skylark (Melanocorypha mongolica; 21 cm, 66 g) does not
peck as a songbird, Great Tit (Parus major) does not also
peck, to be compared with woodpeckers. They are widely
distributed inNorthernChina. Dead specimens of specimens
were collected from bird feeders for the microparameters
measurements and observation.

The microparameters of spongy bone of five birds were
measured three-dimensionally by micro-computed nonde-
structive tomography (micro-CT, Skyscan 1076, Skyscan,
Belgium) at a spatial resolution of 35𝜇m. Three different
parts from the forehead, temporomandibular, and occiput on
their skull were selected, respectively, as shown in Figure 1.
Microparameters were calculated as indicated in Table 1.

In order to know the microstructure on the three parts of
two kinds of woodpeckers, three cranial samples measuring
4mm × 4mmwere cut from the forehead, temporomandibu-
lar, and occiput of the Great spotted woodpecker and Grey
Headed woodpecker, respectively, as indicated in Figure 1(a).
Themicrostructure of these specimens was observed by scan-
ning electron microscopy (SEM, JSM-6490, JEOL, Tokyo,
Japan) at an accelerating voltage of 10 kV and a working
distance of 10–15mm, at room temperature. Specimens were
washed with normal saline to remove blood, mucus, and
tissue fluid, dehydrated in an ascending ethanol series (30%
to 100%) for 20min at each concentration, and then sputter-
coated with an approximately 20 nm layer of gold before
observation. Values are presented as means and standard
deviation (SD). Differences of the spongy bone on three parts
of five birdswere analyzed using paired Student’s t-tests (SPSS
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Table 1: Definitions of various microstructural parameters analyzed in this study.

Parameters abbrev. Definition (units)
Bone volume fraction BV/TV Relative percentage of bone within 3D ROI (%); BV: bone volume; TV: tissue volume
Structural model index SMI Quantification of relative shape of trabeculae from rod-like to plate-like
Trabecular thickness Tb.Th Quantification of relative thickness of individual trabeculae within 3-D ROI (𝜇m)
Trabecular number Tb.N Quantification of relative number of individual trabeculae within 3-D ROI (1/mm)
Trabecular separation Tb.Sp Quantification of relative spacing between individual trabeculae within 3-D ROI (𝜇m)
Bone mineral density BMD 3-D derivation of mineral density (g/cm3)

version 16, Chicago, IL, USA), with 𝑃 < 0.05 being accepted
as significant. All reported 𝑃 values are two-sided.

3. Results and Discussions

Microstructural parameters of the spongy bone on the fore-
head, temporomandibular, and occiput of the Grey Headed
woodpecker, Eurasian hoopoe,Mongolian skylark, and Great
Tit compared with Great spotted woodpecker are shown in
Figures 2(a)–2(f).

Bone volume fraction (BV/TV) of spongy bone for
Eurasian hoopoe and Mongolian skylark was lower than that
of Great spottedwoodpecker (𝑃 < 0.05) whichwas consistent
with our previous study [6, 30, 31]. BV/TV of great Tit was
lower than that of Great spotted woodpecker (𝑃 < 0.001). In
addition, BV/TVof spongy bone on the temporo-mandibular
was lowest compared with that of forehead and occiput for
Great spotted woodpecker and Grey Headed Woodpecker,
but there was no consistent tendency for other kinds of birds.
BV/TV on the occiput was higher than that of forehead and
temporo-mandibular except for Mongolian skylark. There
was no significant difference of BV/TVbetweenGreat spotted
woodpecker and Grey Headed Woodpecker.

The structural model index was introduced to quantify
the characteristic form of three-dimensional structures in
terms of the quantity of plate-like and rod-like structures.
For ideal plate and rod structures, the SMI values are 0
and 3, respectively, and are independent of their physical
dimensions. For a structure with both plates and rods of
equal thickness, the value lies between 0 and 3, depending
on the volume ratio of the rods and plates. Here, spongy
bone on the forehead, temporo-mandibular, and occiput for
Great spotted woodpecker’s (SMI = 0.89∼1.19), Gray-headed
woodpecker (SMI = 1.06∼1.61), and Eurasian hoopoe (SMI
= 1.21∼1.60) had more plate-like structures than Mongolian
skylark (SMI = 1.30∼2.79) and Great Tit (1.36∼1.96). SMI
of the spongy bone on Mongolian skylark and Great Tit’s
skull was more than 1.5, which means that more rod-like
spongy bone was distributed on lark and Tit’s skull. SMI
of the Great Spotted Woodpecker, Grey Headed Wood-
pecker, and Eurasian hoopoe was less than 1.5, which means
more plate-like spongy bone on Great Spotted Woodpecker,
Grey Headed Woodpecker and Eurasian hoopoe’s skull.
SMI of Mongolian skylark and Great Tit was higher than
Great Spotted Woodpecker, Grey Headed Woodpecker, and
Eurasian Hoopoe significantly. But there was no significant
difference among Great Spotted Woodpecker, Grey Headed

Woodpecker, and Eurasian Hoopoe. It was suggested that
pecking behavior in long term might be resulted in more
plate-like spongy bone. For Great SpottedWoodpecker, there
was little difference among the three parts. There was no
obvious trend on the three parts for other four birds. For
the significant difference of Great Spotted Woodpecker, the
scanning electronmicroscope (SEM) images of Great Spotted
Woodpecker were described as shown in Figure 3. It was
found that the trabecular bonewas plate-like structure for the
Great Spotted Woodpecker.

The SMI values do not provide accurate information
on spongy bone which needs to be complemented with
measurement of the thickness, number, and spacing of the
spongy bone (Tb.Th, Tb.N, and Tb.Sp, resp.). Trabecular
thickness (Tb.Th), trabecular number (Tb.N), and trabecular
separation (Tb.Sp) of Eurasian hoopoe, Mongolian skylark,
and Great Tit were lower than those of the Great Spotted
Woodpecker (𝑃 < 0.05). And there was no significant differ-
ence between Great Spotted Woodpecker and Grey Headed
Woodpecker. Tb.Th, Tb.N, and Tb.Sp of spongy bone on
the forehead, the occiput, and the temporomandibular were
the highest for Great Spotted Woodpecker and Grey Headed
Woodpecker, respectively. But there was no consistent trend
for Eurasian hoopoe, Mongolian skylark, and Great Tit.
Tb.N on the occiput was higher than that of the forehead
and temporomandibular for the two kinds of woodpecker,
Eurasian hoopoe, and Great Tit. Tb.Th on the forehead was
higher than other parts for two kinds of woodpecker; but it
was the highest on the temporomandibular for theMongolian
skylark andGreat Tit. For bonemineral density (BMD), there
was no difference among the five birds. It was suggested that
the microstructure of spongy bone on woodpecker’s skull
has achieved the optimizedmechanical properties of resisting
the impact. These features were combined to confer a better
ability of resistance impact for woodpeckers.

4. Conclusions

In this study, we examined the microstructure of spongy
bone in different parts (including the forehead, temporo-
mandibular, occiput) of Great Spotted Woodpecker, Grey
Headed Woodpecker, Eurasian hoopoe, Mongolian skylark,
andGreat Tit’s skull based on the analysis ofmicroparameters
and observation of scanning electron microscope. It was
shown that the microparameters of woodpeckers have a
significant difference compared with the other three birds.
There was no significant difference between Great Spotted
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Figure 2: The microstructural parameters of spongy bone on the forehead, temporomandibular, and occiput for Great Spotted Woodpecker
(GSW), Grey HeadedWoodpecker (GHW), Eurasian hoopoe (EH), Mongolian skylark (MSL), and Great Tit (GT). Significance was assigned
as ∗𝑃 < 0.05; ∗∗𝑃 < 0.01. (a) Bone volume fraction (BV/TV); (b) structural model index (SMI); (c) trabecular number (Tb.N); (d) trabecular
thickness (Tb.Th); (e) trabecular separation (Tb.Sp); (f) bone mineral density (BMD).
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Figure 3: Microstructure of spongy bone of Great spotted woodpecker.

Woodpecker and Grey Headed Woodpecker. For woodpeck-
ers. Tb.Th, Tb.N, and Tb.Sp were different on the forehead,
temporomandibular, and occiput significantly. Tb.Th was
higher on the part with lower level of Tb.N. The smaller
Tb.Sp in woodpecker means it has a tight microstructure of
spongy bone, which may contribute to impact prevention
of woodpecker together with the higher Tb.Th and BV/TV.
So Tb.Sp was a tool to adjust the level of Tb.Th and Tb.N.
Then, it made the mechanical properties on the different
parts reach the average values, which is the good design
of natural optimization on biomaterials. In this study, the
effect of microstructure of spongy bone in different parts of
woodpecker’s skull was studied by comparison of two kinds of
woodpeckers and the other three kinds of birds. The unique
coordinate ability of microparameters including Tb.Th, Tb.N,
and Tb.Sp in different parts of woodpecker’s skull could be
one of the most important roles of its resistance to impact
injury.
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Nanofibers and nanotubes have recently gained substantial interest for potential applications in tissue engineering due to their
large ratio of surface area to volume and unique microstructure. It has been well proved that the mechanical property of matrix
could be largely enhanced by the addition of nanoscaled fibers or tubes. At present, more and more researches have shown that
the biocompatibility and bioactivity of biomedical materials could be improved by the addition of nanofibers or nanotubes. In this
review, the efforts using nanofibers and nanotubes to improve biocompatibility and bioactivity of biomedical materials, including
polymeric nanofibers/nanotubes, metallic nanofibers/nanotubes, and inorganic nanofibers/nanotubes, as well as their researches
related, are demonstrated in sequence. Furthermore, the possible mechanism of improving biocompatibility and bioactivity of
biomedical materials by nanofibers or nanotubes has been speculated to be that the specific protein absorption on the nanoscaled
fibers or tubes plays important roles.

1. Introduction

In 2008, Williams redefined biocompatibility as follows [1]:
biocompatibility refers to the ability of a biomaterial to per-
form its desired function with respect to a medical therapy,
without eliciting any undesirable local or systemic effects in
the recipient or beneficiary of that therapy but generating
the most appropriate beneficial cellular or tissue response in
that specific situation and optimising the clinically relevant
performance of that therapy.

According to the ESB consensus conference of 1987 [2],
a bioactive material is “one which has been designed to
induce specific biological activity.” Kokubo and Takadama
consider bioactive materials as bone bondingmaterials in the
beginning [3]; however, obviously, there has been a drift of
meaning over time.The definition of both bioactivematerials
and bioactivity has been expanded. Bioactivity is considered

as a property of having or producing an effect on living cell,
tissue, and organ rather than only interacting with bone,
whichmainly displays in inducing specific protein ormineral
absorption and cell differentiation, enhancing tissue growth
and so on. In addition, bioactive materials have not only
meant the bone bonding materials but also materials applied
in tissue engineering application, biomedicine, drug delivery,
and so on.

In recent years, more and more attention has been paid
to the study of bioactive materials. Among all of the bioactive
materials, the nanostructure materials occupy significant
position. Nanomaterial is short for nanostructure mate-
rial, which includes a natural, incidental, or manufactured
material containing particles, in an unbound state or as
an aggregate or as an agglomerate and where, for 50% or
more of the particles in the number size distribution, one or
more external dimensions is in the size range 1 nm–100 nm.
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Nanomaterials have special mechanical, electrical, magnetic,
optical, chemical, and other biological properties because of
their high aspect ratio and surface area. Many nanomaterial
surfaces exemplify high (bio and cyto) compatibility such
as carbon nanotubes (CNTs), carbon nanofibers (CNFs),
boron nitride nanotube (BNNTs), and other nanostructured
materials, by promoting protein adsorption and enhancing
subsequent cellular adhesion and tissue growth more than
on conventional implant surfaces such as titanium, ceramics,
and biopolymers. For instance, the bioactive-glass nanofibers
have the ability to chemically bond with living bone tissue
and have played a central role in the bone regeneration field,
due to its excellent bioactivity, osteoconductivity, and even
osteoinductivity [4], having been used in a variety of medical
applications, such as implants in clinical bone repair and
regenerationmaterials, bioactive coating of metallic implants
in tissue engineering. Compared to graphite (GP), the multi-
walled carbon nanotubes with higher aspect ratio and surface
area have the ability to induce ectopic bone formation in
the dorsal musculature of ddY mice. Moreover, multiwalled
carbon nanotubes have the ability to induce osteogenic
differentiation of human adipose-derived MSCs in vitro
and ectopic bone formation in vivo [5]. The nanofibers
and nanotubes occupy a significant position among lots of
nanostructured materials due to the biocompatibility and
bioactivity. Nanofibers and nanotubes are usually used for
hard/soft-tissue application, such as bone or teeth repair and
neuron injury repair. As it is known know that, many of these
nanofibers or nanotubes have to interact with live cell, tissue,
or organ directly, for one thing, the interaction between
nanostructure biomaterials and cell, tissue, or organ must be
safe; for another thing, it will be better if the interaction is
positive.

Looking for novel nanofibers and nanotubes that have
bioactive effect on cell, tissue, or organ and understanding
the mechanism of the bioactive effect are meaningful. It will
help to expand the application of nanomaterials that we have
applied and enhance the nanomaterials’ bioactive property.
In this paper, first of all, nanofibers and nanotubes which
have bioactive effect, including polymeric nanotubes and
nanofibers, metallic nanotubes and nanofibers, and inorganic
nanotubes and nanofibers, as well as the research related, are
demonstrated in sequence.

2. Bioactivity of Nanofibers

2.1. Inorganic Nanofibers

2.1.1. Carbon Nanofibers. Throughout the various types
of nanomaterials, carbon-based nanomaterials have been
proved to be ideal for improving the microenvironment
around proteins, since they are bioactive and biocompatible.
CNFs, as one of the nanoscale carbonaceous materials, have
recently attracted considerable attention owing to its unique
mechanical, electrical, thermal, optical, and structural prop-
erties [6–9]. Compared with the CNTs which include single-
walled carbon nanotubes (SWNTs) and the multiwalled
carbon nanotubes (MWNTs), CNFs have a larger diameter

(60–150 nm), a longer length (30–100 𝜇m), and a different
surfacemorphology [10]. It is because of nanoeffect of carbon
nanofibers, especially for very large surface area and unique
microstructure that have extended the field of potential
applications of CNFs as biomaterials.

However, poor dispersibility and chemical inertness of
carbon nanofibers have largely restricted its applications
especially when incorporating carbon nanofibers into com-
posites. Surface functionalization is critical for resolving
these problems, as surface-bound functional groups can
enhance the wettability, dispersibility, and surface reactivity
of carbon nanofibers and the degree of carbon/matrix inter-
facial binding within composite materials to some extent.

Two methods commonly employed to modify carbon
nanostructure surfaces are covalent functionalization of sur-
face carbon atom sites [11] and noncovalent wrapping of
carbonnanostructureswith surfactants, polymers, or ceramic
coatings. CNFs, particularly those having the platelet or
herringbone structures [12], possess edge-site carbon atoms
of each graphene layer terminating the nanofiber surface
and aremore especially suitable for surface functionalization.
Reactions between linker and matrix functional groups can
afford carbon/matrix interfaces of high covalent integrity.

Carbon nanofibers, as one of the nanoscale carbonaceous
materials, have attracted considerable attention due to the fact
that they have more edge sites on the outer wall than carbon
nanotubes, which can facilitate the electron transfer of elec-
troactive analytes, such as proteins or enzymes, respectively
[13, 14]. Electrospinning has been demonstrated to be an
efficient approach to produce continuous fiberswith diameter
ranging from tens of nanometers to several micrometers [15].
Electrospinning uses an electrical charge to draw very fine
(typically on the micro- or nanoscale) fibres from a liquid.
When a sufficiently high voltage is applied to a liquid droplet,
the body of the liquid becomes charged, and electrostatic
repulsion counteracts the surface tension and the droplet is
stretched; at a critical point a stream of liquid erupts from the
surface. Electrospinning method can not only be used for the
fabrication of fibers but also for tubes. Generally speaking,
CNFs produced by electrospinning method have several
remarkable characteristics such as a very large ratio of surface
area to volume and flexibility for functionalization, which
make them an attractive biomaterial in biotechnology and
medicine [14–18]. Carbon nanofibers can be also produced
by vapor growthmethod or plasma enhanced chemical vapor
depositing method and some other synthesis methods [19].

As mentioned above, the CNFs functionalization process
aims at enhancing the solubility of CNFs and conjugating
CNFs with bioactive molecules. In the following section
we will briefly discuss some recent biomedical applications
of CNFs. Usually CNFs can be used in bone regeneration
and neural applications. One of the first studies using
CNFs in scaffolds for tissue regeneration was the study
of Price et al. [20]. For applications such as scaffolds
for bone regeneration, CNFs can be ideal candidates due
to their excellent mechanical properties and bioactivity.
Rajzer et al. [21] produced carbon nanofibers from modified
electrospun PAN/hydroxyapatite precursors and generated
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carbon nanofibers/HAp bioactive nanofibrous scaffold for
bone tissue engineering. Rajzer et al. demonstrated this
new material can lead to the development of a nanofibrous
implants which can establish direct chemical bonds with
bone tissue after implantation. Moreover, Bencano [22] used
carbon fiber implants to fill osteochondral defects created
on the articular surface of the patella of rabbits and studied
the long-term histological changes of the repair process.
They demonstrated that carbon fibers can be used to repair
articular cartilage defects in the patella. Similarly, Elisa et al.
[23] also illustrated carbon nanofibers clearly represented
a unique and promising class of orthopedic/dental implant
formulations with improved osseointegrative properties.

As an emerging interdisciplinary field, neural tissue
engineering has evoked increasing interest from scientists
wishing to develop novel and improved biological scaffolds
that restore, maintain, or improve neural tissue functions.
Since natural neural tissues have numerous nanostructured
features, CNFs which also have such nanofeatures and
exceptional electrical, mechanical, and biocompatible prop-
erties are excellent candidates for neural tissue repair. CNFs
have aroused much interest in regenerative neural tissue
engineering applications. It is reported that the astrocyte
adhesion and proliferation were decreased on CNFs and
CNF/polycarbonate urethane composites and consequently
reduced the formation of glial scar tissue [24, 25]. Vertically
aligned CNFs coated with thin conductive polymers are
developed to improve mechanical and electrical properties
of CNFs and contribute to forming an intimate neural-
electrical interface between cells and nanofibers. Carbon
fibers are particularly attractive for use in neural biomaterials
not only due to these special properties but also due to
their high conductivity and bioactivity. The functionalized
Carbon fibers exhibit great potential implications in tissue
engineering.

2.1.2. Phosphate Glass Nanofibers. Over the past decades,
bioactive glass has played a central role in the bone regen-
eration field, due to its excellent bioactivity, osteoconduc-
tivity, and even osteoinductivity [4]. Because such materials
have the ability to chemically bond with living bone tissue,
they have been used in a variety of medical applications,
such as implants in clinical bone repair and regeneration
materials, bioactive coating of metallic implants in tissue
engineering, tumor treatment, and protein and/or cell acti-
vation [26]. Most studies in this field have focused on melt-
derived glasses, either in the bulk or granular form. When
formulated with biodegradable polymers, the potential of
these bioactive-glass nanofibers to act as a tissue-engineering
scaffold should be further increased by adopting the shape
flexibility of polymers while retaining optimized mechanical
properties (toughness, strength, and elastic modulus) and
without sacrificing its excellent bioactivity. However, with
the melt-spinning approach, the fiber diameter is limited to
such micrometer scale (ca. tens to hundreds of microme-
ters) because of the associated processing restrictions [27].
Compared to melt-spinning approach, electrospinning is
regarded as a simple and versatile method to produce ultra-
fine fibers with diameters ranging from microns down to

a few nanometers; a variety of materials can be electrospun
to form uniform fibers, such as organic, inorganic, and
hybrid polymers (organic-inorganic composites) [28, 29].
Thus, nanofibrous scaffolds with various diameters can be
obtained by employing an electrospinning process based on
a sol-gel precursor [24].

For hard-tissue applications, such as the regeneration
and repair of bones and teeth, several bioactive or bioinert
materials have been used clinically. Kouhi et al. [30] prepared
poly (𝜀-caprolactone) (PCL)/bioactive glass (BG) compos-
ites nanofibers using electrospinning techniques, and they
demonstrated this novel composites nanofibrous web was
shown to have the ability to form a hydroxyapatite layer in
the biological fluid on the nanofibers surface, which indicates
their good potential for bone regeneration applications. Most
of vivo studies on these bioglasses have confirmed their
excellent biocompatibility with hard and even soft tissues.
This is attributed mainly to their ability to form a bioactive
layer at the interface in contact with living tissues, namely, the
hydroxycarbonate apatite (HCA) layer, which is equivalent to
the mineral phase of human hard tissues. Based on extensive
research conducted in vitro and in vivo, bioactive glasses are
considered as one of the most promising biomaterials for the
“next generation” [4].

2.2. Bioactivity of Polymeric Nanofibers

2.2.1. Natural Polymeric Nanofibers

(1) Collagen Nanofibers. Collagen is a common element of the
extracellularmatrix (ECM) and plays an important structural
role in the body, providing strength and support to the aorta,
skin, bones, ligaments, and tendons, to name a few [31, 32].
Collagen is known to be themost promising biomaterials and
has been found diverse applications in tissue engineering for
its excellent biocompatibility and biodegradability.The cross-
linking treatment to collagen has become one of the most
important issues for the collagen-based scaffolds, due to the
fast biodegrading rate and the low mechanical strength of
the untreated collagen scaffold. By enzyme-mediated cross-
linking mechanical support, helping to resist tissue strain
is provided to adjacent collagen molecules [33]. Aside from
naturally formed collagen fibers, collagen fibers can also
be produced through the process of electrostatic spinning.
Electrospun collagen, in particular, has great potential in scaf-
fold engineering, because biomechanical structures formed
from collagen have been shown to supply a substrate for
cell adhesion, improving cell growth and differentiation [34],
while the helicity and rigidity of the collagenmolecule supply
strength [35]. Scaffolds constructed from collagen blends
have been studied in vitro for vascular graft applications and
have shown potential as a treatment for skeletal muscle tissue
defects. Some specific examples of implications of electro-
spun collagen will be presented in the following paragraph.

Bone is known to be mainly composed of collagen fibers
and the oriented HAminerals. Teng et al. [36] fabricated col-
lagen/hydroxyapatite composite nanofibers with an average
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diameter of about 60 nm successfully from the sol precursor
via the electrospinning process. The electrospun fibrous
scaffolds were compositionally and structurally similar to the
natural system, which may be an ideal candidate for the bone
regeneration engineering. Zhang et al. [37], fabricated bilayer
microporous scaffold with collagen and electrospun poly-L-
lactic acid nanofibers (COL-nanofibers) successfully. Then
they examined their adhesion, proliferation, and differen-
tiation of mesenchymal stem cells which were cultured on
the bi-layer scaffold. Moreover, they created osteochondral
defects in rabbits and implanted with COL-nanofibers scaf-
fold.They found that cells on COL-nanofibers scaffold exhib-
ited more robust osteogenic differentiation what is more,
implantation of COL-nanofibers scaffold seeded with cells
induced more rapid subchondral bone emergence and better
cartilage formation. They fully proved that the potential of
using the bi-layer microporous COL-nanofibers scaffold for
the treatment of deep osteochondral defects.

(2) Chitosan Nanofibers. Chitin, the second most abun-
dant natural polysaccharide, is synthesized by a num-
ber of living organisms, widely found in the exoskeletons
of arthropods, the shells of crustaceans, and the cuti-
cles of insects. The polysaccharide consists of N-acetyl-D-
glucosaminemonomeric units, which are amajor component
of extracellular matrix macromolecules in the human body.
Chitin occurs in nature as ordered microfibrils and is the
major structural component in the exoskeleton of arthropods
and cell walls of fungi and yeast. Chitin is not readily
dissolved in common solvents; it is often converted to itsmore
deacetylated derivative, chitosan (CS) [38, 39].

CS is often identified by its degree of deacetylation
(DD), a percentage measurement of free amine groups
along the chitosan backbone [40]. Because of its solubil-
ity in acidic, neutral, and alkaline solutions, chitosan is
preferred over chitin for a wide range of applications. CS
has recently attracted increasing interest both in research
and development aspects, offering unique properties such as
biologically renewability, biodegradability, biocompatibility,
nonantigenicity, nontoxicity, and ease of solubility in organic
acids. It is promoting cell adhesion, proliferation and dif-
ferentiation and evokes a minimal foreign body reaction on
implantation [41].

Due to these properties, CS is widely used for biomedical
applications such as tissue engineering scaffolds, drug deliv-
ery, wound dressings, separation membranes and antibacte-
rial coatings, stent coatings, and sensors [42]. In the recent
years, electrospinning has been found to be a novel technique
to produce chitosan nanofibers. It can produce polymer
nanofibers with diameter in the range from several microm-
eters down to tens of nanometers, depending on the polymer
and processing conditions. In the following paragraphs, we
will give a brief introduction on bioactive applications of
chitosan nanofibers and its composites nanofibers.

CS with silicate hybrids was synthesized with glyci-
doxypropyltrimethoxy silane (GPTMS), whose epoxy groups
are considered to react with the amino groups of chitosan.
The cross-linking density was around 80% regardless of
the amount of silane [43]. The values of the mechanical

parameters indicated that significant stiffening of the hybrids
was obtained upon addition of the silane while full flexibility
was retained. In addition, adhesion and proliferation of the
MG63 osteoblasts cells cultured on the hybrid surface were
improved compared to those on the pure chitosanmembrane
regardless of the silane concentration [43, 44]. Chitosan
nanofibers was found to improve structural integrity of cross-
link by silicate nanoparticles (laponite) films and to enhance
the formation of a mineralized extracellular matrix and the
differentiation of MC3T3-E1 preosteoblasts cells [45].

Swarnalatha et al. [46] indicated the attachment, viability
and functionality of rat blood outgrowth endothelial cells
and genetically modified r-blood outgrowth endothelial cells
(rBOEC), which overexpress endothelial nitric oxide syn-
thase, were investigated on poly(lactic acid) (PLA)-chitosan
and PLA-chitosan-collagen nanofibrous scaffolds. Both cell
types displayed good attachment and remained viable and
functional on both scaffolds. Moreover, chitosan is an inter-
esting biopolymer, because of its abundant production in
nature, excellent biocompatibility, excellent antibacterial and
anticorrosion properties, appropriate biodegradability, excel-
lent physicochemical properties, and commercial availability
at relatively low cost. It has been widely used as biomaterials
in the pharmaceutical and medical fields as well as collagen,
for example, tissue-engineering scaffolding. Chen et al. [47]
ingeniously fabricated collagen-chitosan complex nanofibers
by electrospinning, and the composites nanofibers are sup-
posed to mimic the native extracellular matrix for tissue
engineering and to develop functional nanobiomaterials. In
a word, chitosan nanofibers may give the possibility of pro-
ducing new materials for potential biomedical applications.

(3) Silk Fibroin Nanofibers. Many organisms produce silk.
Silkworms and spiders are two main ones. Silkworm silk, is
well known and has been of interest for at least 5000 years due
to its importance as a textile fiber. Scaffolds for cellular growth
made of silk fibroin (SF) demonstrate diverse applications in
the field of tissue engineering [48]. Silk fibroin is extracted
from the silk which is a natural polymer fibers, count for
about 70% to 80% in the silk. SF is highly biocompatible and
able to support appropriate cellular activity without eliciting
rejection, inflammation, or immune activation in the host. SF
structure is porous allowing the growing of cells, the exchange
of nutrients, and growth factors and the production of ECM
to enable communication between the cells.

Silk fibroin is extremely versatile and can be processed
in very different formats, adequate for different tissue engi-
neering needs. Silk fibroin cellular scaffolds can be con-
structed predominantly as hydrogels, 3D sponges, and mats
of nanofibers obtained by electrospinning [49]. Electro spun
mats of silk fibroin as well as other polymeric biomaterials are
satisfactory for a high number of tissue engineering applica-
tions. Park et al. [50] successfully produced silk fibroin/chitin
blend nanofibers. Li et al. [51] added bone morphogenetic
protein-2 (BMP-2) into silk fibroin nanofibers mixing it into
the spinning solution and successfully fabricated core-sheath
nanofibers composed of PCL and silk fibroin using a single-
nozzle technique and studied their potential applications
in tissue engineering and drug release. Zarkoob et al. [52]



Journal of Nanomaterials 5

discussed structure and morphology of electro spun silk and
proved that electrospinning produced a nonwoven sheet of
randomly arranged silk fibers with nanometer scale diam-
eters. One of the promising applications of SF nanofibers
in biomedical engineering is to be a scaffolding material
for tissue engineering. It was reported that SF matrices can
be used to culture fibroblasts and osteoblasts, as well as
stem cells, and may enhance the adhesion, growth, and
differentiation of the cells in a manner similar to that of
collagen matrices.

Jeong et al. [53] prepared SF nanofibers by electrospin-
ning and treated SF nanofibers with plasma in the presence
of oxygen or methane gas to modify their surface character-
istics. They examined the surface of nanofibers using contact
angle measurements and XPS analysis. They demonstrated
that the O

2
-treated SF nanofibers showed higher cellular

activities for both normal human epidermal keratinocytes
(NHEK) and fibroblasts (NHEF) than the untreated ones,
and they think the difference in cellular activity might be
due to the hydrophilicity of the SF nanofibers surface. Li
et al. [51] generated core-sheath nanofibers composed of
poly (𝜀-caprolactone) (PCL) and SF blends via emulsion
electrospinning. They characterized nanofibrous scaffolds by
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and other characterization methods.
And they confirmed that the PCL/SF composite nanofibers
greatly enhanced cells adhesion and proliferation. Further-
more, Jeong et al. proved the feasibility of PCL/SF nanofibers
with core-sheath structure to be utilized as carrier for sus-
tained drug release. Min et al. [54] fabricated SF nanofibers
nonwovens for cell culture of normal human keratinocytes
and fibroblasts using an electrospinning method. They also
examined cell morphology on SF nanofibers using scanning
electron microscopy, and the results indicated that the SF
nanofibers may be a good candidate for the biomedical
applications, such as wound dressing and scaffolds for tis-
sue engineering. Obviously, we believe that SF nanofibrous
scaffolds with desirablemechanical, biological, and especially
bioactive properties and potential of controlled drugs release
would be an ideal candidate for tissue engineering applica-
tion.

2.2.2. Synthetic Polymeric Nanofibers. Synthetic polymeric
nanofibers scaffolds generated by electrospinning have
gained increasing popularity in the field of tissue engineering
in the past few years [55, 56]. Prepared by electrospinning
method, they possess an extremely high porosity and sur-
face area to volume ratio mimicking the features of the
extracellular matrix that is critical for tissue regeneration
[57]. Electrospinning is one of the approaches that allow
the fabrication of synthetic materials into fibrous structures
in the nanometer scale. Additionally, aligned nanofibers
can be obtained by correct choice of the collector in the
electrospinning equipment. Aligned nanofibers have been
shown to direct cell migration, which plays a critical role
in tissue regeneration [58]. Recently, synthetic polymeric
nanofibers materials have been fabricated into nanometer

scale structures in attempts to simulate the matrix environ-
ment in which cells can be accommodated to proliferate
and differentiate towards desired lineages. We will exem-
plify the simulating effect on various cells of polymeric
nanofibers.

Shao et al. [59] fabricated the random oriented and
aligned electrically conductive nanofibers of biodegradable
poly-DL-lactide (PLA) in which MWCNTs were embed-
ded. In the course of culturing, electrical stimulation was
added to explore their potential application in bone tissue
engineering. They successfully proved aligned nanofibers as
topographic cues could enhance the extension and direct the
outgrowth of osteoblasts better than random fibers. In the
presence of direct current (DC) of 100mA, the osteoblasts
on all samples grew along the electrical current direction.
Therefore, electrical stimulation with an appropriate DC
value imparted on conductive substrate had great potential
in application of bone tissue engineering. Similarly, Hsiao
et al. [60] developed a mesh, consisting of aligned com-
posite nanofibers of polyaniline (PANI) and poly(lactic-co-
glycolic acid) (PLGA). After doping, the electrospinning
nanofibers could be transformed into a conductive form
carrying positive charges, which could then attract negatively
charged adhesive proteins (i.e., fibronectin and laminin)
and enhance cell adhesion. Additionally, by examining a
series of expression of cardiac-specific markers, such as
cardiac troponin I (cTnI) and connexin 43 (Cx 43), they
proved that neonatal culture of rat cardiomyocytes on aligned
composite nanofibers of polyaniline (PANI) and poly(lactic-
co-glycolic acid) (PLGA) promoted cell division and cell
adhesion together via an electrical stimulation. All in all,
electrically conductive polymeric nanofibers provide more
possibility for treatment of myocardial infarction. Moreover,
Xin et al. [61] seeded human MSCs on PLGA nanofibers
sheets; then the majority of human mesenchymal stem cells
(hMSCs) was viable and proliferating in PLGA nanofibers
scaffolds up to the tested 14 days. Histological assays also
revealed that hMSCs continuously differentiated into chon-
drogenic cells and osteogenic cells after 2-week incubation in
PLGA nanofibers. Taken all into consideration, it represents
continuous differentiation of hMSCs into chondrogenic and
osteogenic cells in PLGA nanofibers scaffold. Additionally,
synthetic polymeric nanofibers also have a great application
in the nerve repair and regeneration. It remains a significant
clinical problem that nerve injury cannot be directly repaired
by end to end sutures. And a number of synthetic biopoly-
mers, such as poly (L-lactic acid) (PLLA), and poly (lactic-
co-glycolic acid) (PLGA), poly(caprolactone) (PCL), have
been utilized to construct nerve guidance conduit (NGCs) for
nerve repair, but these degradable NGCs are still unsatisfac-
tory as a result of their biological or mechanical properties.
Nanofibrous scaffolds exhibit a great potential in curing nerve
injury because of their high porosity, specific surface area
and nano-scaled diameter.Wang et al. [62] fabricated aligned
SF blended poly (L-lactic acid-co-𝜀-caprolactone) (P (LLA-
CL)) nanofibrous scaffolds by electrospinning methods and
then reeled into aligned nerve guidance conduits (NGC) to
promote nerve regeneration successfully.
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2.3.MetallicNanofibers. Theincreasing utilization ofmetallic
materials for medical and dental devices is mainly due to
their excellentmechanical properties. Among them, titanium
and its alloys have been widely used as orthopedic and
dental implant materials not only because of their compatible
mechanical properties but also because of their good biocom-
patibility [63]. Due to the long duration of osseointegration,
the stability of metal-based implants is still a problem.
Nanostructured materials are prospective candidate to show
an excellent biocompatibility due to their small dimensions
and large surface to volume ratio [64]. Electrospinning was
employed to fabricated metallic nanofibers. Moreover, the
electrospun nanofibers are found to possess morphological
resemblances such as high porosity and effective mechanical
properties to the ECM of natural tissue. The implications
of metallic nanofibers will be exemplified. For instance,
Amna et al. [65] fabricated a kind of novel Fe

3
O
4
/TiO
2

hybrid nanofibers using facile sol-gel electrospinning. They
examined the morphological features of unexposed satellite
cells and exposed to Fe

3
O
4
/TiO
2
composite nanofibers with

a phase contrast microscope, whereas the quantification of
cell viability was carried out via confocal laser scanning
microscopy, and the morphology of the cells attached to
hybrid matrix was observed by Bio-SEM.They demonstrated
that Fe

3
O
4
/TiO
2
composite nanofibers scaffold with small

diameters (approximately 200 nm) can mimic the natural
extracellular matrix well, support cell adhesion and growth,
and also provide possibilities for diverse applications in the
field of tissue engineering and regenerative medicine. More-
over, Lim et al. [66] investigated the nanofibrousmodification
of titanium implants and found that TiO

2
nanofibers on

titanium plates could be used for the surface modification of
titanium implants to improve the osseo-integration. As it can
be seen, metallic nanofibers have shown good biological per-
formances and have a tremendously prospective in implant
applications.

3. Bioactivity of Nanotubes

3.1. Inorganic Nanotubes

3.1.1. Carbon Nanotubes. CNTs were discovered in the late
1950s while the synthesis of CNTs was first reported in
1991 [67, 68]. CNTs represent, along with fullerenes, the
third allotropic crystalline form of carbon. There are several
methods to produce CNT including arc discharge, laser
ablation, and chemical vapor deposition [69]. There are two
main types of nanotubes existing: the SWNT which are
composed by a rolled monolayered graphene sheet and the
MWNT which possess several graphitic concentric layers.
The diameter varies from 0.4 to 2 nm for SWNT and from
1.4 to 100 nm for MWNT, while the length can reach several
micrometers for both types [70].

The rediscovery of CNTs has opened new frontiers
in the field of nanoscience and nanotechnology, as well
as the material science [71–74]. They have received broad
attention in the field of biomedicine; recent applications
include biosensors, cancer therapy, drug delivery carrier, and

regeneration medicine because of their unique electronic,
physics properties, surface properties and their ability to
traverse cellular membranes [75].

Because the nanostructured surfaces of CNTs show high
(bio and cyto) compatibility, by promoting protein adsorp-
tion and enhancing subsequent cellular adhesion and tissue
growth more than on traditional biomaterials’ surfaces such
as ceramics, titanium alloy, and biopolymers, many efforts
have focused on the exploration of the bioactivity of both
SWCNT and MWCNT in recent years.

CNTs have been used for hard-tissue application, such as
the regeneration and repair of bones and teeth. It has been
indicated that CNTs have the ability to induce osteogenic
differentiation. Balani et al. [76] reinforced hydroxyapatite
coatings by plasma-sprayed carbon nanotube and studied
their interaction with human osteoblasts in vitro. Unre-
stricted growth of human osteoblast hFOB 1.19 cells has been
observed near CNT regions claiming assistance by CNTs
surfaces to promote cell growth and proliferation. Li et al.
[5] have used MWCNTs to induce osteogenic differentiation
of human adipose-derived MSCs in vitro and ectopic bone
formation in vivo. In the study, the attachment, proliferation,
osteogenic gene expression, ALP/DNA, protein/DNA, and
mineralization of human adipose-derived stem cells cultured
on MWNTs and graphite (GP) compacts with the same
dimension were evaluated. The results show that MWNTs
have the ability to induce the expression of ALP, cbfa1, and
COLIA1 genes while GP do not and that theMWNTs have the
ability to induce ectopic bone formation in the dorsal muscu-
lature of ddY mice while GP do not. The results indicate that
MWNTsmay stimulate inducible cells to form inductive bone
by concentrating more proteins, including bone-inducing
proteins. According to the researches published, CNTs also
have the ability to induce the maturation of osteoblast-like
SaoS2 [77]. All in all, CNTs could induce cell adherence or
growth by specific protein adsorption.

There are studies about soft-tissue application. Chen
and Hsiue [78] demonstrated that carboxylated MWCNTs
can induce and maintain neural differentiation of human
bone marrow mesenchymal stem cells (hBMMSCs) with-
out any exogenous differentiating factors, as evidenced by
the protein expression. The data suggest that carboxylated
MWCNTs play dual roles: promoting hBMMSC neural
differentiation, including upregulating the neural growth
factors and trapping these neural growth factors to create
a suitable environment for long-term neural differentiation.
Carboxylated MWCNT substrates may provide a method
of posttransplantational spontaneous neural differentiation
with low cytotoxicity for neuron injury repair.

Burke et al. [79] assessed the influence of functionaliza-
tion of MWCNTs on thrombotic activity and compare the
thrombotic activity of MWCNTs in vitro and in vivo. In
vitro, MWCNTs activate the intrinsic pathway of coagula-
tion as measured by activated partial thromboplastin time
(aPTT) assays. Functionalization by amidation or carboxyla-
tion enhances this procoagulant activity. MWCNTs activate
platelets in vitro, with amidated MWCNTs exhibiting greater
platelet activation than carboxylated or pristine MWCNTs.
However, contrasting trends are obtained in vivo, where
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functionalization tends to diminish rather than enhance
procoagulant activity. In contrast, carboxylated MWCNTS
exhibited little procoagulant tendency in vivo. The research
gets the conclusion that the procoagulant tendencies of
MWCNTs observed in vitro are not necessarily recapitulated
in vivo. Further, functionalization canmarkedly attenuate the
procoagulant activity of MWCNTs in vivo.

Most of the researches reported focus on the bioactiv-
ity of MWCNTs. Little notice is paid on the bioactivity
of SWCNTs. In fact SWCNTs also have bioactivity. Bari
et al. [80] studied the bioactivity of functionalized single
walled carbon nanotubes (f-SWCNTs) in 2013. In their
study, carboxylic acid functionalized single walled carbon
nanotubes (f-SWCNT-COOH) were shown to support the
viability and ex vivo expansion of freeze-thawed, nonen-
riched hematopoietic stem and progenitor cells (HSPC) in
human umbilical cord blood-mononucleated cells (UCB-
MNC). Their experiments in vitro showed that f-SWCNT-
COOH increased the viability of the CD45+ cells even
without cytokine stimulation, while it reducedmitochondrial
superoxides and caspase activity in CD45+ cells. In vivo
data suggested that f-SWCNT-COOH expanded UCB-MNC
could repopulate immunodeficient mice models with mini-
mal acute or subacute symptoms of graft-versus-host disease
(GVHD) and f-SWCNT-COOH dependent toxicity.

CNTs have certain toxicity, including the targeted to cells,
organs, tissues, and the whole organism [81, 82]. For instance,
numerous in vitro and in vivo studies have shown that CNTs
and/or associated contaminants or catalytic materials that
arise during the production process may induce oxidative
stress, prominent pulmonary inflammation, apoptosis in
different cell types, and induction of cytotoxic effects on
lungs [82]. While concerns that carbon nanotubes may
be cytotoxic dampen the enthusiasm of this material for
biomedical applications, new approaches are being developed
to mitigate their toxicity. Through covalent modification
and adding surfactants to the CNTs, the improvement of
the living creature exploitation degree and reducing the
biological toxicity can be achieved. Such strategies may prove
to make carbon nanotubes safer and also more useful for
tissue engineering. All in all, carbon nanotubes are promising
materials because of their excellent mechanical and physical
property and special bioactive property caused by high aspect
ratio, and they can easily be tuned to reduce any cytotoxic
effects.

3.1.2. Boron Nitride Nanotubes. Soon after the synthesis
of carbon nanotubes in 1991, BNNTs were theoretically
predicted and then fabricated successfully by arc-discharge
method in 1995 [83]. In the following few years, a variety
of methods, including laser ablation, ball-milling, substitu-
tion reaction, and chemical vapor deposition (CVD) were
invented and adopted to synthesize BNNTs [84, 85].

A boron nitride nanotube can be imagined as a rolled
up hexagonal BN layer or as a carbon nanotube in which
alternating B and N atoms entirely substitute for C atoms.
Similar to CNTs, BNNTs have chiralities, an important geo-
metrical parameter, but, for them, the chiralities do not play

an important role in determining electrical properties [86,
87]. The visible appearance is the most appealing difference
between CNTs and BNNTs: the BNNTs are pure white, while
the CNTs are black. The BNNTs’ Young’s modulus is a bit
lower than that of CNTs, around 0.7–0.9 TPa [88].

No real applications of BNNTs were developed so far,
let alone being developed in bio-application. However, some
researches on BNNTs are closely related to applications,
such as hydrogen storage, composite materials fabrication,
biocompatibility tests. Most of the researches about BNNTs
in bio-application focus on the exploitation of using BNNTs
as smart and selective nanocarriers or composition used
to reinforce matrix. These results of research related to
bioactivity of BNNTs will be presented in the following
sections.

Lahiri et al. [89] studied the cytocompatibility of BNNTs
reinforced polylactide-polycaprolactone copolymer compos-
ite with osteoblasts and macrophages in vitro in 2010. The
results show that the BNNT addition to PLC enhances
the tensile strength. Interactions of the osteoblasts and
macrophages with bare BNNTs prove them to be noncyto-
toxic. PLC-BNNT composites displayed increased osteoblast
cell viability when compared to the PLCmatrix.The addition
of BNNTs also resulted in an increase in the expression levels
of the Runx2 gene, the main regulator of osteoblast differ-
entiation. And then Lahiri et al. [90] studied the biocom-
patibility of boron nitride nanotube reinforced hydroxyap-
atite composite to osteoblasts in 2011. HA-BNNT composite
shows excellent mechanical property and wear resistance.
Osteoblast proliferation and cell viability show no adverse
effect of BNNT addition. In 2012, Ciofani et al. [91] studied
the protein grafting, characterization, and interaction with
human endothelial cells of the transferrin-conjugated boron
nitride nanotubes. In their paper they reported on a covalent
grafting of boron nitride nanotubes with human transferrin.
After silanization of the nanotube wall, transferrin was linked
to the nanotubes through carbamide binding. Their results
demonstrated the possibility to enhance and target the cellu-
lar up-take of boron nitride nanotubes following appropriate
functionalization approaches. In 2013, Del Turco et al. studied
the cytocompatibility evaluation of glycol-chitosan coated
boron nitridenanotubes in human endothelial cells [92].
They explored the effects of increasing concentrations of
GC-BNNTs (0–100 𝜇g/mL) on human vein endothelial cells
(HUVECs), testing cell toxicity, proliferation, cytoskeleton
integrity, cell activation, and DNA damage. The results
showed that only a modest reduction in cell viability, tested
by trypan blue assay, and the increased expression of vas-
cular adhesion molecule-1, a marker of cell activation, were
detected at the highest concentration used (100 𝜇g/mL),
while no significant changes were observed in cell viability,
cytoskeleton integrity, or DNA damage.

3.1.3. Glass Tubes. Bioactive glasses hold significant promise
for hard tissue engineering as they readily form a bioactive
hydroxycarbonate apatite layer. Bioactive glasses can also be
tailored to deliver ions at levels capable of promoting cell
differentiation and osteogenesis [93, 94]. Moreover, bioactive
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glasses have been shown to stimulate the secretion of angio-
genic growth factors in vitro [95, 96].

The research about the bioactivity of glass tubes was
done in 2012, by Xie et al. [97]. They studied the submicron
bioactive glass tubes for bone tissue engineering using sol-
gel and coaxial electrospinning techniques. Heavymineral oil
and gel solution were delivered by two independent syringe
pumps during the coaxial electrospinning process. After
removal of poly(vinyl pyrrolidone) and heavy mineral oil via
calcination, submicron bioactive glass tubes were obtained.
They examined the bioactivity of submicron bioactive glass
tubes and fibers and evaluated their biocompatibility, using
electrospun poly(e-caprolactone) fibers which were bioinac-
tive materials for comparison. The bioactivity of the glass
tubes was examined in a simulated body fluid, and they
demonstrated the formation of hydroxyapatite-like minerals
on both the outer and inner surfaces, while mineralization
only occurred on their surface for bioactive glass solid fibers.
In another words, the bioactive glass tubes had a faster
induction of mineral formation than the solid fibers.

3.2. Metallic Nanotubes

3.2.1. TiO
2
Nanotubes. Titanium (Ti) and its alloys have

been broadly used as implantation materials due to their
excellent properties such as high tensile strength, lower
modulus, favorable biocompatibility, and better corrosion
resistance compared to other metals alloys such as alu-
minum alloy, stainless steel, and Co-Cr alloys [98–103].
However, being bio-inert, they cannot bond with bone
directly and do not actively stimulate initialization of bone
formation on the surface at an early stage of implanta-
tion [104, 105]. Recently, researchers have started to focus
on surface modification of the implants in nano-scaled.
Many works have been done to show that nanostruc-
tured surfaces can improve osteointegration of the implant
[105–108].

Titanium dioxide (TiO
2
) nanotubes have raised interest

lately due to their high surface-to-volume ratio and the
ability to provoke a greater degree of biological plasticity
compared to conventional microstructures [109]. In addi-
tion, nanotubular TiO

2
has been recognized as a promising

biomaterial with proven thermal stability, corrosion resis-
tance and biocompatibility. Methods to fabricate TiO

2
nan-

otubes include the assisted-template method, electrochemi-
cal anodic oxidation [110], and hydrothermal treatment.

The role of surface nanotopography on cellular inter-
action and biological response of different types of cells is
studied. The effects of TiO

2
nanotubes on cellular response

have been investigated using a variety of cell types, such
as osteoblasts, fibroblasts, chondrocytes, endothelial cells,
muscle cells, and epidermal keratinocytes.

Effect on Endothelial and Muscle Cells. Peng et al. [111]
investigated the effects of nanotubular titanium oxide (TiO

2
)

surfaces on vascular cells. Endothelial cell (EC) and vascular
smooth muscle cell (VSMC) response to nanotubes was
investigated through immunofluorescence staining, scanning

electron microscopy, 5-ethynyl-20-deoxyuridine prolifera-
tion assays, and prostaglandin I2 (PGI2) enzyme immunoas-
says. They found that the nanotubular surface significantly
enhances EC proliferation and secretion of PGI2.The surface
also results in a decrease inVSMCproliferation and increased
expression of smooth muscle a-actin.

Effect on Chondrocyte. Brammer et al. [112] have altered
TiO
2
nanotube diameters from 30 to 100 nm by anodization

and investigated the in vitro bovine cartilage chondrocyte
(BCC) response to the different nanoscale dimensions. Initial
SEM observations revealed that BCCs produced dense ECM
fibrils on nanotubular substrates, which were lacking on flat
Ti. Dense extracellular matrix fibrils were found on TiO

2

nanotube substrate. TiO
2
nanotube with diameter of 70 nm

showed the highest glycosaminoglycan (GAG) secretion,
aggrecan and collagen type II transcription level. This study
demonstrates that TiO

2
nanotube structures in the 70 nm

diameter regime, already being an osseointegrating biomate-
rial, have significant and favorable effects on the extracellular
matrix production of chondrocytes.

Effects on Osteoblasts. Zhao et al. [113] have systematically
studied the effects on bone mesenchymal stem cell (MSC)
osteogenic differentiation by various microscopic and bio-
logical characterization techniques. All the topographies are
observed to induce MSC osteogenic differentiation in the
absence of osteogenic supplements. The results show that the
TiO
2
nanotube surfaces significantly promote cell attachment

and spread, collagen secretion, and ECM mineralization,
as well as osteogenesis-related gene expression, the TiO

2

nanotubes unambiguously demonstrate their excellent ability
to support MSC proliferation and induce MSC osteogenic
differentiation, especially those with the micropitted topog-
raphy. Zhao et al. [114] then study the osteogenic activity
of strontium loaded TiO

2
nanotube arrays on titanium

substrates in 2013. The results show that Sr incorporation
enhances proliferation of rat MSCs on the NT structure. The
titania nanotubes loadedwith proper amount of incorporated
Sr which shows excellent osteogenic properties is very attrac-
tive and has large clinical potential.

Enhancement of Blood Clotting. Roy et al. [115] held the idea
that the main biological purpose of blood coagulation is
formation of an obstacle to prevent blood loss of hydraulic
strength sufficient towithstand the blood pressure.The ability
to rapidly stem hemorrhage in trauma patients significantly
impacts their chances of survival and hence is a subject of
ongoing interest in the medical community. Herein, they
report on the effect of biocompatible TiO

2
nanotubes on the

clotting kinetics of whole blood. TiO
2
nanotubes 10mm long

were prepared by anodization of titanium in an electrolyte
comprised of dimethyl sulfoxide and HF and then dispersed
by sonication. Compared to pure blood, blood containing
dispersed TiO

2
nanotubes and blood in contact with gauze

pads surface-decorated with nanotubes demonstrated signif-
icantly stronger clot formation at reduced clotting times. Sim-
ilar experiments using nanocrystalline TiO

2
nanoparticles

showed comparatively weaker clot strengths and increased
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clotting times. The TiO
2
nanotubes appear to act as a

scaffold, facilitating fibrin formation. Our results suggest that
application of a TiO

2
nanotube functionalized bandage could

be used to help stem or stop hemorrhage.

Effect on Other Cells. There are also researches about
effect of CNTs on other cells including mesenchymal stem
cell (MSC), fibroblast, and epidermal keratinocyte. TiO

2

nanotubes with carbon-coated TiO
2
nanotubes, probing

osteogenic cell behavior, including osteoblast (bone cells) and
mesenchymal stem cell (osteoprogenitor cells) interactions
with the different surface chemistries (TiO

2
versus carbon).

The roles played by the material surface chemistry of the
nanotubes did not have an effect on the adhesion, growth,
or morphology but had a major influence on the alkaline
phosphatase (ALP) activity of osteoblast cells, with the orig-
inal TiO

2
chemistry having higher ALP levels. In addition,

the different chemistries caused different levels of osteogenic
differentiation in MSCs; however, it was the carbon-coated
TiO
2
nanotubes that had the greater advantage, with higher

levels of osteodifferentiation [116].
The result about fibroblast and epidermal keratinocyte

shows that nanotube topography is favorable for the growth
and maintenance of dermal fibroblast but not for epidermal
keratinocyte. Increased dermal fibroblast and decreased epi-
dermal keratinocyte adhesion, proliferation, and differentia-
tion were observed [116–118].

3.2.2. ZrO
2
Nanotubes. During the last several decades,

zirconium dioxide (ZrO
2
) has become increasingly attractive

to many researchers due to its excellent physical, mechanical,
and chemical properties, such as chemical and thermal sta-
bility, corrosion resistance, and good biocompatibility [119].
It has beenwidely applied as sensors [120], catalyst supporters
[121], and biomedical implants [122].

To this date, a large part of the interest has remained on
titanium oxide (TiO

2
) nanotubes because it is well known

that titanium is a biocompatible orthopedic material which
provides an excellent osseointegrative surface. In fact ZrO

2

nanotubes have similar property to TiO
2
nanotubes because

of the similar self-assembled mechanism as TiO
2
nanotubes,

through an electrochemical anodization process [123, 124].
It is known that TiO

2
nanotube layer could significantly

enhance mesenchymal stem cell growth and differentiation.
However, a study published in 2009 by Bauer and coworkers
demonstrated that mesenchymal stem cells react in the same
manner to ZrO

2
nanotubes, AuPd-coated TiO

2
nanotubes,

and as-formedTiO
2
nanotubes [125]. Subsequently, Frandsen

et al. studied the cellular response to a unique vertically
aligned, laterally spaced nanotube nanostructure made of
ZrO
2
fabricated by anodization in 2011 [126]. According to

their study, the initial adhesion and spreading were consid-
erably improved on the nanotube surface as compared to a
flat zirconium (Zr) surfacewithout a nanostructure.Themor-
phology of the adhered cells on the nanotube surface elicited
a highly organized cytoskeleton with crisscross patterned
actin, which was lacking on the flat Zr. Increased alkaline
phosphatase activity levels and the formation of calcified

extracellular matrix implied improved osteoblast functional-
ity andmineralization on the nanotube substrate.Their study
suggests that the ZrO

2
nanotubes provided an enhanced

osteoblast response and demonstrated their apparent role in
providing a platform for bone growth. Besides, Wang and
Luo [119, 123] used an effective way to prepare bioactive
ZrO
2
nanotubular arrays by a nodic oxidation in phosphate

containing electrolyte. It is known that hydroxyapatite (HA)
coating has been widely applied on metallic biomedical
implants to enhance their biocompatibility. By this method,
the surfaces of the nanotubular arrays so made contain a
certain phosphate species, and these enhance the bioactiv-
ity for formation of HA coatings in simulated biological
culture.

3.3. Bioactivity of Polymeric Nanotubes. There are also some
other bioactive nanotubes except CNTs, TiO

2
nanotubes, and

BNNTs, such as polymer nanotubes, ceramic nanotubes, and
other nanotubes. For instance of polymer, which include
natural polymer and synthesized polymer, when they are
fabricated as nanotubes, some of them demonstrate excellent
biocompatibility and bioactivity due to the high aspect ratio
and surface area of nanostructure.

3.3.1. Chitin Nanotubes. Chitin is a promising polymer
for biomedical applications because of its biocompatibil-
ity, biodegradability, and structural similarity to the gly-
cosaminoglycans. Chitin and chitosan support nerve cell
adhesion and neurite outgrowth. Freier et al. studied the
chitin-based tubes for tissue engineering in the nervous
system in 2007 [127]. Transparent chitin hydrogel tubes
were synthesized from chitosan solutions using acylation
chemistry and mold casting techniques, while the diam-
eters of the tubes were in microscale. The results show
that the chin-based tubes had the ability to support never
cells adhesion and neurite outgrowth. If we fabricate chin-
based tubes in nanoscale, the ability of supporting nerve
cells adhesion and neurite outgrowth will be kept even
enhanced for the high aspect ratio and surface area of
nanotubes.

3.3.2. Chitosan Nanotubes. As it was mentioned above that
CS is generally obtained by extensive deacetylation of chitin,
a polysaccharide widely spread in nature. In the year 2007,
Yang et al. studied the assembled alginate/chitosan nanotubes
for biological application [128]. Biodegradable nanotubes
were fabricated through the layer-by-layer (LbL) assembly
technique of alternate adsorption of alginate (ALG) and
chitosan onto the inner pores of polycarbonate template with
the subsequent removal of the template. They fabricated the
(ALG/CS)

8
nanotubes with the dimension of about 400 nm

and the wall thickness of 40 nm by alternate adsorption of
negatively charged ALG and positively charged CHI onto the
inner pores of PC template after removal of the template.They
carried out the viability experiments of cells in the presence
and absence of (ALG/CS)

8
nanotubes. The results showed
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that the nanotubes had no influence upon the growth of cells
and exhibit low cytotoxicity.

3.3.3. Poly(3,4-ethylene dioxythiophene)Nanotubes. Poly(3,4-
ethylene dioxythiophene) (PEDOT) is a 𝜋-conjugated poly-
mer and polymerized oxidatively, either with appropriate
oxidants (chemically) or with an electrochemical current,
which has received a large number of interest for various
applications. Different PEDOTmorphologies coated on elec-
trodes have been shown to have potential for improving
the communication between bionic devices and living tissue
[129, 130].

In 2013, Feng et al. studied the highly aligned poly(3,4-
ethylene dioxythiophene) (PEDOT) nano- and microscale
tubes and fibers [130]. They reported a facile method to fab-
ricate aligned poly(3,4-ethylene dioxythiophene) (PEDOT)
tubes based on electrospinning and oxidative chemical poly-
merization. As it was reported that the aligned nanofiber
assemblies fabricated by electrospinning could be used to
direct neural cell growth in vitro [131], the PEDOTnanotubes
may also have the same ability.

4. The Possible Mechanism

Among all the biomaterials mentioned above, some of the
biomaterials are compositionally similar to the natural system
such as collagen which is one of the components of nature
bone, chitin, which consists of N-acetyl-D-glucosamine
monomeric units which are amajor component of extracellu-
larmatrixmacromolecules in the human body. By using these
materials which are compositionally similar to the natural
system, the biocompatibility and the bioactivity of biomedical
materials can be improved. In fact, not all the materials
used for biomedical application are compositionally similar
to the natural system.The biocompatibility and bioactivity of
biomedical materials can be also improved by the use of these
materials which are not compositionally similar to the natural
system but nanostructured such as CNTS, BNNTs, and TiO

2

nanotubes. In another word, by the use of these nanofibers or
nanotubes the biocompatibility and bioactivity of biomedical
materials can be improved.

According to the researches mentioned above and stud-
ies we have done before [5, 71–74, 77, 82, 106, 108, 132–
141], we present the possible mechanism of improving the
biocompatibility and bioactivity of biomedical materials by
using nano-scaled fibers or tubes as follows: the high aspect
ratio and surface area of nanofibers and nanotubes enable
nanomaterials to concentrate specific proteins or enzymes
on the surface of materials to stimulate corresponding cell
attachment, differentiation, or growth, performing desired
function, generating appropriate beneficial cellular or tissue
response in that specific situation, and improving the bio-
compatibility and bioactivity of biomedical materials. For
instance, TiO

2
nanotube surfaces promote cell attachment

and spread, collagen secretion, and ECM mineralization,
as well as osteogenesis-related gene expression [109, 111].
The experiments that use MWCNTs to induce osteogenic
differentiation of human adipose-derived MSCs in vitro and

ectopic bone formation in vivo show that MWNTsmay stim-
ulate inducible cells to form inductive bone by concentrating
more proteins, including bone-inducing proteins [76, 77].
When implanting the biocomposites which are reinforced by
nanotubes and used as scaffolds for bone tissue engineering,
more proteins concentrating on the surface of nanotubes can
be found at first; then the cell adherence happens on the
surface of nanotubes; the osteogenic differentiation happen
following the cell adherence; finally, new tissue formed and
new bone regenerated (Figure 1). It is the high aspect ratio
and surface area of nano-scaled fibers and tubes that induce
the specific protein absorption and cell adherence.

5. Conclusions and Perspectives

In this paper, nanofibers and nanotubes materials can
improve the biocompatibility and bioactivity of biomedi-
cal materials, such as ceramic nanofibers/tubes, polymeric
nanofibers/tubes, metallic nanofibers/tubes, and other nano-
materials. Most of nanomaterials show excellent biocompati-
bility, nontoxicity properties, especially for natural polymeric
nanofibers. Carbon nanotubes may be cytotoxic, but it can
be nontoxic by functionalized processing. Functionalized
carbon nanofibers/tubes are shown to be more bioactive
and biocompatible and applied to bone regeneration and
neural repair successfully. Overall, carbon nanotubes are
promising biomaterials because of their excellent mechanical
and special bioactive property caused by high aspect ratio.
Phosphate glass nanofibers/tubes are usually used in hard
tissue applications, such as the regeneration and repair of
bones and teeth using sol-gel and coaxial electrospinning
techniques. As to glass fibers or tubes, hydroxyapatite-like
minerals will be formed on the surfaces of hard-tissue
after they are implanted in vivo, then improving bioactiv-
ity and biocompatibility of glass nanofibers/tubes. As with
polymeric nanofibers/tubes, we classify it into natural and
synthetic polymeric nanofibers/tubes. In natural polymeric
nanofibers/tubes, we give a more detailed introduction about
collagen, chitosan, and silk fibroin nanofibers/tubes. As
natural polymers, they exhibit excellent biocompatibility,
biodegradable properties, non-toxicity, and bioactivity. Due
to these properties, these natural polymeric nanofibers/tubes
are widely used for biomedical applications such as tissue
engineering scaffolds, wound dressings, and many other
biomedical aspects. Synthetic polymeric nanofibers/tubes
are presented synthetically due to their various kinds.
Importantly, we found synthetic polymeric nanofibers/tubes
composites could direct the outgrowth of osteoblasts, pro-
mote myocardial cell differentiation, and stimulate nerve
repair and regeneration.These bioactivity performances fully
demonstrate synthetic polymeric nanofibers/tubes are excel-
lently biocompatible and extremely promising biomaterials
for the tissue engineering application. With respect to metal-
lic nanofibers/tubes, we briefly introduce the bioactivity of
TiO
2
nanotubes, Fe

3
O
4
/TiO
2
composite nanofibers. All in all,

whether ceramic nanofibers/tubes,metallic nanofibers/tubes,
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Figure 1: Schematic illustration of the possible mechanism by which nanomaterials may be superior to conventional materials when used
for tissue regeneration. The high aspect ratio and surface area of nanomaterials enable them to concentrate specific proteins or enzymes to
stimulate corresponding cell attachment, differentiation, or growth, performing desired functions, generating appropriate beneficial cellular
or tissue response in the specific situations, improving the biocompatibility and bioactivity of the materials. The high aspect ratio and surface
area of some nanotubes efficiently induce specific protein adsorption, which promotes cellular functions and thereby achieve new bone
formation.

or polymeric nanofibers/tubes, nanomaterials can all pro-
mote cells (such as osteoblasts, fibroblasts, endothelial cells,
and muscle cells) division and proliferation under specified
conditions.

Additionally, we infer that unique microstructure of
nanofibers and nanotubes enables nanomaterials to concen-
trate specific proteins or enzymes on the surface of materials
to stimulate corresponding cell attachment, differentiation,
or growth, performing its desired function with respect to
a medical therapy, without eliciting undesirable local or sys-
temic effects in the recipient or beneficiary of that therapy, but
generating the most appropriate beneficial cellular or tissue
response in that specific situation and optimising the clini-
cally relevant performance of that therapy [1]. The biocom-
patibility of biomedical materials can be improved following
the use of bioactive materials with unique microstructure
of nanofibers and nanotubes. In another word, by using
nanostructured fibers or tubes, the biocompatibility and
bioactivity can be improved. So nanofibers and nanotubes
materials are excellent candidates for tissue repair. That the
nano-scaled fibers or tubes may concentrate specific proteins
on the surface of materials to stimulate corresponding cell
differentiation or growth is inferred to be the mechanism of
improving the biocompatibility and bioactivity of biomedical
materials.

In the future, a further study on the mechanism of
improving the biocompatibility and bioactivity by using
nano-scale fibers or tubes should be carried on, as well as
the specific proteins absorption on the surface of biomedical
materials.Moremethods of inducting nonbioactivematerials

to be bioactive could be developed. The functionalized bio-
materials that could improve the bioactivity and biocompati-
bility will be applied for biomedicine application in quantity.
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[117] T. Sjöström, G. Lalev, J. P.Mansell, and B. Su, “Initial attachment
and spreading of MG63 cells on nanopatterned titanium sur-
faces via through-mask anodization,” Applied Surface Science,
vol. 257, no. 10, pp. 4552–4558, 2011.

[118] J. M. Macak, H. Tsuchiya, L. Taveira, S. Aldabergerova, and
P. Schmuki, “Smooth anodic TiO

2
nanotubes,” Angewandte

Chemie, vol. 44, no. 45, pp. 7463–7465, 2005.

[119] L.-N. Wang and J.-L. Luo, “Fabrication and formation of
bioactive anodic zirconiumoxide nanotubes containing presyn-
thesized hydroxyapatite via alternative immersion method,”
Materials Science and Engineering C, vol. 31, no. 4, pp. 748–754,
2011.

[120] R. Zhang, X. Zhang, and S. Hu, “Nanocrystalline ZrO
2
thin

films as electrode materials using in high temperature-pressure
chemical sensors,”Materials Letters, vol. 60, no. 25-26, pp. 3170–
3174, 2006.

[121] S. Xu and X. Wang, “Highly active and coking resistant
Ni/CeO

2
-ZrO
2
catalyst for partial oxidation of methane,” Fuel,

vol. 84, no. 5, pp. 563–567, 2005.
[122] 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.

[123] L.-N. Wang and J.-L. Luo, “Enhancing the bioactivity of zirco-
nium with the coating of anodized ZrO

2
nanotubular arrays

prepared in phosphate containing electrolyte,” Electrochemistry
Communications, vol. 12, no. 11, pp. 1559–1562, 2010.

[124] S. Berger, J. Faltenbacher, S. Bauer, and P. Schmuki, “Enhanced
self-ordering of anodic ZrO

2
nanotubes in inorganic and

organic electrolytes using two-step anodization,” Physica Status
Solidi, vol. 2, no. 3, pp. 102–104, 2008.

[125] S. Bauer, J. Park, J. Faltenbacher, S. Berger, K. von derMark, and
P. Schmuki, “Size selective behavior of mesenchymal stem cells
on ZrO

2
and TiO

2
nanotube arrays,” Integrative Biology, vol. 1,

no. 8-9, pp. 525–532, 2009.
[126] C. J. Frandsen, K. S. Brammer, K. Noh et al., “Zirconium oxide

nanotube surface prompts increased osteoblast functionality
and mineralization,” Materials Science and Engineering C, vol.
31, no. 8, pp. 1716–1722, 2011.

[127] T. Freier, R. Montenegro, H. S. Koh, and M. S. Shoichet, “Chit-
inbased tubes for tissue engineering in the nervous system,”
Biomaterials, vol. 26, no. 22, pp. 4624–4632, 2005.

[128] Y. Yang, Q. He, L. Duan, Y. Cui, and J. Li, “Assembled algi-
nate/chitosan nanotubes for biological application,” Biomateri-
als, vol. 28, no. 20, pp. 3083–3090, 2007.

[129] J. Yang, K. Lipkin, and D. C. Martin, “Electrochemical fabrica-
tion of conducting polymer poly(3,4-ethylenedioxythiophene)
(PEDOT) nanofibrils on microfabricated neural prosthetic
devices,” Journal of Biomaterials Science, vol. 18, no. 8, pp. 1075–
1089, 2007.

[130] Z.-Q. Feng, J. Wu, W. Cho et al., “Highly aligned poly (3,
4-ethylene dioxythiophene)(PEDOT) nano- and microscale
fibers and tubes,” Polymer, vol. 54, pp. 702–708, 2013.

[131] V. J. Mukhatyar, M. Salmerón-Sánchez, S. Rudra et al., “Role of
fibronectin in topographical guidance of neurite extension on
electrospun fibers,” Biomaterials, vol. 32, no. 16, pp. 3958–3968,
2011.

[132] 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, pp. S111–S112, 2008.

[133] X. M. Li and Q. L. Feng, “Dynamic rheological behaviors of
the bone scaffold reinforced by chitin fibres,” Materials Science
Forum, vol. 475–479, pp. 2387–2390, 2005.

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

[135] X. M. Li, Y. Huang, L. S. Zheng et al., “Effect of substrate
stiffness on the functions of rat bonemarrow and adipose tissue



16 Journal of Nanomaterials

derived mesenchymal stem cells in vitro,” Journal of Biomedical
Materials Research A, 2013.

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

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

[138] X. Li andQ. Feng, “Porous poly-L-lactic acid scaffold reinforced
by chitin fibers,” Polymer Bulletin, vol. 54, no. 1-2, pp. 47–55,
2005.

[139] X. M. Li, X. H. Liu, G. P. Zhang et al., “Repairing 25 mm bone
defect using fibres reinforced scaffolds aswell as autograft bone,”
Bone, vol. 43, pp. S94–S94, 2008.

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

[141] 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.



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2013, Article ID 628381, 8 pages
http://dx.doi.org/10.1155/2013/628381

Research Article
Acute Oral Toxicity and Kinetic Behaviors of
Inorganic Layered Nanoparticles

Jin Yu, Hea-Eun Chung, and Soo-Jin Choi

Department of Food Science and Technology, Seoul Women’s University, Seoul 139-774, Republic of Korea

Correspondence should be addressed to Soo-Jin Choi; sjchoi@swu.ac.kr

Received 25 June 2013; Revised 5 September 2013; Accepted 5 September 2013

Academic Editor: Xiaoming Li

Copyright © 2013 Jin Yu 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.

Layered double hydroxide (LDH) nanoparticles, also known as anionic clays, have attracted a great deal of interest for their potential
as delivery carriers. Recent studies showed that LDH nanoparticles can efficiently deliver drugs or bioactive molecules into cells,
which are highly related to their endocytic pathway. However, the efficient cell permeation capacity of LDHmay also raise concern
about their toxicity potential. In this study, the acute oral toxicity of LDH nanoparticles was assessed, and their kinetic behaviors,
such as plasma concentration-time curve, tissue distribution, and excretion, were also evaluated in mice. No significant effects
of oral LDH nanoparticles on behaviors, body weight gain, survival rate, and organosomatic index were observed up to the dose
of 2000mg/kg for 14 days. Serum biochemical parameters did not significantly increase, indicating that LDH nanoparticles did
not cause acute liver or kidney injury. Plasma concentration of LDH nanoparticles rapidly decreased within 30min depending
on exposure doses, but they did not accumulate in any specific organ. Their excretion via urine and feces was observed within
24 h. These findings suggest that LDH nanoparticles do not exhibit acute oral toxicity and favorable kinetic behaviors in mice and,
therefore, will be promising candidates for biological and pharmaceutical applications.

1. Introduction

In recent years, inorganic nanomaterials have been exten-
sively developed for biomedical applications, such as diagnos-
tic or imaging agents, tissue engineering, and drug delivery
carriers [1–3]. Nanoparticles have large surface areas and
high reactivity resulting from their small size.Moreover, their
structure can be easily modified for target specific delivery
[4]. This is fascinating to efficiently deliver target molecules
to specific organs and consequently contributing to enhanced
efficacy as well as reduced toxicity. Among them, layered
double hydroxides (LDHs) nanoparticles, also known as
anionic clays or hydrotalcite-like compounds, consist of pos-
itively charged metal hydroxide sheets and interlayers con-
taining charge-balancing anions andwatermolecules to form
lamellar structure [5, 6]. Thus, LDHs can intercalate anionic
molecules, such as drugs, nucleotides, and biomolecules,
into the interlayer spaces, release them in a controlled
manner, and eventually protect them against harsh biological
conditions, thereby attracting much attention as nonviral

delivery carriers [7, 8]. Recent studies have demonstrated that
LDHs can efficiently deliver anticancer drugs or bioactive
molecules into cells, leading to enhanced efficacy of inter-
calated molecules, which are closely related to their energy-
dependent endocytic pathway, clathrin-mediated endocyto-
sis [9–11]. However, the efficient cell permeation capacity of
LDHs may cause undesirable harmful effects by interfering
with biological cellular functions, which raises concern about
their toxicity potential on human health.

Toxicological effects of LDH nanoparticles on human
cells were recently investigated in vitro, demonstrating low
cytotoxicity of LDHs compared to other inorganic nanopar-
ticles such as iron oxide, silica, and carbon nanotubes [12].
Cytotoxicity of LDHs with respect to particle size [13],
chemical composition [14], and structural stability [15] was
also reported; ZnAl-LDHand 50 nmparticles showed slightly
higher toxicity than MgAl-LDH and 100 to 350 nm particles,
respectively, and carbonate form of LDHwith strong stability
exhibited high toxicity compared to its chloride formpossess-
ing easy decomposition property in cell lines [16]. However,
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Figure 1: SEM image (a), PXRD pattern (b), and size distribution (c) of LDH nanoparticles. Particle size distribution was presented by
randomly selecting 200 particles from SEM image and measuring each particle size.

research on toxicity evaluation of LDHs in vivo is extremely
limited. Toxicity evaluation in whole animals provides more
practical data, reflecting interaction of nanoparticles with
immune systems, proteins, and dynamic body fluids at the
systemic level. In particular, no information about acute oral
toxicity of LDHs is available, although the gastrointestinal
tract is one of the important routes bywhich nanoparticles get
into the human body, for example, via oral intake of water and
foods or drugs delivered by nanomaterials [17, 18]. Moreover,
pharmacokinetics of LDHs have not been determined yet,
which elucidate absorbed or accumulating amount as well as
clearance kinetic profile in vivo.

In this study, the acute oral toxicity of LDH nanoparticles
was evaluated in mice according to the OECD guideline.
Pharmacokinetic, tissue distribution, and excretion studies
were also performed after single-dose oral administration,
aiming at understanding the relationships between toxicity
potential of LDH nanoparticles and their kinetic behaviors
in the body.

2. Materials and Methods

2.1. Preparation and Characterization of Nanoparticles. LDH
nanoparticle, a chloride form of MgAl-LDH, was pre-
pared by coprecipitation method; the salts MgCl

2
⋅6H
2
O and

AlCl
3
⋅6H
2
O, in a molar ratio Mg/Al = 2, were dissolved

in decarbonated water and then precipitated by addition
of NaOH/NaCl at a final pH of 10.5. The suspension was
hydrothermally treated for 12 h at 100∘C. The obtained white
precipitation was centrifuged, washed with deionized water,
and then freeze dried. Thus, prepared LDH nanoparticles
were analyzed by powder X-ray diffraction (PXRD: Phillips
PW3710 diffractometer with Ni-filtered CuK𝛼 radiation (𝜆 =
1.5418 Å)) and by scanning electron microscopy (SEM:
HITACHI S-4300).

2.2. Animals and Diets. Male Balb/c mice, aged 7 weeks
and weighing 25–27 g, were purchased from G-Bio (Seoul,
Republic of Korea). The animals were housed in plastic
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laboratory animal cages in a ventilated room. The room was
maintained at 20±2∘Cand 60±10%relative humidity on a 12 h
light/dark cycle. Water and commercial laboratory complete
food formice were available ad libitum.They were acclimated
to this environment for 7 days before receiving experimental
treatment. All animal experiments were performed in com-
pliance with the animal and ethics review committee of the
Seoul Women’s University.

2.3. Acute Toxicity Evaluation. Theexperiments to determine
the LD

50
(lethal dose 50%) values of LDH nanoparticles were

designed in accordance with the method provided by the
OECD guideline 423. Prior to dosing, food but not water was
withheld for 4 h. LDH nanoparticles were homogeneously
suspended in 0.9% saline by vortexing andultrasonicating the
suspension for 5min at 42 kHz (Vibra Cell Sonics &Materials
Inc.). Four different concentrations of LDH nanoparticles
(5, 50, 300, and 2000mg/kg) were administered to each
group of three mice via oral gavage in a stepwise procedure.
Group of three mice, receiving identical volume of 0.9%
saline, was served as a control group. Changes in body
weight, behaviors, and symptoms were carefully recorded
every day following the treatment. After 14 days, all organs
were collected and organosomatic indexwas calculated by the
following formula: [weight (g) of the organ/total body weight
(g)] × 100.

2.4. Blood Biochemical Analysis. Blood samples were also
collected via tail vein, and the serum was obtained by cen-
trifugation of the whole blood at 3000 rpm for 10min. Liver
function was evaluated based on the serum levels of alkaline
phosphatase (ALP: ABDBioquest), alanine aminotransferase
(ALT: Bioo Scientific), and aspartate aminotransferase (AST:
Bioo Scientific) according to the manufacturer’s protocols.
Nephrotoxicity was determined by measuring the concentra-
tions of blood urea nitrogen (BUN: BioAssay Systems) and
uric acid (UA: BioAssay Systems) in the serum according to
the manufacturer’s protocols.

2.5. Pharmacokinetics, Tissue Distribution, and Excretion
Studies. For pharmacokinetic study, the blood samples
(about 0.2mL) were collected via tail vein at several time
points (0, 5, 15, 30, 60, 120, and 240min) after single-dose
oral administration of LDH nanoparticles (5, 50, 300, and
2000mg/kg). The blood sample at 0 h before oral adminis-
tration was used to determine basal Mg level in the plasma.
The blood samples were centrifuged at 3000 rpm for 15min
at 4∘C to obtain the plasma and stored at −70∘C before
analysis. The following pharmacokinetic parameters were
estimated using Kinetica program (version 4.4,Thermo Elec-
tron Corporation, USA): maximum concentration (𝐶max),
time to maximum concentration (Tmax), area under the
plasma concentration-time curve (AUC), half-life (T

1/2
), and

mean residence time (MRT). To evaluate biodistribution of
LDH nanoparticles, the tissue samples such as brain, heart,
kidney, liver, lung, and spleenwere collected at 0, 5, 15, 30, and
60min following euthanasia by CO

2
. Urine and feces were

also collected for 7 days.
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Figure 2: Changes in body weight in mice administered four
different doses of LDH nanoparticles for 14 days.

2.6. ICP-AES Analysis. The plasma, tissue samples, urine,
and feces were digested in 3mL of ultrapure nitric acid.
After adding 0.5mL of H

2
O
2
, each mixture was heated at

about 160∘C until the samples were completely digested.
Then, the remaining nitric acid was removed by heating
until the solutions were colorless and clear. The solutions
were finally diluted to 10mLwith ultrapure water. Inductively
coupled plasma-atomic emission spectroscopy (ICP-AES,
Jobin Yvon Hriba, JY 2000 Ultrace) was used to analyze Mg
concentration, a main component of LDH, in the samples.

2.7. Statistical Analysis. Statistical analysis was performed
using Student’s 𝑡 test for unpaired data, and 𝑃 values of less
than 0.05were considered significant. All data were presented
as mean ± standard deviation (SD).

3. Results and Discussions

3.1. Characterization. The prepared LDH nanoparticles were
analyzed by SEM (Figure 1(a)), showing homogenous size
distribution with an average particle size of 91.8 ± 10 nm
(Figure 1(c)). PXRD pattern showed typical characteristic
peaks for LDH nanoparticles (Figure 1(b)), with the 003
reflection around ∼11∘ (2𝜃) and d-spacing of 7.88 Å. From
the SEM image and PXRD pattern, average aspect ratio
was determined to be 3.5 as calculated by particle diam-
eter/particle thickness, which is well consistent with the
previous report [10]. LDH nanoparticles of about 100 nm in
size were synthesized because it was found to be optimum for
efficient cellular uptake [10].

3.2. Acute Toxicity. Figure 2 shows change in body weight
after single-dose oral administration of LDH nanoparticles
in mice. No significant difference in body weight gain was
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Figure 3: Plasma concentration-time curve of LDH nanoparticles after single-dose oral administration to mice. LDH concentrations were
measured by analyzing a main component of LDH, Mg, using ICP-AES. The data were presented as increased Mg levels after substraction of
basalMg level in untreated control group. Insert: highermagnification of plasma concentration-time curves for 30min. ∗Significant difference
from the control group (𝑃 < 0.05).

found between the control and the groups administered
different doses of LDH nanoparticles (𝑃 > 0.05). More-
over, no mortality and abnormal behaviors or symptoms,
such as decrease in food and water intake, diarrhea, loss
of movement, and change in the size of eye’s pupils and
eye pigment, were observed in mice treated with even the
highest dose for 14 days, indicating that the LD

50
values were

more than 2000mg/kg. This result is an indication of low
oral toxicity potential of LDH nanoparticles. Organosomatic
indices of organs including brain, heart, intestine, kidney,
liver, lung, spleen, and stomach were also assessed following
oral administration of LDH nanoparticles (Table 1), showing
no significant decrease or increase of organosomatic indices
of all organs in mice administered up to 2000mg/kg. This
indicates that LDH nanoparticles did not affect any organ
weight. All the results including changes in body weight,
survival rate, and organosomatic index clearly suggest that
orally administered LDH nanoparticles did not cause acute
toxicity in mice.

3.3. Change in Blood Biochemical Parameters. Biochemical
assay is generally and clinically used to evaluate target-
specific tissue injury or disease. Elevated levels of ALP, ALT,
or AST in the blood are an indication of the liver damage and
have been associated with liver injury, since these metabolic
enzymes are primarily expressed in the liver [18, 19]. On the
other hand, urea, a major end product of protein catabolism
in animals, is primarily produced in the liver and secreted by
the kidney. A waste product generated from the degradation
of purines, UA, is also filtered and removed by the kidney.

Thus, BUNorUAdetermination in the blood is very useful to
assess kidney function [18, 20]. Table 2 showed that the levels
of all biochemical parameters in the serum of mice treated
with high doses, 300 and 2000mg/kg of LDH nanoparticles,
did not significantly increase in comparison with those in
the control group after 14 days (𝑃 > 0.05). Biochemical
parameters were analyzed after 14 days to evaluate possible
delayed toxicity after reabsorption in the intestine as well
as to examine the capacity of recovery of these organs
after exposure to LDH nanoparticles. No effect of LDH
nanoparticles on biochemical parameterswas also found after
24 h (data not shown). This result clearly suggests that LDH
nanoparticles did not cause acute liver or kidney injury by
gastrointestinal ingestion.

3.4. Pharmacokinetics. Pharmacokinetic behaviors of oral
LDH nanoparticles in mice are presented in Figure 3. The
plasma concentration-time curve, measured by a main com-
ponent of LDH, Mg, was dependent on the dose adminis-
tered. However, significant increase in LDH levels was found
only within 15min in all the cases, and the peak concentra-
tions rapidly decreased after 30min even when 2000mg/kg
were administered. The pharmacokinetic parameters follow-
ing oral administration were presented in Table 3. It is clear
that all parameters increased as administered dose increased.
Based on AUC values which elucidate the total amount of
nanoparticles reaching the systemic circulation, absorptions
(%) of 5, 50, 300, and 2000mg/kg of LDH nanoparticles
were determined to be about 2.85, 1.37, 0.40, and 0.14%,
respectively. This result indicates that small amount of LDH
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Table 1: Organosomatic indices of organs in different groups of mice at 14 days after oral administration.

Organ Control 5mg/kg 50mg/kg 300mg/kg 2000mg/kg
Brain 0.88 ± 0.15 0.91 ± 0.11 0.79 ± 0.15 0.88 ± 0.09 0.86 ± 0.07

Heart 0.44 ± 0.12 0.34 ± 0.06 0.35 ± 0.02 0.24 ± 0.10 0.29 ± 0.04

Intestine 7.04 ± 0.49 6.03 ± 0.33 6.34 ± 0.36 5.59 ± 1.00 5.89 ± 0.90

Kidney 0.93 ± 0.11 0.88 ± 0.01 0.81 ± 0.02 0.78 ± 0.03 0.82 ± 0.03

Liver 3.81 ± 0.37 3.66 ± 0.28 3.33 ± 0.19 3.51 ± 0.13 3.35 ± 0.09

Lung 0.37 ± 0.02 0.41 ± 0.05 0.41 ± 0.05 0.41 ± 0.10 0.37 ± 0.02

Spleen 0.24 ± 0.09 0.23 ± 0.04 0.27 ± 0.03 0.21 ± 0.05 0.28 ± 0.02

Stomach 0.51 ± 0.17 0.23 ± 0.07 0.65 ± 0.24 0.58 ± 0.14 0.42 ± 0.26

All treated groups showed statistically no significant differences from the control group (𝑃 > 0.05).

Table 2: Changes in biochemical parameters in the serum of mice administered LDH nanoparticles.

Group ALP (U/L) ALT (U/L) AST (U/L) BUN (mmol/L) UA (𝜇mol/L)
Control 120.30 ± 28.05 72.54 ± 22.65 166.52 ± 43.76 3.46 ± 1.01 156.81 ± 38.21

300mg/kg 91.51 ± 33.77 80.13 ± 25.39 152.22 ± 39.92 3.62 ± 1.08 145.55 ± 29.52

2000mg/kg 112.54 ± 17.51 85.76 ± 29.61 159.37 ± 39.97 6.62 ± 1.92 120.06 ± 28.54

All treated groups showed statistically no significant differences from the control group (𝑃 > 0.05).
ALP: alkaline phosphatase; ALT: alanine aminotransferase; AST: aspartate aminotransferase; BUN: blood urea nitrogen; UA: uric acid.

Table 3: Pharmacokinetic parameters of different doses of LDH nanoparticles in mice after oral administration.

Dose 𝐶max (mg/L) 𝑇max (h) AUC (h ×mg/L) 𝑇
1/2

(h) MRT (h)
5mg/kg 4.15 ± 1.41 0.08 ± 0.00 0.79 ± 0.29 0.22 ± 0.20 0.35 ± 0.29

50mg/kg 4.44 ± 0.32 0.14 ± 0.10 4.00 ± 2.36 0.73 ± 0.49 1.27 ± 0.82

300mg/kg 7.24 ± 0.70 0.17 ± 0.10 8.74 ± 4.05 1.38 ± 0.67 2.15 ± 1.27

2000mg/kg 9.36 ± 1.92 0.21 ± 0.08 11.96 ± 6.29 1.86 ± 0.10 3.14 ± 0.57

𝐶max: maximum concentration; 𝑇max: time to maximum concentration; AUC: area under the plasma concentration-time curve; 𝑇1/2: half-life; MRT: mean
residence time.

nanoparticles could be absorbed into the blood stream via
the gastrointestinal tract. About 15–30% of orally adminis-
tered ZnOnanoparticles (2000mg/kg), depending on surface
charge, were determined to enter the systemic circulation
[21], supporting low oral absorption of LDH nanoparticles
compared to that of ZnO nanoparticles. It is worth noting
that all MRT values were within 3.1 h even when 2000mg/kg
were administered, clearly indicating that the highest dose
of LDH nanoparticles could be cleared from the body after
3.1 h.The low absorption and rapid clearance kinetic profile of
LDHnanoparticlesmay explain their low toxicity as observed
in Figure 2 and Tables 1 and 2, implying their low chronic
toxicity potential in after long-term exposure.

3.5. Tissue Distribution. Figure 4 shows the tissue distri-
bution profile of LDH nanoparticles following single-dose
oral administration in mice. LDH levels did not significantly
increase in the kidney, liver, lung, and spleen for 60min after
oral administration compared to basalMg level in the tissues.
Statistically increased Mg concentrations were not found in
the other organs, such as brain and heart (data not shown).
Statistical analysis also confirmed that significant difference
was not found between the control and LDH-treated organs
after 1 and 14 days (data not shown). These results suggest

that orally administered LDH nanoparticles did not signif-
icantly accumulate in any specific target tissue, which can
be explained by their pharmacokinetic behaviors (Figure 3),
such as rapid decrease in the plasma concentration-time
curve, low absorption, and short residence time. On the other
hand, tissue distribution of inorganic nanoparticles to target
organs has been generally reported after oral administration;
the kidney, liver, and lung were found to be target organs
for accumulation of ZnO nanoparticles, regardless of particle
size, surface charge, or gender [22], while silver nanoparticles
were primarily distributed to the liver following single-dose
oral administration to rats [23]. Hence, the fact that LDH
nanoparticles were not found in any specific target tissue
strongly supports their low toxicity potential.

3.6. Excretion Profile. Excretion patterns of LDH nanopar-
ticles via urine and feces following oral administration are
presented in Figure 5. Significantly increased Mg levels
were found in urine and feces within 24 h but returned to
normal levels after 24 h. A much higher Mg concentration
was detected in feces than in urine, indicating that most
LDH nanoparticles were eliminated via feces. This result also
suggests that direct fecal clearance and biliary excretion play
a major role in the elimination of LDH nanoparticles.
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Figure 4: Tissue distribution of LDHnanoparticles after single-dose oral administration tomice. (a) Kidney, (b) liver, (c) lung, and (d) spleen.
No significant significance was found between the control and LDH-treated groups.

4. Conclusion

The acute oral toxicity of LDH nanoparticles of about 100 nm
was evaluated after administration of four different doses (5,
50, 300, and 2000mg/kg) in mice. The results demonstrated
that LDH nanoparticles did not cause any mortality, abnor-
mal behaviors, symptoms, and body weight loss up to the
highest dose administered, indicating that the LD

50
values

were more than 2000mg/kg. Organosomatic indices of all
organs in mice treated with LDH nanoparticles were not
affected, thereby clearly supporting their low oral toxicity.
Serum biochemical parameters did not significantly increase,
suggesting that LDH nanoparticles did not induce liver
or kidney injury. Pharmacokinetic and tissue distribution
studies showed that LDH nanoparticles up to the dose of

2000mg/kg were rapidly absorbed within 30min and cleared
from the body after 3.1 h, without significant accumulation
in any specific target tissue. LDH nanoparticles were deter-
mined to be excreted via urine and feces within 24 h. Taken
together, it is concluded that LDH nanoparticles do not cause
acute oral toxicity in mice, which is strongly associated with
their small absorbed amount by the gastrointestinal system
and easy clearance kinetics at the systemic level.
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Figure 5: Excretion profiles of LDH nanoparticles via urine (a) and feces (b) after single-dose oral administration to mice.
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Titaniumdioxide (TiO
2
) nanoparticles are widely used in electronics, biology, andmedicine owing to their special properties. How-

ever, during TiO
2
nanoparticles exposure, nanoparticles may enter the blood circulation and translocate to the heart, and they may

result in negative effects on the cardiovascular system. In this study, we demonstrated that the anatase and rutile TiO
2
nanoparticles

had potential toxicological effects on primary cultured cardiac myocytes of rat. After incubating with the anatase and rutile TiO
2

nanoparticles, the primary cultured cardiac myocytes had become elongated and appeared to detach from the surface of cell plate.
After exposure to 50, 100, and 150 𝜇g/mL anatase and rutile TiO

2
nanoparticles for 2 days, the obvious decrease of cell viability

was observed. And further studies showed that TiO
2
nanoparticles exposure could induce the high expression of proinflammatory

cytokines TNF-𝛼 and IL-6, especially in 150𝜇g/mL group. The long-rod rutile TiO
2
had more strong effects on cell viability and

proinflammatory cytokines induction than red-blood cells like anatase TiO
2
. Results indicated that TiO

2
nanoparticles exposure

could impair the function of primary cultured cardiac myocytes of rat. Therefore, these findings support the view that much more
attention should be aroused on the application of these nanoparticles and their potential exposure effects on human beings.

1. Introduction

Nanoparticles have a large surface-to-volume ratio, high
chemical reactivity, high internal pore volumes, and
enhanced cell penetrability [1–3]. Because of these special
properties, nanomaterials are applicable to the fields of
medicine, food industry, environment, energy, biotechnol-
ogy, and so on [4–7]. Despite the extensive use of nanomate-
rials, current studies indicate that certain nanoparticles may
inducemultiple unpredictable effects onhumanhealth [8–11].

Titanium dioxide (TiO
2
) nanoparticle, noncombustible

and odorless powder, is produced abundantly and used
widely in an increasing number of human products including
paints, cosmetics, sterilization, food additives, biomedical
ceramic, and implanted biomaterials because of its high
stability, anticorrosion, and photocatalytic property [12]. The
extensive use of TiO

2
nanoparticles in the industry and our

daily life demand intensified research efforts regarding their
potential toxicity and possible health effects [13, 14].

In recent years, numerous studies have definitely showed
that TiO

2
nanoparticles exposure has negative effects on

the respiratory system or the metabolic circle system of
organisms [15]. In vitro studies have demonstrated that
both rutile and anatase TiO

2
nanoparticles impaired cellular

function of human dermal fibroblasts and decreased cellular
area, proliferation, mobility, and ability to contact collagen,
with the latter being more potent in inducing damage [16].
Animal studies have revealed that the inhaled nanoparticles
can readily deposit in lung tissue and induce the increased
neutrophils, the progressively fibroproliferative lesions, the
epithelial metaplasia, and the inflammatory response in lung
alveoli [17, 18]. Moreover, the intraperitoneally injected and
orally ingested TiO

2
nanoparticles would cause transcytosis

across epithelial and endothelial cells into the blood circu-
lation, respectively, and can be entrapped in the reticuloen-
dothelial system [15, 19].

Wu et al. found that TiO
2
nanoparticles could be accu-

mulated in the spleen, liver, and heart after a subchronic
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dermal exposure, but the heart showed only small traces
of white blood cells in the anatase 10 nm group [20]. A
recent study showed that TiO

2
nanoparticles could enter

the heart and increase reactive oxygen species accumulation,
which in turn reduce activities of antioxidant enzymes and
antioxidant contents, promote oxidation of DNA in the
heart, and result in inflammation, cell necrosis, and sparse
cardiac muscle fibers [21]. Our previous in vivo studies
demonstrated that the intra-articular injected anatase TiO

2

nanoparticles had a potential toxicological effect on major
organs of rats, including the histopathological changes of
the heart [22]. Thus, the effects of TiO

2
nanoparticles on

cardiovascular system need to be elucidated in great detail.
In this study, we tested the effects of two different types of
TiO
2
nanoparticles on the primary cultured cardiacmyocytes

of rat and observed increased expression of proinflammatory
cytokines and decreased cell viability.

2. Material and Methods

2.1. Materials and Characterization. The commercially pure
anatase TiO

2
nanoparticles (Anatase, Rutile, Wan Jing New

Material Co., Ltd., purity >99.8%) without any coating were
used in this study. A few of TiO

2
nanoparticles were sus-

pended in anhydrous ethanol and ultrasonicated for 5 s ×
10 circles at 200W. The suspension was dipped on the clean
silicon wafer. The size of TiO

2
nanoparticles was detected

by scanning electron microscopy (Hitachi S-4800 SEM).
Transmission electron microscopy (TEM, FEI Tecnai G2
F20 S-Twin) was used to characterize the microstructure
profile of TiO

2
nanoparticles. The surface properties for

TiO
2
nanoparticles such as specific surface area, average

pore diameter, and pore volume were determined under
Quadrasorb SI analyzer (Quantachrome Instruments, USA)
by N
2
absorption at 77.3 K.

To determine the dispersion and aggregation status of
TiO
2
nanoparticles in water, the dynamic light scattering

(DLS)methodwas performed by particle size and zeta poten-
tial analyzer (Zetasizer Nano ZS90, Malven Instruments,
UK).

2.2. Isolation and Culture of Rat Cardiac Myocytes. Primary
cultured cardiac myocytes were prepared from ventricles of
neonatal (1–3d old) Sprague-Dawley rats (the Department of
Laboratory Animal Sciences of Peking University, Beijing,
China) according to a previously described method [23].
When a neonatal rat was decapitated, the chest cavity was
opened, and the heart was rapidly excised.The ventricles were
gently stirred for a 5-min period in digestion buffer contain-
ing 0.1% trypsin (Amresco) and 0.01% collagenase II (Sigma)
at 37∘C. The collected enzyme solution was centrifuged at
1000 rpm for 5min, the supernatant discarded, and the pellet
cells resuspended in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) containing 15% fetal bovine serum (FBS,
Gibco).This cycle was repeated about seven to ten times until
all tissues were digested. The dissociated cells were preplated
into 100mm culture dishes in DMEM with 15% FBS for 1.5 h
at 37∘C to make cardiac fibroblasts adhered to culture dishes.

Then the nonadherent cardiac myocytes were collected and
plated on culture dishes and cultured in DMEM containing
15% FBS. At the first 24 h, 0.1mmol/L 5-Bromodeoxyuridine
(BrdU, Sigma-Aldrich) was added in the medium to inhibit
the growth of cardiac fibroblasts. By incubating for 72 h on
average, the cardiac myocytes were beating spontaneously
and synchronously at a stable rate.Themediumwas removed
and replaced by 50, 100, and 150 𝜇g/mL anatase and rutile
TiO
2
solution, respectively. Cell morphology was assessed

using an inverted phase contrastmicroscope (Olympus IX71).

2.3. Cell Viability Detection. Cell viability was measured
using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-[2H]-
tetrazolium bromide (MTT) assay. The dye MTT is taken up
andmetabolized to purple by viablemitochondria. Cells were
counted and plated in a 96-well plate at a rate of 1 × 104 cells
per well and incubated in 200𝜇L cell culture medium. After
3 days, when primary cultured cardiacmyocytes were beating
spontaneously, the medium was removed and replaced by
50, 100, and 150 𝜇g/mL anatase and rutile TiO

2
solution,

respectively. Prior to dilution with culture medium, the TiO
2

powder was sterilized by autoclaving. After incubation for
2 days, the cell culture medium was discarded and replaced
with fresh DMEM and a 20𝜇L MTT solution (5mg/mL,
prepared with PBS, pH 7.4) was added to each well and
incubated at 37∘C in 5%CO

2
for an additional 4 h.The purple

MTT was dissolved in 150 𝜇L dimethyl sulfoxide solution
(DMSO, Sigma-Aldrich). The activity of the mitochondria,
reflecting cellular viability, was evaluated by measuring the
optical density at 490 nm using an ELISA microplate reader
(Thermo). The cell viability (%) of the treated cells was
calculated in relation to the control cells (100%).

2.4. RT-PCR. Total RNA was isolated from differentially
treated rat cardiacmyocytes using TRIzol reagent (Invitrogen
Life Technologies) following the manufacturer’s instructions.
Total RNA (2 𝜇g) was reversely transcribed using M-MLV
Reverse Transcriptase (New England BioLabs) and oligo-
d(T)
18

primers (Takara). cDNA (1𝜇L) was amplified by
semiquantitative PCR using Premix Taq (Takara). GAPDH
was used as internal control to normalize the amplification
result. The primer sequences used for RT-PCR are shown in
Table 1.

2.5. Statistical Analysis. All data were expressed as means ±
standard deviation (SD). A one-way analysis of variance
(ANOVA) and LSD test were performed with SPSS software
(Version 11.5). Difference was considered to be statistically
significant and different when 𝑃 < 0.05.

3. Results and Discussion

3.1. TiO
2
Nanoparticles Characterization. The SEM micro-

graphs of TiO
2
nanoparticles were shown in Figure 1. The

anatase TiO
2
was red-blood cells like with the average diam-

eter of 45.87 ± 7.75 nm. From the TEM images (Figure 2),
we observed that the anatase TiO

2
showed sheet or nearly

belt shapes with the width of 13.42 ± 3.94 nm and the length
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Table 1: Gene specific primers for RT-PCR.

Gene Orientation accession Primer sequence Length (bp) Product length (bp)

GAPDH Forward 5-GGCACAGTCAAGGCTGAGAATG-3 22 143Reverse 5-ATGGTGGTGAAGACGCCAGTA-3 21

TNF-𝛼 Forward 5-CAGCAGATGGGCTGTACCTT-3 20 301Reverse 5-AAGTAGACCTGCCCGGACTC-3 20

IL-6 Forward 5-GACTGATGTTGTTGACAGCCACTGC-3 25 508Reverse 5-AGCCACTCCTTCTGTGACTCTAACT-3 25

(a) (b)

Figure 1: Micrograph of anatase (a) and rutile (b) nano-TiO
2
by scanning electron microscopy.

(a) (b)

Figure 2: Micrograph of anatase (a) and rutile (b) nano-TiO
2
by transmission electron microscopy.

of 45.35 ± 8.70 nm, which was consistent with the SEM
results. Using the BET method, the specific surface area was
determined as 97.75m2/g. The average pore diameter was
1.79 nm, and the total pore volume was 0.56 cc/g. For the
rutile TiO

2
, it was long rod with the average length of 86.55±

12.13 nm and the average diameter of 52.37 ± 7.35 nm. The
specific surface area for rutile TiO

2
was 21.51m2/g, which

was lower than the anatase. The average pore diameter was
2.17 nm and the total pore volume was 0.22 cc/g.The physical
properties of TiO

2
nanoparticles were well characterized and

listed in Table 2.
Furthermore, the dynamic light scattering method was

used to analyze the aggregation ability of TiO
2
nanoparticles

in solution. The size distributions for two different particles
were shown in Figure 3.The average diameter of anatase TiO

2

at the peak was 166.6 nm. For the rutile TiO
2
, it was 408.7 nm

at the peak, which suggested that TiO
2
nanoparticles were

agglomerated and aggregated easily in solution. The zeta
potential of TiO

2
nanoparticles in aqueous solution was 5.72

and 2.28mV for anatase and rutile, respectively (Table 2).

3.2. Cell Coculture with TiO
2
Nanoparticles. In order to

determine the effects of TiO
2
nanoparticles exposure on

cell morphology, we incubated primary cultured cardiac
myocytes of rat with the anatase and rutile TiO

2
nanoparti-

cles, respectively. The change of cell morphology was shown
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Table 2: Characterization of nano-TiO2.

Crystal Morphology Size (nm) Specific surface
area (m2/g)

Average pore
diameter (nm)

Total pore
volume (cc/g) 𝑍-Ave (d.nm) Zeta potential

(mV)
Anatase Red-blood cells like 𝐷: 45.87 ± 7.75 97.75 1.79 0.56 166.6 5.72
Rutile Long rod 𝐿: 86.55 ± 12.13

𝐷: 52.37 ± 7.35 21.51 2.17 0.22 408.7 2.28
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Figure 3: Diameter distribution of anatase (a) and rutile (b) TiO

2
particles in aqueous solution.

in Figure 4. Morphologies of control cells showed that rat
cardiac myocytes were fusiform, fibriform, and polygon
under inverted microscope, and they were well spread on the
surface of cell plate (Figure 4(a)). However, the cells exposed
to 50, 100, and 150 𝜇g/mL anatase or rutile TiO

2
nanoparticles

for 2 days had become elongated and appeared to detach from
the surface of cell plate (Figures 4(b)–4(g)). After 2 days,
we observed that a large amount of TiO

2
nanoparticles

were phagocytosed into the cytoplasma, and fewer cells
was survived compared with the control group (Figure 4).
In previous studies, TiO

2
nanoparticles were shown to be

capsulated in single vesicles of human dermal fibroblasts
and nasal mucosa cells [16, 24], which also indicated the
engulfment of TiO

2
nanoparticles by viable cells.

Recently, it has been shown that size and shape can
have different adverse effects on cell function [25–28]. The
small size of nanoparticles may cause high toxicity because
of their large surface area, enhanced chemical reactivity,
and easier cell penetration [29–31]. Rod- or needle-shaped
nanoparticles are more easily taken up by cells. Gratton et al.
declared that particles with aspect ratio of 3 were internalized
by Hela cells about 4 times the spheres of the same volume
[32]. Considering the previous reports, in this study, we
selected red-blood cells like anatase TiO

2
with the diameter

of 45.87 ± 7.75 nm and long-rod rutile TiO
2
with the average

length of 86.55 ± 12.13 nm and the average diameter of
52.37 ± 7.35 nm. It is to be expected that the nonspherical
particles can also exacerbate the adverse effects. Our results
suggested that although the cardiac myocytes can attach and
spread by coculturing with the anatase and rutile particles,
themorphology of the cells was affected as exemplified by the
elongated cells spread.

3.3. Effects of TiO
2
Nanoparticles onCell Viability. Thecellular

behavior on biomaterials is an important factor for evaluation
of the biocompatibility of biomaterials [33]. Cell growth with
materials is the first sequential reaction when in contact
with material surface, which is crucial for cell survival [34,
35]. Previous studies reported that cells cultured with TiO

2

nanoparticles showed a dramatic decrease in growth ratewith
exposure to concentrations larger than 0.1mg/mL [16, 36].
In this study, the 50, 100, and 150𝜇g/mL anatase or rutile
TiO
2
nanoparticles were selected to stimulate the rat cardiac

myocytes from primary cultures, aiming to investigate the
effect of TiO

2
nanoparticles on the relative cell viability of

cardiac myocytes.
To evaluate relative cell viability of rat cardiac myocytes

cocultured with different TiO
2
nanoparticles (anatase and

rutile) at different concentrations, the MTT assay was used
in the present study. Figure 5 showed the relative cell viability
after being exposed to the anatase and rutile TiO

2
nanopar-

ticles for 2 days, respectively. The absorbance at 490 nm
was detected, and the relative cell viability in the exposed
group (%) was expressed as a percentage relative to the
untreated control group. The viability of primary cardiac
myocytes was significantly decreased after exposure to 50,
100, and 150 𝜇g/mL TiO

2
nanoparticles. Comparing Figures

5(a) with 5(b), we observed that the long-rod rutile particles,
with even lower concentrations, can produce more damage
than the red-blood cells like anatase particles. Our results
were consistent with the previous results. Huang et al. also
reported that the silica particles with large aspect ratios were
taken up in larger amounts and had a greater impact on
cellular proliferation [37]. In this study, because of the shape
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(a)

(b) (e)

(c) (f)

(d) (g)

Figure 4: Morphological change of primary cardiac myocytes induced by TiO
2
particles. The primary cultured cardiac myocytes of rat

exposed to 50 (b), 100 (c), and 150 (d) 𝜇g/mL anatase TiO
2
nanoparticles or 50 (e), 100 (f), and 150 (g) 𝜇g/mL rutile TiO

2
nanoparticles for 2

days. (a) represents the control cells. Scale bar is 50𝜇m.
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Figure 5: Cell viability after exposure to TiO
2
particles. The relative cell viability after being exposed to 50, 100, and 150 𝜇g/mL anatase (a) or

rutile (b) TiO
2
nanoparticles for 2 days was detected by MTT assay. ∗𝑃 < 0.05 compared to the control.

difference, the anatase particles with red-blood cells like may
be more suitable and biocompatible with cells than long-rod
rutile particles.

3.4. Effects of TiO
2
Nanoparticles on Expression of Proinflam-

matoryCytokines. Many reports claimed that the cytotoxicity
of TiO

2
nanoparticles was related to the induced oxidative

damage [38]. When antioxidant defenses fail to restore redox
equilibrium, escalation in the level of oxidative stress could
lead to cellular injury [39]. One mechanism is the activation
of proinflammatory cascades [40]. In order to study whether
TiO
2
nanoparticles induced proinflammation response of

primary cultured cardiac myocytes, the cells were exposed to
50, 100, and 150 𝜇g/mL anatase or rutile TiO

2
nanoparticles

for 2 days. The expression of proinflammatory cytokines
TNF-𝛼 and IL-6 with control cells was determined through
RT-PCR analysis.

We found that there was no obvious change in the
expression of TNF-𝛼 and IL-6 following 2-day treatment
with 50𝜇g/mL anatase particles (Figures 6(a) and 6(c)).
But the expression of TNF-𝛼 and IL-6 mRNA increased
following treatment with 100 and 150 𝜇g/mL anatase particles
(Figures 6(a) and 6(c)). The long-rod rutile particles showed
more strong effects on the expression of proinflammatory
cytokines TNF-𝛼 and IL-6 (Figures 6(b) and 6(d)).The proin-
flammatory cytokines TNF-𝛼, and IL-6 secreted by the acti-
vated macrophages, fibrolasts and neutrophils are the molec-
ular messengers, which have been hypothesized to influence
the tissue or cell response to biomaterials [41]. This analysis
suggested that the cytotoxicity of TiO

2
nanoparticles might

correlate with the induction of proinflammatory cytokines
and the long-rod rutile TiO

2
particles could produce more

damage to the cells than red-blood cells like anatase.

4. Conclusion

In this study, the red-blood cells like anatase and the long-
rod rutile TiO

2
nanoparticles were well characterized using

different methods. Then we detected that both anatase and
rutile TiO

2
nanoparticles impaired the function of the pri-

mary cultured cardiac myocytes of rat. After exposure to
these nanoparticles, the primary cells had become elongated
and appeared to detach from the surface of cell plate. After
exposure to 50, 100, and 150𝜇g/mL anatase or rutile TiO

2

nanoparticles for 2 days, the viability of cardiac myocytes
decreased significantly. RT-PCR results showed anatase or
rutile exposure could induce the expression of proinflam-
matory cytokines TNF-𝛼 and IL-6. Furthermore, the long-
rod rutile TiO

2
had more strong effects on cell viability and

proinflammatory cytokines expression than red-blood cells
like anatase TiO

2
. Considering the broad applications of these

TiO
2
nanoparticles, much more attention should be aroused

on their potential exposure effects on human beings.
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Figure 6: Expression of TNF-𝛼 and IL-6 mRNA in primary cardiac myocytes. The cardiac myocytes were co-cultured with 50, 100, and
150𝜇g/mL anatase or rutile TiO

2
nanoparticles for 2 days, and the expression of proinflammatory cytokines TNF-𝛼 (a, b) and IL-6 (c, d) was

detected by RT-PCR. Each error bar represents a standard deviation calculated from experiments performed in triplicate. ∗𝑃 < 0.05 compared
to the control.
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The increased use of nanosizedmaterials is likely to result in the release of these particles into the environment. It is, however, unclear
if these materials are harmful to aquatic animals. In this study, the sublethal effects of exposure of low and high concentrations of
titanium dioxide nanoparticles (TiO

2
NPs) on goldfish (Carassius auratus) were investigated. Accumulation of TiO

2
NPs increased

from 42.71 to 110.68 ppb in the intestine and from 4.10 to 9.86 ppb in the gills of the goldfishwith increasing exposure dose from 10 to
100mg/L TiO

2
NPs. No significant accumulation in the muscle and brain of the fish was detected. Malondialdehyde as a biomarker

of lipid oxidation was detected in the liver of the goldfish. Moreover, TiO
2
NPs exposure inhibited growth of the goldfish. Although

there was an increase (8.1%) in the body weights of the goldfish for the control group, in the low and high exposure groups 1.8%
increase and 19.7% decrease were measured, respectively. The results of this study contribute to the current understanding of the
potential ecotoxicological effects of nanoparticles and highlight the importance of characterization of NPs in understanding their
behavior, uptake, and effects in aquatic systems and in fish.

1. Introduction

Nanomaterials are used in a wide range of domestic appli-
ances and household products, in the manufacture of textiles
and electronics, as well as medical products and in biore-
mediation technology. There are also concerns about the
environmental risks of nanotechnology which need to be
balanced against their undoubted benefits to human society
[1, 2]. Handy and Shaw [3] reviewed the risks to human health
and identified a number of exposure routes including the
discharge of nanoparticles (NPs) to water and agricultural
land. The chemistry and physical characteristics of the NPs
themselves are key elements in determining their fate and
behavior in aquatic systems.The large surface area, crystalline
structure, and reactivity of some NPs may facilitate transport
of these toxic materials in the environment [4]. Certain
conditions such as presence of humic and fulvic acids, pH,
and specific cation concentrations may favor the stabilization

of NPs in the water column [5].The aquatic species are also at
risk of exposure to the NPs and there is currently little known
about their uptake, potential toxic effects, and behavior in
aquatic systems.

Titanium dioxide (TiO
2
) NPs have been widely used in

several industries. Nanoparticulate TiO
2
has been utilized

as an ultraviolet radiation absorber in transparent sunscreen
formulations [6] and in specialist photocatalytic coatings for
glass [7].The environmental chemistry of TiO

2
NPs has been

partly investigated. TiO
2
NPs can be dispersed in freshwater

by sonication [8], but the primary particles tend to form
aggregates of a few 100 nm dimensions, and the aggregates
gradually precipitate from thewater column over a few hours.
TiO
2
has two major crystal structures (rutile and anastase),

and the surface reactivity of the NP is closely defined by the
crystal structure [9].

There is an emerging literature on the effects of NPs
for fish and aquatic invertebrates. NPs have previously been
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shown to accumulate in cells such as macrophages and
hepatocytes [10, 11]. Moreover, they are taken up into aquatic
organisms such as fish, mollusks, crustaceans, and artemia
[12–16]. Fish are excellent sentinels of environmental health
as they are sensitive to a wide range of xenobiotic chemicals.
Their position in the aquatic food chain means assessment
of the populations, and health of fish can give an indication
of the health of other lower levels of the food chain. Under-
standing the effects of NPs on fish is therefore an important
aspect when considering the effects of NPs on the aquatic
environment as a whole. Potential routes of uptake for NPs in
fish include absorption via the gill epithelia, via the intestine
epithelia as a result of dietary exposure and drinking, or via
the skin [17].

The purpose of this exposure study was to determine sub-
acute toxicity, accumulation, and tissue distribution of engi-
neered TiO

2
NPs in goldfish (Carassius auratus). Due to the

importance of their size and aggregation behavior [18–20],
the NPs were characterized by transmission electron micro-
scopy (TEM), and the size distribution of NPs was measured
by dynamic light scattering (DSL). Fish tissues were used as
in vitromodel to determine the possible uptake of TiO

2
NPs

into gill, intestine, muscle, and brain. Total Ti accumulation
in each tissue was determined by inductively coupled plasma
mass spectrometry (ICP-MS). In addition, MDA was deter-
mined as a cause of systemic oxidative stress.

2. Materials and Methods

2.1. Test Organism and Experimental Condition. A group of
healthy goldfish (Carassius auratus) was purchased from a
local pet shop. The initial body weight and length of the fish
were measured as 4.53 ± 0.06 g and 5.5 ± 0.7 cm, respectively.
All fish weremaintained in 30 L glass aquarium supplied via a
flow-through system with dechlorinated tap water, enriched
with oxygen at a temperature of 23 ± 2∘C and pH of 6.8. Fish
were fed daily with commercially available fish feed flakes
(TetraFin Goldfish flakes, Germany) at the amount of 0.5% of
mean body weight of the fish. The goldfish were anesthetized
using 3-aminobenzoic acid ethylester (MS-222; Aqua Life,
Syndel Laboratories Ltd., Vancouver, BC, Canada) at a lethal
dose for dissection (excess of 200mg/L), and a lower dosewas
used for all handling procedures (150mg/L).

2.2. Reagents and Chemicals. TiO
2
NPs (TiO

2
10–30 nmNPs,

99.5% pure) were purchased, as uncoated nanomaterials,
from Skyspring Nanomaterials Inc., in Houston, TX, USA.
TEM image of NPs was spherical with an average particle size
(D
50
) of 10–30 nm and approximate surface area of 50m2/g.

The morphology of the NPs was rutile with pale yellow color,
which is the most widely found polymorph of TiO

2
in nature

and in high pressure metamorphic rocks. The TiO
2
NPs

were stored at room temperature in the laboratory until the
implementation of the experimental studies.

Deionized water produced by Barnstead E-pure system
with the resistivity of 18.0MΩ cm was used to prepare the
exposure medium and experimental solutions. Trace metal
grade nitric acid (HNO

3
, Fisher Scientific) and hydrofluoric

acid (HF, 99.99%, Sigma Aldrich) used for dissolution of

the goldfish were collected after the exposure to determine
the total uptake levels. Stock titanium standard solution
(1000 𝜇gmL−1) was purchased from SCP Science (Cham-
plain, NY). Calibration standards for ICP-MS analysis were
prepared within a range from 0 to 500𝜇g L−1 from the stock
Ti solution in 5% HNO

3
. Carbon coated Cu TEM grids (300

mesh) were purchased from Electron Microscopy Sciences
(EMS), Hatfield, PA.

2.3. Characterization of NPs. For preparation of exposure
medium, TiO

2
NPs were weighed in polypropylene tubes

and dispersed in deionized water. To achieve maximum
dispersion, the suspension was homogenized using vortex
(Daigger Vortex-Genie 2, Model G560) equipped with a
titanium probe. Each suspension was exposed to mixture for
about 2 minutes and then immediately transferred into the
exposure glass tanks. The characterizations of the TiO

2
NP

suspension were performed using TEM and DLS techniques.
Size measurements in dried suspension were made by TEM,
while DLS provided the size distribution for the hydrated
forms of the NPs. In addition, Zeta potential measurements
were conducted using the DLS instruments to elucidate the
surface charges of the suspensions in the exposure medium.

For TEM measurements, a drop (ca. 8 𝜇L) of solution
was allowed to dry on a carbon-coated copper grid overnight
(CF300Cu). The TEM grids were purchased from Electron
Microscopy Sciences (EMS). Images were recorded by using
JEOL-1011 TEM instrumentwith 0.2 nm lattice resolution and
magnification power up to 106 under the accelerating voltage
of 40 to 100 kV. Captured images were analyzed using ImageJ
software. For DLS measurement, the protocol followed the
standards of the Nanotechnology Characterization Labora-
tory [21]. A stock solution (10mg/100mL) was prepared
with deionized water and diluted to a final concentration of
10 𝜇g/mL. Samples were then analyzed with Malvern Zeta-
sizer Model Nano ZS according to manufacturer’s protocols.
Samples were read in disposable plastic Malvern Cells.

2.4. Experiment Design. NP exposure was conducted to
assess acute toxicity and associated behavioral changes on
goldfish by exposing the fish to two different doses, 10 and
100mg/L, of the TiO

2
NPs, using 5 days static tests according

to OECD 203 testing guidelines [22]. A control group was
also set up without the test compound. Studies were carried
out in an aquarium (30 L inner volume). The volume for
10 L level was marked and filled with freshwater followed by
addition of the NP suspensions prepared as described above.
Sight aeration was provided by a line extending to the bottom
of the aquarium. Details of the experimental conditions are
summarized in Table 1. Each scheme (control or treatments)
was conducted in duplicatewith 5 healthy goldfish. Individual
length and weight of the fish were measured at the beginning
and end of the experiment. The data obtained enabled
calculation of the live weight and lengthwise increases and
survival rates upon completion of the experiment.

2.5. Instrumental Analysis. At the end of the exposure, fish
tissues were sampled for instrumental analysis, about 150mg
of wet tissue was weighed and digested in Teflon vessels
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Table 1: Expanded design summary of goldfish (Carassius auratus).

Parameter Control Group A Group B
Volume of water in
aquarium (L) 10 10 10

TiO2 NPs concentrations
(mg/L) 0 10 100

Duration of exposure
(day) 5 5 5

Water temperature (∘C) 23 ± 2 23 ± 2 23 ± 2

Oxygen (ppm) 6 ± 1 6 ± 1 6 ± 1

pH value of water
(Start–End) 6.30–6.05 6.03–6.15 6.63–6.45

Number of fish within
the aquarium 5 5 5

Number of replications 2 2 2

in 2mL concentrated HNO
3
and 0.5mL HF for 2 hours

using a digestion block (DigiPrep MS, SCP Science) at
160∘C according to protocols described elsewhere [23]. At
the end, the contents were visually inspected for complete
dissolution of TiO

2
NPs (e.g., clear solution without any

turbidity) and were diluted to 10mL with deionized water.
The sample solutions were analyzed by inductively cou-
pled plasma mass spectrometry (ICP-MS) using a Varian
820MS ICP-MS instrument (Varian, Australia). ICP-MS is
a powerful multielement technique for analysis of fish and
other aquatic organisms for toxic metals even at subparts per
billion levels because of its high sensitivity [24]. Titanium
content of the solutions was measured to determine the
accumulation pattern of the NPs across the dose of exposure.
Total Ti concentration detected was then translated into
corresponding TiO

2
NP concentration.

2.6. Oxidative Stress Parameter Analysis. The experiment was
designed to allow sublethal physiological effects over the
exposure period. The five days exposure time was chosen
to enable some physiological or biochemical responses to
the test organism. Five fish per treatment were collected
from each tank at the end of the experiment for biochemical
analysis. The extent of lipid peroxidation in the tissues was
determined by measuring the quantity of malondialdehyde
(MDA) [25]. Quantification of MDA was done following
the methods described by Maness et al. [26], Esterbauer,
and Cheeseman [27]. The method is based on the formation
of pink MDA-thiobarbituric acid (TBA) adduct which has
maximum absorption in acidic solution at 532 nm. Briefly,
the liver and muscle tissues were removed separately, imme-
diately frozen in liquid nitrogen, and stored at −20∘C until
needed. The frozen tissues were rinsed in 9-fold chilled
100mmol/L, pH 7.8 sodium phosphate buffer solution, and
homogenized by a hand-driven glass homogenizer. Approx-
imately 150mg muscle tissue and 10 𝜇L BHT reagent were
immediately transferred into 500mL cold water in tube and
then the sample was homogenized using sonicator (Sonic
Dismembrator Model 100, Fisher Scientific). The samples
were sonicated on ice by ultrasounds for 2min at 80% power.

All samples and standards were incubated at 90∘C for one
hour, then centrifuged at 12000 rpm for 15minutes to separate
the suspending tissue. The absorbance of the supernatant
(reaction mixture) was measured at 532 nm with HP 8452A
model diode array spectrophotometer. The concentration of
the MDA formed was calculated based on a standard curve
for the MDA (Sigma Chemical Co.) complex with TBA. The
extent of lipid peroxidation was expressed in nanomoles (or
micromoles) of MDA.

2.7. Statistical Analysis. All experiments were repeated twice
independently, and datawere recorded as themeanwith stan-
dard deviation (SD). One-way analysis of variance (ANOVA)
with Tukey’s multiple comparisons was used to detect signif-
icant differences among groups. Student’s 𝑡-test was used for
paired comparisons of two groups. In all data analyses, a 𝑃
value <0.05 was considered statistically significant.

3. Results and Discussion

3.1. Characterization of NPs by TEM. TiO
2
NPs are highly

hydrophobic; therefore they aggregate substantially in aque-
ous solutions [28–30].The stability and aggregation behaviors
of NPs within aquatic media are determined by both the
physicochemical properties of the liquid and the charge on
the surface of the NPs. The degree of aggregation of NPs
has been shown in some cases to affect toxicity in vitro, and
aggregation of the NPs when suspended in water is a known
issue for TiO

2
NPs [28, 31]. In this study, the water visi-

bility decreased substantially with increasing concentration
of TiO

2
NPs, and at 100 g/L level, the solution was cloudy.

Similar aggregation phenomenon has been reported in many
NP studies including TiO

2
where aggregates of NPs can

sink out of the solution very quickly [32]. The TEM images
collected from the dried suspensions of stock solution and
exposure medium are illustrated in Figure 1. The TiO

2
NPs

aggregated significantly in water yielding large aggregates
ranging from around 100 to as high as 1.0 𝜇m in size.
Although aeration assisted in maintaining the homogeneity
of the suspensions, aggregation could not be avoided at any
concentration of TiO

2
NPs.

3.2. SizeDistribution and Surface ChargeMeasurement of NPs.
Metal oxide particles tend to aggregate to various extents in
water. The size distribution of the NPs is of interest in this
study, since TiO

2
NPs are highly hydrophobic; the particles

size distribution in water was measured to determine the
effect of the stability. The mean size distribution of TiO

2

NP in water was calculated as 432 ± 32 nm for 10 𝜇g/mL
NP suspension. Zeta potentials for the TiO

2
NPs in aqueous

suspensions were obtained using the Henry Equation. A
viscosity of 0.8872 cP, a dielectric constant of 78.5, and Henry
function of 1.330 were used for the calculations. The mean
zeta potential was calculated as −31.6±4.5mV at a pH of 7.23
in 10 𝜇g/mL aqueous suspensions of NP.

3.3. Accumulation in Organs of Goldfish. Uptake of nanoma-
terials by fish and other aquatic species has also been reported
previously [13, 33]. This study determined the accumulation
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(a) (b)
Figure 1: TEM images for TiO

2
NPs from stock solution (a) and the exposure medium (b).
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Figure 2: Titanium (Ti) levels in gill, intestine, and muscle of the
goldfish at the end of the exposure experiments (GroupA andGroup
B exposed to 10 and 100mg/L TiO

2
NPs, resp.).

of the unmodifiedTiO
2
NPs in fish tissues following exposure

via the water column without the use of a solvent vehicle
or prior modification of the NP surface. The chemical fate
of the metal oxide NPs in the aquatic environment was
determined through a comprehensive evaluation of uptake
in fish with full characterization of the NPs in low and high
exposure conditions. The gill, intestine, muscle, and brain of
the goldfish were used as in vitro model to determine the
possible uptake of TiO

2
NPs into tissues. For 10mg/L and for

100mg/L TiO
2
exposure mediums, uptakes of TiO

2
NPs in

intestine were measured as 42.71 and 110.68 ppb and in gills
as 4.10 and 9.86 ppb, respectively. ICP-MS analysis showed
very small amount of Ti accumulation in the muscle and no
accumulation in brain tissues of the goldfish (Figure 2). A
study byMoger et al. [34], however, used coherent anti-Stokes
Raman Scattering (CARS) to examine the gills of rainbow
trout exposed to 5000𝜇g L−1 TiO

2
NPs and confirmed the

presence of small numbers of particle aggregates within the
gill tissue.

3.4. Oxidative Stress. Lipid peroxidation generates a group
of products among which are reactive electrophiles such

as epoxides and aldehydes [27, 35, 36]. Malondialdehyde
(MDA) is a major product of lipid peroxidation in aqueous
solution. In this study, to elucidate the possible role of
oxidative stress in the effects observed by TiO

2
NPs exposure,

MDA content was assayed in liver and muscle of each
experimental group.The analysis forMDAcontent of goldfish
liver showed lipid peroxidation in the controls and exposure
groups. The mean MDA levels in the liver of the fish were
4.1 ± 0.5, 7.6 ± 1.1, and 11.3 ± 0.9 nmol/gr for control, and
low and high dose exposure groups, respectively. No MDA
level was measured in the muscles of the control and the
exposure groups. Xiong et al. [29] also studied TiO

2
NPs but

on zebrafish and reported similar results as this study that
oxidative effects were more severe in the livers of zebrafish
exposed to 50mg/L TiO

2
NPs.

Aqueous exposure to low and high dose of TiO
2
NP

suspension did not cause any fish mortality during the
experimental period (96 hr). Our data is in agreement with
the literature, indicating low acute toxicity of TiO

2
NPs

to fish survival. Similarly, Warheit et al. [37] reported that
the Daphnia magna 48 hr EC50 values and rainbow trout
(Oncorhynchus mykiss) 96 hr LC50 values for fine TiO

2

particles and ultrafine TiO
2
particles based on nominal

concentrations were >100mg/L, and the LC
50

for TiO
2
NPs

was also found to be over 500mg L−1 in fathead minnow
Pimephales promelas [38]. Furthermore, Zhu et al. [30]
showed that exposure to TiO

2
NPs at the concentrations up

to 500mg/L for 96 hr did not affect hatching rate and did not
cause deformity in embryonic zebrafish.

3.5. Effect of NPs on Growth Performance. Out of growth
performance parameters for trial groups of goldfish, the
best weight-wise growth as of the completion of the trial
period was attained in the control group, where NPs were not
exposed.The growth of the fish was inhibited with increasing
exposure dose of TiO

2
NPs.While the controls showed about

8.1% increase in body weight, those exposed to 10mg/L NPs
showed a small increase (1.8%) in body weight, and those
exposed to 100mg/L showed about 19.7% decrease in body
weight at the end of the experiments (Figure 3).

4. Conclusions

A short period of exposure of the waterborne levels of 10 and
100mg/L TiO

2
NPs is not lethal to the goldfish. Abnormal
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Figure 3: Average live weights (g) for the goldfish at the beginning
and at the end of the experiments (Group A and Group B exposed
to 10 and 100mg/L TiO

2
NPs, resp.).

physiological and behavioral changes of the goldfish occurred
under the higher concentrations during the experimental
period. Since TiO

2
NPs could cause oxidative stress and the

decreases in the growth rate on fish, the release of TiO
2

NPs into the aqueous environment may pose potential risks
to aquatic organisms. This needs to be considered against
the context of a general lack of knowledge of the fate,
behavior, and bioavailability of these types of particles in
natural systems and suggests a need for longer-term and
more environmentally realistic NP exposure regimes to fully
determine the transport capabilities of NPs in the aquatic
environment. Although data on the behavior and effects of
NPs in the environmental food chain would be of primary
importance for understanding their overall potential hazard
for ecosystems [39], very few studies in fish have examined
the uptake and partitioning of TiO

2
NPs, probably due to

the difficulties involved in measuring low levels of TiO
2
and

limitations in analytical equipment.
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Chitosan/collagen composite nanofibrous scaffold has been greatly concerned in recent years for its favorable physicochemical
properties which mimic the native extracellular matrix (ECM) both morphologically and chemically. In a previous study, we had
successfully fabricated nanofibrous chitosan/collagen composite by electrospinning. In the present study, we further investigate the
biocompatibility of such chitosan/collagen composite nanofiber to be used as scaffolds in vascular tissue engineering. The porcine
iliac artery endothelial cells (PIECs) were employed for morphogenesis, attachment, proliferation, and phenotypic studies. Four
characteristic EC markers, including two types of cell adhesion molecules, one proliferation molecule (PCNA), and one function
molecule (p53), were studied by semiquantitative RT-PCR. Results showed that the chitosan/collagen composite nanofibrous
scaffold could enhance the attachment, spreading, and proliferation of PIECs and preserve the EC phenotype. Our work provides
profound proofs for the applicable potency of scaffolds made from chitosan/collagen composite nanofiber to be used in vascular
tissue engineering.

1. Introduction

Vascular disease is the main cause of death in Western soci-
eties [1]. Coronary artery and peripheral vascular diseases are
the leading causes of mortality, necessitating surgical inter-
ventions including small-diameter bypass graftingwith autol-
ogous veins or arteries [2, 3]. However, adequate autologous
vessels for bypass conduits are lacking in many patients.
Compliancemismatch between veins and arteries contributes
to myointimal hyperplasia, particularly at anastomotic sites,
whilst thrombosis is a common problem. Thus, the need
for compatible tissue-engineered small-diameter (<6mm
diameter) vascular grafts is great. Tissue-engineered vascular
grafts require a compliant polymer scaffold towhich endothe-
lial cells (ECs) can adhere, form an antithrombogenic luminal
surface [4], exhibit vasoactive properties, and improve
patency [5, 6], and within which smoothmuscle cells (SMCs)
can migrate, deposit function vascular ECM, and become

contractile. Compliance mismatch between vessel and graft
scaffold must be minimized to limit intimal hyperplasia.

A recurring problem with artificial materials used for
small-diameter bypass grafts is that they often fail to support
strong ECs attachment and monolayer formation and are
thus highly thrombogenic [4]. To address ECs attachment
and function, scaffold materials have been coated with
cell-adhesive proteins such as fibronectin, vitronectin, and
laminin. However, such modifications can also provide good
substrates for platelet adhesion, thrombus formation [7].

Chitosan (CS) is a naturally derived polysaccharide. It has
gained much attention as a biomaterial in diverse tissue-
engineering applications due to its low cost, large-scale avail-
ability, antimicrobial activity, biodegradability and biocom-
patibility [8]. Chitosan scaffolds with various geometries,
pore sizes, and pore orientations can be obtained using con-
trolled-rate freezing and lyophilization [9]. Chitosan films are
brittle with a strain at break of 40–50% in the wet state [10].
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Furthermore, chitosan degradation depends on the degree
of deacetylation, local pH, and homogeneity of the source.
Although the deacetylation and the homogeneity of source
can be controlled during polymer processing to regulate
biomechanical properties, the range is marginal.

For improving the mechanical and biological properties
of chitosan over a broad range, blending with other polymers
is widely investigated, since the native ECM is the complex
of polysaccharide and polyprotein with nanofibrous porous
structure. Collagen (Col) as the polyprotein has been widely
used for tissue-engineering scaffolding, owing to having a
wealth of merits such as biological origin, nonimmunogenic-
ity, excellent biocompatibility, and biodegradability [11, 12].
Chitosan is a polysaccharide, which can form a polyelec-
trolyte complex with collagen. Thus, it is possible to stabilize
collagenwith chitosan, since chitosan can function as a bridge
owing to the large number of aminogroups in its molecular
chain. Chitosan collagen composite scaffolds have favorable
physicochemical properties needed for many biomedical
applications. In the current investigation collagen and chi-
tosan are used to develop scaffolds in the form of interpen-
etrating polymeric network using glutaraldehyde as a cross-
linking agent. It has also been reported that the hybrids
of chitosan collagen manufactured by crosslinking, wet/dry
spinning, and freeze-drying have biological and mechanical
benefits to be used as the tissue-engineering scaffold [13, 14].

Recently, many researchers are trying to employ the elec-
trospinning technique to fabricate microporous biodegrad-
able or biocompatible polymer scaffolds which are generally
composed of nanosized fibers [15]. Also, there are plenty
of papers on the electrospinning of biocompatible polymer
blends.The electrospinning of chitosan/collagen complex has
been achieved to mimic the native ECM as we previously
described [16].

In studying cell behavior on biomaterials, it is possible
to recognize distinct chronological steps, which can be
investigated individually in suitable in vitro evaluation [17].
A key parameter is cell adhesion, a process which involves
molecular recognition of the proteins adsorbed on the bioma-
terial surface by specific receptors in the plasma membrane
(cell adhesionmolecules). If cell colonization of a biomaterial
is a central aim, cell proliferation ranks among the key param-
eters which can be assayed. Nevertheless, a well-colonized
biomaterial matrix is no guarantee of success, as it must be
demonstrated that these cells have the desired synthetic func-
tions (i.e., physiological phenotype). Thus, evaluation of cell
function is therefore a vital part of relevant testing scheme.

The aim of this study was to evaluate the biocompati-
bility of electrospun chitosan/collagen complex as scaffold
in vascular tissue engineering to support cell adhesion, pro-
liferation, and phenotypic expression of endothelial cell
markers by PIECs in vitro.

2. Materials and Methods

2.1. Materials. Chitosan (𝑀𝜂 ≈ 106, minimum deacetylation
degree of 85%) was obtained from Jinan Haidebei Marine
Bioengineering Co., Ltd (China). Collagen I (mol. wt,
0.8∼1 × 105Da) was purchased from Sichuan Mingrang

Bio-Tech Co., Ltd (China). Two kinds of electrospinning
solvents, 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) and trifluo-
roacetic acid (TFA), were purchased from Fluorochem Ltd.
(United Kingdom) and Sinopharm Chemical Reagent Co.,
Ltd. 0.25% trypsin-EDTA and Dulbecco’s modification of
Eagle’s medium (DMEM) culture medium were purchased
from Genom BioMed Technology lnc. Fetal bovine serum
(FBS), penicillin/streptomycin, and TRIZOL were obtained
from Invitrogen Corporation. Glutaraldehyde, ethyl alcohol
absolute, dimethyl sulfoxide, and chloroform were also pur-
chased from Sinopharm Chemical Reagent Co., Ltd.

2.2. Scaffold Electrospinning and Stabilizing. Chitosan/col-
lagen composite scaffolds were prepared using different ratios
of chitosan and collagen as we have previously described
[16]. Briefly, collagen was dissolved in HFP and chitosan
in HFP/TFA mixture (v/v, 80/20) at a concentration of 8%
and 10% (w/v), respectively.The electrospinning experiments
were performed at room temperature. The polymer solution
was placed into a 1mL syringe with a needle having an inner
diameter of 0.4mm. A clamp connected with high voltage
power supplier, which can supply positive voltage from 0
to 80 kV, was attached to the needle. A piece of aluminum
foil was placed below the needle at the distance of 12 cm as
grounded collector.The polymer jets were generated from the
needle by high voltage field to the grounded collector and
formed the nanofiber mesh on coverslip for morphological
and in vitro cellular analysis.The applied voltage and flow rate
of the solution were fixed at 20 kV and 0.8mL/h, respectively.

The electrospun scaffolds were divided into five groups:
group 1, the pure chitosan scaffold group (CS); group 2,
the composite chitosan/collagen (w/w, 80/20) scaffold group
(CS8Col2); group 3, the composite chitosan/collagen (w/w,
50/50) scaffold group (CS5Col5); group 4, the composite
chitosan/collagen (w/w, 20/80) scaffold group (CS2Col8);
group 5, the pure collagen scaffold group (Col).

To maintain nanofiber morphology in wet stage, the
electrospun scaffolds were stabilized by glutaraldehyde vapor
from a 25% glutaraldehyde aqueous solution in vacuum
pump for 12 h at room temperature.

2.3. Cell Culture and Seeding. PIECs were purchased from
the Chinese Academy of Sciences Cell Bank of Type Culture
Collection (Shanghai, China) and cultured inDMEM supple-
mented with 10% FBS, 100U/mL penicillin, and 100𝜇g/mL
streptomycin. Cells were maintained in a humidified incuba-
tor at 37∘C, 5% CO

2
atmosphere.

Cell seedings were performed in 24-well tissue culture
plates (Corning Incorporated, USA), and electrospun chi-
tosan/collagen scaffolds were placed in the center of the wells.
Scaffolds were neutralized in 75% ethanol and washed with
PBS three times. To achieve uniform distribution of cells, the
sterilized scaffolds described previously were incubated with
0.1mL growth medium in an incubator at 37∘C overnight.
200𝜇L cell suspension of desired seeding number was evenly
introduced into each well, and the cell-seeded scaffolds were
cultured under a 5% CO

2
atmosphere at 37∘C allowing

attachment of cells to scaffolds.Then, themediumwas added,
200𝜇L per well for further culture. The medium had to be
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sucked off before each cell assay. In addition, medium was
changed daily.

2.4. Morphological Analysis. The morphologies of the stabi-
lized electrospun chitosan/collagen scaffolds were monitored
using scanning electronmicroscope (SEM) at an accelerating
voltage of 10–15 kV.

For cell morphologies, ECs were seeded at a density of
1 × 104/mL and cultured under a 5% CO

2
atmosphere at 37∘C

for 3 days.Then, ECs were fixed with 2.5% glutaraldehyde for
10min, immersed in PBS for 10min, washed three times, and
dehydrated in successive ethanol baths (50%, 70%, 80%, 90%,
and 100% in sequence for 10min per step), followed by vac-
uum freeze-drying. Scaffolds were sputter-coated with gold
at 40mA prior to observing under scanning electron micro-
scope.

2.5. Cell Adhesion Studies. The cellular activity of PIECs
adhered and grown on the cultured scaffolds was estimated
by a modified MTT assay [18]. In brief, ECs were seeded at
a density of 1 × 105/mL, and unattached cells were warily
removed by washingwith PBS at different time points. In suc-
cession, 400𝜇L serum-freemedium and 40 𝜇LMTT solution
(5mg/mL in PBS) were added to each sample, followed by
incubation at 37∘C for 4 h for MTT formazan formation.The
supernatant was carefully discarded, and 400 𝜇L DMSO was
added to the sample to dissolve the formazan crystals. The
formazan dissolution was transferred to a 96-well plate after
solubilization, and the absorbance at 490 nm was read on a
microplate reader (Thermo, USA) versus untreated coverslip
control. The value obtained is proportional to the number of
adhered cells in each well.

2.6. Cell Proliferation Studies. Cell proliferation was quanti-
fied by MTT assay following the above-mentioned protocol.
Briefly, PIECs were seeded following the procedure described
for cell culture and seeding. A point distinguished from the
attachment assay was the less cell seeding density. ECs at a
density of 1 × 104/mL were seeded on the scaffolds in 24-well
tissue culture plates and cultured for 1, 3, 5, and 7 days. Cells
were incubated for 4 h with MTT reagent for formazan for-
mation. The formazan dissolution was transferred to a 96-
well plate andmeasured at 490 nm versus untreated coverslip
control. The values obtained reflect the proliferated cell
population in each well.

2.7. Semiquantitative RT-PCR Analysis. PIECs were seeded
on scaffolds at the density of 1 × 105/mL in 24-well cell culture
plates and incubated for 24 h at 37∘C, 5% CO

2
atmosphere.

Expression of a series of endothelial cell marker genes
selected was examined by RT-PCR. The total RNA was
prepared by isolation reagent TRIzol according to the man-
ufacturer’s instructions. One microgram of total RNA was
used as template for the synthesis of cDNAwith oligo-dT and
AMV reverse transcriptase. Beta-2-microglobuline (B2M)
primers were used in order to standardize transcription. The
PCRproducts were electrophoresed on a 2% (w/v) agarose gel
visualized by attaining with ethidium bromide, and analyzed
densitometrically using Quantity One software. The relative

levels of mRNA expression were quantified by comparison to
the internal control (B2M). Each sample was run in triplicate.

The following primers for RT-PCR were designed using
Primer3web (http://primer3.wi.mit.edu/):

ICAM-1 (forward, 5-CGGGAGATTACAGGCACC-
TACCA-3; reverse, 5-ACCCTGAATGAGATT-
AGACTGAGAAGCA-3);
VCAM-1 (forward, 5-TGCCTATGCCCTTGCGGT-
G-3; reverse, 5-CCCAGTTCTTTCTTGGTTTAT-
CATTTGC-3);
PCNA (forward, 5-GACATCATTACGCTAAGG-
GCAGAAGA-3; reverse, 5-TCTCTATGGTAA-
CTGCTTCCTCCTCT-3);
p53 (forward, 5-ACCGATGTTCAAGAGAGA-
AGGACC-3; reverse, 5-GGGCTTCCGACCCAG-
TGTATG-3);
B2M (forward, 5-CCATCCGCCCCAGATTGAAA-
3; reverse, 5-TCTCTGTGATGCCGGTTAGTG-
GTC-3).

2.8. Statistical Analysis. Thedata are shown asmean ± S.E.M.
Differences between experimental results were evaluated
according to a one-way analysis of variance (ANOVA), with
𝑃 < 0.05 considered statistically significant. All experiments
were performed in triplicate.

3. Results

3.1. Stabilizing Chitosan/Collagen Scaffolds. Uncrossed-
linked scaffolds were analyzed for their dimensional and
structural stability in wet stage. After a few minutes, the
structure collapsed. In initial experiments, the scaffolds were
stabilized by cross-linkingwithN-(3-dimethylaminopropyl)-
N-ethylcarbodiimide hydrochloride (EDC) and N-hydro-
xysuccinimide (NHS); physical ultraviolet irradiation has
been used. Results exhibited that the scaffolds could not keep
their dimensional and structural stability in wet stage. While
glutaraldehyde (GA) has been wildly used as cross-linking
agent [19], the electrospun scaffolds were stabilized by
cross-linking with GA vapor for 12 h at room temperature.
For the purpose of purifying the residual GA to maximum
extent, a further washing step was performed with PBS. The
total incubation time was 2 h, during which PBS was changed
every 30min. Scanning electron microscope (SEM) analysis
showed the morphology of the cross-linked chitosan/col-
lagen scaffolds (Figure 1). The stabilized scaffolds could keep
their dimensional and structural stability in wet stage. Hence,
scaffolds were stabilized by cross-linking with glutaraldehyde
in all subsequent experiments.

3.2. Morphology of PIECs on Nanofibrous Scaffolds. Cell mor-
phology, phenotype and the interaction between the PIECs
and the chitosan/collagen nanofibrous scaffolds were studied
by SEM.

It can be seen that cells extended along the nanofibers
with a spindle-shaped appearance. Cells grew to various
depths in the fiber meshes. Figure 2 shows the cell-cell and
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(a) (b) (c)

(d) (e)

Figure 1: SEM micrographs of the stabilized electrospun fibers of chitosan/collagen nanofibrous scaffolds prepared using different ratios of
chitosan and collagen. (a) CS, (b) CS8Col2, (c) CS5Col5, (d) CS2Col8, and (e) Col. Original magnification is ×5,000, and the scale bar = 5 𝜇m.

(a) (b) (c)

(d) (e)

Figure 2: Cell morphology, phenotype, and the interaction between the PIECs and the chitosan/collagen nanofibrous scaffolds prepared
using different ratios of chitosan and collagen. (a) CS, (b) CS8Col2, (c) CS5Col5, (d) CS2Col8, and (e) Col. Original magnification is ×1,000,
and the scale bar = 20 𝜇m.
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Figure 3: Adhesion profile of PIECs to untreated coverslip control
and electrospun chitosan/collagen nanofibrous scaffolds prepared
using different ratios of chitosan and collagen. Data were expressed
as absorbance values at 490 nm ± S.E.M. of three independent
experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01 versus untreated coverslip
control.

cell-matrix interactions. It can be seen typically that the
elongated cell body pulls and seizes the nanofibers (Figures
2(b), 2(c), and 2(e)), and a “bridge” is formed between the
cell body (Figure 2(d)). In addition, cells on pure chitosan
scaffold (Figure 2(a)) showed a bit circular morphology,
similar to other reports [20].

3.3. Cell Adhesion Studies. The first hours of contact between
cells and materials are critical, since it is well known that
for anchorage dependent cells, adhesion to a substrate has
to occur within few hours; otherwise, the cells will lose their
viability [21]. In addition to anchoring cells, adhesive inter-
actions activate various intracellular signaling pathways that
direct cell viability, proliferation, and differentiation [22, 23].
Thus, to establish the ability of a biomaterial to serve as a sub-
strate for cell culture, the adhesion efficiency of cells needs
to be evaluated prior to the establishment of the long-term
culture system.

In this work, we evaluated the adhesion of ECs to elec-
trospun chitosan/collagen scaffolds, and Figure 3 presents the
results compared to cell adhesion to coverslip control without
surface treatment. ECs are attached to all the substrates over
the 4 h period. By 1 h, the pure chitosan and chitosan/collagen
(w/w; 50/50, 20/80) supported the approximate cell adhesion,
and the pure collagen and untreated coverslip control sup-
ported the least. By 2 h, the number of ECs adhered to chi-
tosan/collagen scaffold (w/w; 80/20) caught upwith the num-
ber of adherent cells on the ratio of 50 to 50 scaffold and the
pure chitosan.The scaffold (w/w; 20/80) had the most adher-
ent cells, and difference was found between untreated cover-
slip control and the substrates except pure collagen. By the
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Figure 4: PIECs proliferation on untreated coverslip control and
electrospun chitosan/collagen nanofibrous scaffolds prepared using
different ratios of chitosan and collagen. Data were expressed
as absorbance value at 490 nm ± S.E.M. of three independent
experiments. ∗𝑃 < 0.05 versus untreated coverslip control.

time of 4 h after seeding, the number of cells that attached to
the substrate decreased slightly. When multiple comparisons
were made among the substrates, a significant difference was
detected between chitosan/collagen (w/w; 20/80) and pure
collagen, chitosan/collagen (w/w; 80/20), and coverslip con-
trol, respectively. However, there was no significant difference
when comparing chitosan/collagen (w/w; 20/80) with two
other scaffolds.

The difference in adherence values probably reflects the
variation in material properties, in terms of chemistry, sur-
face charges, reactive groups, and roughness.

3.4. Cell Proliferation Studies. PIECs proliferation on the six
substrates described above was studied at days 1, 3, 5, and 7
with the results shown in Figure 4. The increasing number
of cells on the six substrates during the culture period demon-
strated that proliferation occurred on all the substrates.When
comparing chitosan/collagen (w/w; 50/50, 20/80) with other
four substrates on day 7, significantly more cells were found
on the chitosan/collagen (w/w; 20/80) than the other four
(𝑃 < 0.05). There was no statistically significant difference
in the cell numbers proliferated during this period between
pure chitosan, chitosan/collagen (w/w; 80/20), pure collagen,
and untreated coverslip control.

3.5. Molecular Analysis of Endothelial Cell Gene Expression.
The regulation of endothelial cell gene expression on the
molecular level was examined for cells growing on electro-
spun chitosan/collagen scaffolds for 24 h by semiquantitative
RT-PCR.The role of selected genes was classified as adhesion
molecules (ICAM-1 and VCAM-1), proliferation molecule
(PCNA), and function molecules p53.
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Figure 5: Semiquantitative mRNA expression of PIECs growing on untreated coverslip control and electrospun chitosan/collagen
nanofibrous scaffolds prepared using different ratios of chitosan and collagen. (a) A typical agarose gel showing the products of 873 bp
ICAM-1, 424 bp VCAM-1, 339 bp PCNA, 430 bp p53, and 222 bp B2M (internal control) bands. (b) The mRNA levels were quantitated
semiquantitatively by Quantity One software according to three independent experiments, and B2MmRNA was used as an internal control.
The densitometric values of ICAM-1, VCAM-1, PCNA, and p53 were normalized with that of B2M, respectively, and the relative amount was
presented as mean ± S.E.M. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01 versus untreated coverslip control.

As can be seen in Figure 5, cells growing on electrospun
chitosan/collagen scaffolds exhibited gene expression for
adhesionmolecules, both ICAM-1 and VCAM-1. In addition,
chitosan/collagen (w/w; 50/50, 20/80) upregulated ICAM-1,
and collagen downregulated VCAM-1 compared with cover-
slip control, respectively. Although PCNAwas also expressed

on all the substrates, no statistically significant differences
were found when compared with coverslip control. The p53
tumor suppressor gene, known for encoding a nuclear phos-
phoprotein with cancer-inhibiting properties, was induced
on scaffolds as well as on coverslip control. Furthermore,
the overall tendency of the p53 mRNA expression on all
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the substrates except chitosan was significantly upregulated
compared with control.

4. Discussion

After implantation of a biomaterial, a neovascularization pro-
cess begins with the formation and outgrowth of microvas-
culature from the host tissue. For this reason, the ability of a
tissue-engineering scaffold to elicit an appropriate response
from the host ECs is crucial for a successful vascularization
of the implant. We have formerly described the electrospun
chitosan/collagen scaffold as a biomaterial to mimic the
native ECM and to develop functional biomaterials. Previous
work has shown that this is an excellent scaffolding material.
A successful implant not only requires the adhesion, growth
and proliferation of the cells for a functioning tissue or organ
replacement, but also needs an intact vasculature to supply
these cells with oxygen and nutrients and also to remove
metabolites. Therefore, in this study, the adhesion, morphol-
ogy, proliferation, and endothelial marker gene expression
of ECs on the electrospun chitosan/collagen scaffolds were
examined. Endothelial cells are employed for testing cyto-
compatibility in vitro. Endothelial cell cultures can be derived
from animals (usually mouse, pig, or calf aorta) [24], and
established endothelial cell lines are also available [25]. A
lot of interest has arisen in pig endothelial cells as a model
of atherosclerosis, allograft rejection and accommodation,
xenotransplantation, and viral hemorrhagic diseases [26],
and pig endothelial cells have been validated to assess EC
interaction with the biomaterial on many biomaterials [27].

In our experiments, morphological evaluation of PIECs
on the electrospun chitosan/collagen scaffolds proved to be
similar to the physiological evaluation, with spindle-shaped
appearance. The scaffolds were biocompatible in vitro, since
ECs adhered well to the nanofibrous surface, proliferated
through the pores into nanofiber mesh, and interacted with
the surrounding fibers. Cell adhesion and growth after
endothelial seeding is favored by surface characteristics of the
material. Chemical structure, texture, and porosity of the sur-
face are other important factors for cell adhesion. Various
cell-substrate interactions contribute to adhesion and pro-
liferation of PIECs on electrospun chitosan/collagen scaf-
folds. These may include electrostatic attraction to unreacted
aminogroups and integrin binding to collagen.

The study of the biochemical mechanism which governs
cell adhesion is important to predict the material which
permits a better endothelialization.The cell-cell and cell-bio-
material interactions are mediated by adhesion molecules,
which were hypothesized to be directly involved in the adhe-
sion mechanisms between endothelial cells and biomaterials.
Adhesion molecules permit both the adhesion of a cell to
another cell and the adhesion of the cell to the adhesive
proteins of the substratum.

In this study, we examined the modifications induced by
electrospun chitosan/collagen scaffolds on the expression of
both ICAM-1 and VCAM-1. Here, the electrospun chi-
tosan/collagen scaffolds in different weight ratios can act as
stimuli. ICAM-1 is an adhesive protein of immunoglobulin
superfamily, which occurs on the endothelial cell membrane,

and regulates the adhesion process of the leucocytes to these
cells. VCAM-1 belongs to the immunoglobulin superfamily as
well. The expression of this molecule on the endothelial cell
membrane increases significantly after exposure to stimuli
such as endotoxin, IL-1, and TNF. In our experimentalmodel,
the expression of endothelial cell adhesion molecules after
contacting with chitosan/collagen scaffolds was compared
with the behavior of unexposed cultures. The modification
of these adhesion molecules may represent in vitro the
mechanism which permits the outlet of the leucocytes from
the circulation stream after inflammatory stimuli.

Proliferating cell nuclear antigen, commonly known as
PCNA, is a protein that acts as an auxiliary protein of DNA
polymerase delta to play a fundamental role in the initiation
of cell proliferation. Its level correlates directly with rates of
cellular proliferation and DNA synthesis. In this research, all
the cells grown on the chitosan/collagen scaffolds expressed
PCNA, and the expression on chitosan/collagen (w/w; 50/50)
was slightly higher when compared with others.

We also examined the potential of carcinogenic activity
of the electrospun chitosan/collagen scaffolds through the
expression of p53. p53, also known as protein 53, is a trans-
cription factor that regulates the cell cycle and hence func-
tions as a tumor suppressor. It is important in multicellular
organisms as it helps to suppress cancer. The development of
cancer often involves inactivation of this suppressor function
via various mechanisms, such as gene deletions and point
mutations. Moreover, the p53 protein is a multi-functional
transcription factor involved in control cell cycle progression,
DNA integrity, and cell survival in cells exposed to DNA-
damaging agents. Loss of p53 activity predisposes cells to the
acquisition of oncogenic mutations and may favor genetic
instability. In this study, the p53 mRNA expression was
observed; that is, the PIECs grown on the electrospun
chitosan/collagen scaffoldsmaintained the activity to regulate
the cell cycle and hence function as a tumor suppressor.

5. Conclusion

In conclusion, electrospun chitosan/collagen scaffold shows
EC adhesion, proliferation and does not adversely affect
cellular function. The chitosan/collagen (w/w; 50/50, 20/80)
scaffold in particular shows the highest potential as candidate
for vascular tissue engineering.
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The aim of this study was to evaluate ectopic in vivo bone formation with or without rat bone mesenchymal stem cells
(rBMSCs) of an injectableChitosan/Nanohydroxyapatite/Collagen (CS/nHAC) composite.TheCS/nHACcompositeswere injected
subcutaneously into the backs of Wistar rats with freshly loaded rBMSCs at a density of 10 × 106 cells/mL, and the CS/nHAC
composites without cells were used as negative controls. New bone formation, degradation of composites, and degree of calcification
were evaluated by Computed Tomography (CT) and three-dimensional (3D) CT reconstruction. Histological evaluations were
performed to further assess bone structure and extracellular matrix by HE and Masson staining. The inflammatory reactions
related to osteogenesis were also investigated in the present study. In comparison with the CS/nHAC composites, this study
revealed that CS/nHAC/rBMSCs composites showed relatively higher percentage of calcification, better establishment of ECM,
and less degradation rate. Meanwhile, different extents of inflammatory reactions were also observed in the CS/nHAC and
CS/nHAC/rBMSCs explants at 2 and 4 weeks after implantation. Altogether, CS/nHAC/rBMSCs composites are superior to
CS/nHAC composites in ectopic bone formation. In conclusion, the rBMSCs-seeded CS/nHAC composites may be beneficial to
enhancing ectopic bone formation in vivo.

1. Introduction

In the recent years, significant progress has been made
in the treatment of bone defect. With the development of
bone tissue engineering, a variety of biomaterials appear to
meet the challenges of inadequate supply of autograft [1],
which is widely considered as the gold standard [2]. Bone
graft substitutes have the advantages of unlimited availability,
bearing no risk of disease transmission, and low incidence of
complications [3]. As a promising candidate for bone tissue
engineering, injectable biomaterials are popular for allowing

the ability of noninvasive or minimally invasive implantation
[4]. Besides, an ability to fill a desired shape and an easy
incorporation with various therapeutic agents offer injectable
biomaterials great potential in bone defect repair of any shape
[5, 6].

It is universally acknowledged that an ideal biomaterial
should be as close as possible to the natural ECM, which
requires special care to the biocompatibility, biodegrad-
ability, and three-dimensional structure suitable for cell
ingrowth and osteoinduction of the biomaterials [7–9].
Due to these limitations, very few composites turn out to
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meet these requirements. As a natural polymer obtained
from chitin, chitosan has become a key component in
bone tissue engineering in the last two decades [10]. Chi-
tosan/nanohydroxyapatite composites have been shown to
exhibit excellent biodegradability, biocompatibility, osteo-
conductivity, and even osteoinductivity [11, 12]. Renowned
as a major organic matter of bone, collagen was combined
with chitosan/nanohydroxyapatite to obtain a composite
in our preliminary study. The feasibility of developing an
injectable chitosan solution with excellent thermosensitivity
in the presence of nHAC has been demonstrated. CS/nHAC
makes the sol-gel transition when the solution is heated to
37∘C, which makes it form an aqueous solution with low
viscosity to complete the injection, but it forms a gel at body
temperature [13–15]. Our previous studies have shown that an
injectable chitosan/nanohydroxyapatite/collagen composite
exhibits features of natural bone in both main composition
and microstructure, which can be expected as a candidate
for systemic minimally invasive composites with osteogenic
properties [13, 15].

The design of functionally active cells with composites to
promote bone or cartilage formation is a character of bone
tissue engineering [16].Mesenchymal stem cells (MSCs) draw
considerable attention because they can be easily isolated
from a small aspirate of bone marrow and readily generate
single-cell-derived colonies. MSCs have great potential in
bone tissue engineering field. It has already been proved that
MSCs improve the biocompatibility of CS/nHAC composites
and enhance orthotopic bone formation in vivo [17].

In order to reduce the number of variables involved in
bone formation, this time we employed a model of ectopic
bone formation to perform our study. The goal of the
current study was to evaluate the osteogenic ability of an
injectable chitosan/nanohydroxyapatite/collagen composite
with or without rat bone marrow mesenchymal stem cells
(rBMSCs) during 4 weeks of subcutaneous implantation at
the backs of rats.

2. Materials and Methods

2.1. Isolation and Cultivation of Rat Bone Marrow Mesenchy-
mal Stem Cells. rBMSCs were isolated from bone marrow
aspirates (2mL), harvested by a standard procedure pub-
lished previously [18, 19]. To be specific, aspirates were
obtained from the femurs of 8 eight-week-old male Wis-
tar rats (Animal Research Center at Guangdong Province,
China) under sterile conditions. Then, the marrow samples
were flushed out with DMEM containing heparin (100𝜇/mL)
and became a cell pellet after being centrifuged at 1200 rpm
for 5min. Following removal of supernatant, cells were
resuspended in Percoll gradient (1.083 g/mL) and centrifuged
at 1200×g for 20min. After being washed twice with DMEM,
the cells were seeded in low-glucose DMEM supplemented
with FBS at a density of 5 × 106 cells/mL. After 2 days, the
nonadherent cells were removed, while the adherent cells
expanded under standard conditions (5% CO

2
, 37∘C) with

the culture medium changed twice weekly. The third passage
of cells at a confluence of approximately 80%–90% was used

Table 1: Major molecular components and microstructure of
CS/nHAC as compared with natural bone. The molecular compo-
nents, the mineralization of collagen fibrils, and the arrangement of
mineralized collagen fibrils are the first, the second, and the third
hierarchical levels in natural bone, respectively.

CS/nHAC Natural bone

Major molecular
components

HA, collagen,
phosphate, and
carbonates

HA, water, collagen,
and other proteins

Mineralization of
collagen fibrils

Small HA crystals
associated with
collagen fibrils
orienting their 𝑐-axis

Plate-like HA crystals
associated with
collagen fibrils
orienting their 𝑐-axis

Arrangement of
the mineralized
collagen fibrils

Associated as
bundles, aligned
along their long axis

Associated as
bundles, often aligned
along their long axis

in our study. All of the procedures involving animals were
performed in accordance with the Institutional Animal Care
and Use Committee of Southern Medical University.

2.2. Preparation of CS/nHAC and CS/nHAC/rBMSCs. The
CS/nHAC composite was synthesized by a chemical mod-
ification route as described earlier [13, 15, 17, 20]. Refer-
ring to our previous study, the main composition and the
microstructure of CS/nHAC are shown in Table 1. It can
be concluded that CS/nHAC is similar to natural bone in
both molecular structure and microstructure [13]. For the
CS/nHAC group, initially, nHAC powder was obtained by
self-assembly of nanofibrils of mineralized collagen sterilized
by 𝛾-ray irradiation (1.5Mrad). Then, with the ratio of 1 : 1 in
weight, nHAC powder was gently mixed with the chitosan
solution, which was obtained by dissolving 2 g of chitosan
in hydrochloric acid solution (98mL, 0.1M). As for the
resulting solution, droplets of 𝛽-glycerophosphate solution
(30% (w/v)) were added to adjust the pH value to 7.0.

The CS/nHAC/rBMSCs composites were obtained by
seeding rBMSCs into the CS/nHAC solution, prepared by
the same procedure as in CS/nHAC group. Released from
DMEM, the rBMSCs (passage 3) were suspended in low-
glucose DMEM containing 10% FBS. Then, the suspended
cells were added to the CS/nHAC solution at a density
of 10 × 106 cells/mL and were gently mixed to achieve a
uniform suspension; 10 nmol/L of dexamethasone, 50mg/L
of ascorbic acid, and 10mmol/L of 𝛽-glycerophosphate were
added to CS/nHAC/rBMSCs solution in order to promote
cellular differentiation of rBMSCs. All procedures in both
groups were carried out under sterile conditions.

2.3. Subcutaneous Implantation. Eight eight-week-old male
Wistar rats weighing 250–300 g were used. The left side of
the back (1.5 to 2 cm away from the midline) in each rat
was chosen as the implantation area, while the right side
(1.5 to 2 cm away from the midline) was untreated. Four rats
were injected with CS/nHAC/rBMSCs subcutaneously, and
the other four rats with CS/nHAC were considered as nega-
tive controls. No prophylactic medication was administered
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Figure 1: Schematic representation of experimental strategy: preparation of CS/nHAC/rBMSCs is demonstrated as an example.

before and after the implantation. The animals were allowed
to walk about 24 hours after the implantation. After 2 and 4
weeks of implantation, the animals were sacrificed, and the
implants were retrieved.

2.4. Computed Tomography (CT) Scanning and Measurement
of Bone Density. Computed tomography (CT) scanning was
performed to investigate new bone formation in the retrieved
implants by using a Philips CT scanner (Phillips/Brilliance
64, Phillips, The Netherlands). At 2 and 4 weeks after
implantation, the retrieved implants of both groups were
scanned by X-ray source energy with a resolution mode of
10 𝜇m (𝑥/𝑦/𝑧) at parameters of 120 kV, 150mA, and 0.5 s
imaging time. Bone density measurement was performed on
the foundation of determining the region of interest (ROI) in
each slice of samples. ROI was defined by a senior pathologist
using PHILIPS Brilliance Workspace Version 3.5 (Philips
Medical Systems, USA) software. The data were obtained by
taking the average of all of the CT values (HU) in ROI of
three different slices in each sample. To provide an intuitive
impression of the degradation properties and calcification of
the implants, 3D bone formation was acquired by using a
locally written software, which was based on the Feldkamp
algorithm.

2.5. Histological Evaluation. After CT scanning, explants in
both groups were embedded in paraffin for 24 hours and
then sectioned. The 5𝜇m thick sections were then stained
by hematoxylin and eosin (HE) and Masson for evaluation
of bone marrow architecture, lineage-specific cell types,
and extracellular matrix (ECM). To quantify the degree of
inflammation, a skilled pathologist engaged in calculating the
number of inflammatory cells in sections of CS/nHAC and
CS/nHAC/rBMSCs groups, taking the average in each group.
Phagocytes/macrophages, lymphocytes, and multinucleated
giant cells are defined as inflammatory cells. ImagePro Plus
(6.0.0260 version, Media Cybernetics, USA) was used for
calculation.

2.6. Statistical Analysis. The bone density data and the
number of inflammatory cells in the CS/nHAC and
CS/nHAC/rBMSCs groups were analyzed by using 𝑡-test.

IBM SPSS Statistics 19.0 software was used to assess the
statistical differences intragroup and intergroup. Statistical
significance was defined at a 𝑃 value < 0.05.

3. Result and Discussion

Ectopic bone models are extremely useful for in vivo bone
formation study. With unique advantages of eliminating
the effect of bone-stimulating cytokines, bone-forming cells,
endogenous stem cells, and potentially bone-stimulating
mechanotransduction, ectopic bone formation has become
a significant step for determining the osteogenic activities of
various composites, especially for those achieving satisfactory
results in orthotopic sites [21]. Subcutaneous implantation
is one of the most common used models, regarding its
convenience and favorable success rate. Scott et al. have con-
cluded that bone marrow mesenchymal stem cells (BMSCs)
are the most commonly studied cell types in subcutaneous
models [21]. To determine the role of BMSCs in an injectable
composite, we performed the ectopic bone model to evaluate
the variability between the injectable CS/nHAC/rBMSCs and
CS/nHAC composites. For an optimal outcome, we applied
dexamethasone, ascorbic acid, and 𝛽-glycerophosphate to
rBMSCs, which have been reported to promote more exten-
sive bone formation in vivo [22, 23]. A subcutaneous bone
model was established by injecting various composites into
the left side of the back (1.5 to 2 cm away from themidline) in
each rat. Computed tomography and histology were selected
to assess the ectopic bone formation at 2 and 4 weeks after
implantation (Figure 1).

3.1. CT Analysis of Implant Formation. Images of plain CT
scanning provided evidence of calcification on the remaining
composites (Figure 2(a)), which indicated the possibility of
new bone formation. We were able to discover that calcifi-
cation areas of both groups were just within the margin of
remaining composites. It is obvious that the proportion of
calcification area in CS/nHAC/rBMSCs was larger than that
in CS/nHAC at 2 and 4 weeks after implantation, respectively,
which demonstrated a more active osteogenesis site induced
by CS/nHAC/rBMSCs, in comparison with CS/nHAC.
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Figure 2: CT images of implant formation of CS/nHAC and CS/nHAC/rBMSCs at 2 and 4 weeks after implantation. (a) Images of plain CT
scanning reveal calcification (green arrow). (b) Images of three-dimensional CT reconstruction demonstrate the remaining composites.
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Figure 3: CT value (HU
𝑚
) of the implants in CS/nHAC and

CS/nHAC/rBMSCs at 2 and 4 weeks after implantation.The data are
presented as mean ± standard deviation (𝑛 = 8; ∗𝑃 < 0.05).

Three-dimensional CT reconstruction offers a conve-
nience to visualize the implant formation. The images of the
CS/nHAC/rBMSCs and CS/nHAC composites after implan-
tation by 3D reconstruction taken at 2 and 4 weeks were
obtained in this study (Figure 2(b)). It is universally acknowl-
edged that degradation of composites plays an important
role in new bone formation. On one hand, the persistence

of composites within the implantation bed has been shown
to restrict new bone formation. On the other hand, a fast
degradation rate of composites is associated with failure in
osteoconduction. An optimal degradation rate should be
parallel to the speed of new bone formation [24]. In this
study, a difference of degradation rates could be detected
between the CS/nHAC/rBMSCs and CS/nHAC, with the
volume of CS/nHAC remaining less at 2 and 4 weeks after
implantation, as comparedwithCS/nHAC/rBMSCs.Another
important finding was that the outlines of the remaining
composites in both groups were extremely unclear, especially
in CS/nHAC/rBMSCs, suggesting an ingrowth of surround-
ing tissue. Concerning the preferable osteogenic ability of
CS/nHAC/rBMSCs and its relatively slow degradation rate, as
compared with CS/nHAC, further studies on the appropriate
degradation rate could be carried out.

3.2. Computed Tomography Measurement of Bone Density.
As a quantitative bone density measurement, the use of
computed tomography has continued to grow in the field
of bone implantation. Previous studies have shown the
correlation between bone density values (the Hounsfield
unit) and bone qualities [25, 26]. Therefore, the Hounsfield
unit (HU

𝑚
) was chosen for determination of bone density

at 2 and 4 weeks after implantation in this study. The bone
intensity values are shown in Figure 3. By loading rBMSCs
with CS/nHAC, the CT intensity of CS/nHAC/rBMSCs was
significantly higher than that of CS/nHAC at 2 and 4 weeks
after implantation (𝑃 < 0.05). According to the mean HU,
it can be concluded that the increase of CT intensity was
statistically significant (𝑃 < 0.05) in both cases within
the duration of implantation up to 4 weeks (Figure 3).
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Figure 4: Light microscopic images of CS/nHAC induced bone formation at 2 and 4 weeks after implantation (microscopic magnification
100x) reveal weak evidence of bone formation with calcification (black arrow), collagen (green arrow), and inflammatory cells (red arrow):
(a) HE, 2 weeks; (b) HE, 4 weeks; (c) Masson, 2 weeks; and (d) Masson, 4 weeks.

Furthermore, the mean CT intensity of both groups at 2
weeks indicated great possibility of calcification, especially
in CS/nHAC/rBMSCs, corresponding to the de Oliveira R C
G team’s finding of bone intensity in CT values [26]. All of
these results indicated the possibility of early osteogenesis in
CS/nHAC/rBMSCs andCS/nHACgroups. As comparedwith
CS/nHAC, CS/nHAC seeded with 10 × 106 cells/mL rBMSCs
demonstrated greater possibility of bone formation.

3.3. Histological Analysis of Ectopic Bone Formation. In the
current histological examination, percentage of calcification,
inflammatory reactions related to implantation, and estab-
lishing of ECM were revealed by HE and Masson staining.
For the CS/nHAC group, large amounts of inflammatory
cells and fibrous tissue can be easily observed over the
duration of 4 weeks after implantation, while a persistent
low percentage of calcification was demonstrated (Figures
4(a) and 4(b)). Hardly any collagen can be seen by Masson
staining at 2 weeks. A small amount of newly formed collagen
bundles were sparsely and unevenly distributed in implant
area at 4 weeks (Figures 4(c) and 4(d)), providing weak
evidence of bone formation induced by CS/nHAC. In case
of CS/nHAC/rBMSCs, the percentage of calcification signifi-
cantly increased with time (Figures 5(a) and 5(b)), indicating
an active bone formation site. Meanwhile, moderate amounts
of inflammatory cells can be observed at 2 weeks after

Table 2: The number of inflammatory cells observed in CS/nHAC
and CS/nHAC/rBMSCs at 2 and 4 weeks after implantation.

2 weeks (cells/cm2) 4 weeks (cells/cm2)
CS/nHAC 37.6 ± 1.5 28.3 ± 1.5

CS/nHAC/rBMSCs 23.0 ± 1.2 12.0 ± 1.5

implantation, and the cell number decreased sharply by 4
weeks. Numerous newly formed collagen bundles turned out
to form homogeneously in the core of implants over the
duration of 4 weeks (Figures 5(c) and 5(d)). Together, all
of these histological findings demonstrated the possibility of
new bone formation induced by CS/nHAC/rBMSCs, while
few histological findings supported the osteogenic ability of
CS/nHAC.

3.4. The Relationship between Osteogenesis and Inflamma-
tory Reactions. Regarded as “foreign bodies”, biomaterials
are known to act on inflammatory reactions within the
implantation bed. The inflammatory reaction is crucial for
degradation of the biomaterials and vascularization of the
implantation bed, thus contributing to new bone formation
[27–29]. In our study, the relationship between osteogenesis
and inflammatory reactions draws considerable attention.
Inflammatory reactions observed in histological sections
were measured by calculating the number of inflammatory
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Figure 5: Light microscopic images of CS/nHAC/rBMSCs induced bone formation at 2 and 4 weeks after implantation (microscopic
magnification 100x) indicate great potential of bone formation with calcification (black arrow), collagen (green arrow), and inflammatory
cells (red arrow): (a) HE, 2 weeks; (b) HE, 4 weeks; (c) Masson, 2 weeks; and (d) Masson, 4 weeks.

cells (Table 2). A resolution of inflammatory reactions within
4 weeks of implantation in CS/nHAC/rBMSCs was observed.
Moreover, the inflammatory reactions could be cataloged to
a relatively moderate level at the early stage of implanta-
tion, indicating a preferable brief inflammation, while the
CS/nHAC turned out to show no sign of bone formation
with the degree of inflammatory reactions remaining at a
high level up to 4 weeks (Figure 6). As Henson reported,
the adhesion of macrophages and foreign body giant cells as
well as other inflammatory cells has been shown to release
mediators of degradation such as reactive oxygen intermedi-
ates (ROIs, oxygen-free radicals), degradative enzymes, and
acids into this privileged zone between the cell membrane
and composite surface such that immediate buffering or
inhibition of these mediators is delayed or reduced [30, 31].
Therefore, inflammation is closely related to the biodegra-
dation of composites, which determines the capability of
new bone formation. This theory might illustrate the results
of our study. The persistent inflammation fluctuating at a
high level in CS/nHAC groupmediated a fast biodegradation
of composites, which resulted in a failure to support new
bone formation, while the preferable brief inflammation of
CS/nHAC/rBMSCs resulted in an optimal degradation rate
contributing to new bone formation. Our present study only
provided statistics about inflammatory reactions at certain
time points, and more dynamic monitoring and specific

analysis of the inflammatory reactions need to be further
investigated.

4. Conclusions

In conclusion, this study has demonstrated that an injectable
CS/nHAC/rBMSCs composite has great potential in enhanc-
ing ectopic bone formation. In comparison with CS/nHAC
composites, rBMSCs seeded at a density of 10 × 106 cells/mL
on CS/nHAC showed relatively higher percentage of calci-
fication, better establishment of ECM, and less degradation
rate.Therefore, the use of rBMSCs with CS/nHAC composite
to promote ectopic bone formation deserves considerable
attention.
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Transplantation of stem cells is a potential clinical therapy for repair of central nervous system injury. However, transplanted cells
are especially difficult to arrive at the targeted site because of poor survival rate and low efficiency. Recently, gold nanoparticles
(NPs) and Iron oxide NPs, as novel nanoparticles, have been used as auxiliary strategy to investigate the nervous system diseases.
The present study demonstrates the effect of Gold/Fe

3
O
4
NPs on biocompatibility and differentiated properties of rat olfactory bulb

stem cells. Cell viability was assumed by MTT test and cytotoxicity was assessed by Hoechst 33342-PI stain. Cells were cultured at
Gold/Fe

3
O
4
NPs concentration range of 40 to 200 𝜇g/104 cells for 24 h. Differentiation was assessed by NSE (a neuronal marker)

stain. Results showed that Gold/Fe
3
O
4
NPs at the concentrations of 40𝜇g/104 cells enhanced cell viability and decreased the cell

death rate. Furthermore, the differentiation properties were detected by NSE marker. These findings suggest that Gold/Fe
3
O
4
NPs

may thus be used as new nanotechnologies in stem-cell-based transplantation therapies for diagnosis and treatment of central
nervous system diseases.

1. Introduction

With industrialization of society, central nervous system
diseases are becoming an important public health problem
[1]. The central nervous system, consisting of spinal cord
and brain, is commonly affected by trauma, inflammation,
infection, and tumor [2]. Disorders and diseases that injure
the central nervous system may produce a variety of symp-
toms such as paraplegic, quadriplegic, andmotor and sensory
disorders, which has a significant impact on the quality of
life, and the patients’ health became increasingly frail [3].
Therefore, the development of new technologies to repair
damaged central nervous system is important for the patients’
quality of life.

Transplantation of stem cells is a potential clinical ther-
apy for repair and regeneration of injured spinal cord or
brain. Neural stem cells/neural precursor cells (NSCs/NPCs)
derived from the subventricular zone (SVZ)/olfactory bulb
(OB) of mammals persist and proliferate throughout life [4],
serving as ideal sources of stem cells for subsequent central

nervous system transplantation [5]. However, transplanted
cells are especially difficult to migrate in the targeted site
because of poor survival rate and low efficiency [6]. Factors
proposed for causing such low survival rate include immune
reactions, limited trophic factors, and hypoxia [7], so it
appears that developing new technologies to deliver stem cell
into transplant site may provide insights into the stem-cell-
based therapy.

Recently, the Gold/Fe
3
O
4
NPs become a new research

focus because of theirmagnetic properties, huge surface areas
and limited cytotoxicity. However, the study about their prop-
erties and applications in neural stem cells therapy is limited.
In addition, Gold/Fe

3
O
4
nanoparticles (Gold/Fe

3
O
4
NPs), as

magnetic nanoparticles, are being extensively investigated for
use as drug carriers and in diagnosis of diseases [8]. Recently,
there is accumulating evidence that nanoscale materials
can facilitate tissue engineering and stem cell therapy [9].
Restoration of body function is the desire of people with
nervous and bone injuries [10–14]. Region-specific cues
are important in the neuronal differentiation of stem cells.
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The process of NSCs toward certain differentiation may be
promoted by nanoparticles [15]. Nanotechnology provides
a broad range of opportunities to develop new methods
for clinical therapy [16]. Therefore, the development of new
nanotechnologies to enhance cell survival and differentiation
is crucial to stem cell therapy.

In this study, we have introduced novel Gold/Fe
3
O
4

magnetic nanoparticles. The in vitro effects of Gold/Fe
3
O
4

nanoparticles on NPCs were investigated, and cell viability,
cytotoxicity, and differentiation were studied.

2. Methods

2.1. Materials. The Gold/Fe
3
O
4
nanoparticles (50 nm, 5mg/

mL) in an aqueous suspension were obtained from GoldMag
Nanobiotech Co. Ltd. (Xi’an, China) [17]. DMEM/F12, basic
fibroblast growth factor-2 (bFGF-2), Epidermal growth factor
(EGF), and trypsin were obtained from InvitrogenCorp. (CA,
USA). Hoechst 33342 and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). Monoclonal
mouse anti-Nestin, monoclonal mouse anti-NSE, rabbit
secondary antibodies conjugated with the fluorescent dye
Cy3, and total (rabbit polyclonal antibody) were purchased
from Chemicon (USA). Streptomycin and penicillin were
purchased from Amresco (USA). Other chemicals used in
this study were obtained commercially and were of reagent
grade.

2.2. Characterization and Fabrication. Gold/Fe
3
O
4

NPs
were prepared as described earlier [17]. The synthesized
Gold/Fe

3
O
4
NPs were characterized by scanning electron

microscopy (SEM) (FE-SEM, Leon 1530 with EDS) as pervi-
ous described methods [18–20].

2.3. Rat NPC Cultures and Characterization. NPCs were pre-
pared from the olfactory bulbs of neonatal Spraguee-Dawley
rats. All animals used in the experiments were provided
by the animal center of the Peking University. Procedures
concerning animals reported in this study were approved by
the Committee of Animal Use for Research and Education
of Beihang University. All procedures were prepared as
described in previously studies [21]. Aftermechanical dissoci-
ation of dissected and pooled olfactory bulbs and enzymatic
digestion with 0.125% trypsin, the neurosphere populations
were collected. All cells were seeded in DMEM/F12 that
was supplemented with streptomycin (50𝜇g/mL), penicillin
(50U/mL), bFGF (20 ng/mL), and EGF (20 ng/mL). Neural
progenitor cells were obtained from at least two passages
neurospheres. In experimental conditions (Gold/Fe

3
O
4
NPs

at the concentrations of 0, 40, and 200 𝜇g/104 cells), cells were
cultured in these media for 24 hours. For the cell lineage
analysis, the plates were fixed in 4% cold paraformaldehyde
(15min) and washed (three times, 5min each) with PBS.
The fixed cells were blocked for 30min in PBS containing
5% normal goat serum and 0.25% Triton X-100, and then
incubated overnight at 4∘C with primary antibodies diluted
in the PBS. Cell types were identified by monoclonal mouse

Figure 1: Scanning electron microscopy (SEM) photograph of
Gold/Fe

3
O
4
NPs showed that Gold/Fe

3
O
4
NPs were spherical-like,

well-dispersed, and uniformed in size and shape, about 50 nm in
diameter.

anti-Nestin. Cy3-conjugated secondary antibodies were used
to detect the primary antibodies.

2.4. Cell Viability Assay. NPCs were prepared and placed
in Gold/Fe

3
O
4
NPs at the concentrations of 0, 40, and

200𝜇g/104 cells for 24 h. Cell survival was determined by 3-
2, 5-diphenyltetrazoliumbromide (MTT) (Sigma,USA) assay
as previous describedmethods [22]. Following the treatment,
the treated and control NPCs were rinsed three times with
PBS. The 200𝜇L aliquots of NPCs suspension (105/mL) were
seeded to three 96-well plates in eight replicates, and 20𝜇L
aliquots of MTT solution (5mg/mL) were added to each well
and incubated for 4 hr in a humidified 5% CO

2
incubator

at 37∘C. The supernatant culture medium was carefully
aspirated after centrifuge, and 200 𝜇L aliquots of DMSOwere
added to each well to dissolve the formazan crystals. ODs
were read using 570 nm as a reference wavelength.

2.5. Cytotoxicity Assay. To distinguish between live and dead
cells, a staining of nuclei with DNA dyes Hoechust 33342
and propidium iodide was applied as follows. After exposure,
pretreated cells were trypsinized, washed with PBS, and
stained with propidium iodide (5 𝜇g/mL) and Hoechst 33342
(1 𝜇g/mL) (Sigma, USA) for 10min at RT. After rinsing in
PBS, coverslips were examined using an Olympus BX60
fluorescencemicroscope equippedwith a digital IX 71 camera
(Olympus, Tokyo, Japan). Cells were counted, scoring at least
300 cells in 5 microscopic regions randomly selected on each
coverslip. The experiments were performed in triplicate.

2.6. Immunocytochemistry. NPCs were prepared and placed
in Gold/Fe

3
O
4
NPs at the concentrations of 0, 40, and

200𝜇g/104 cells for 24 h. Then treated neurospheres labeled
by Hoechst 33342 were transferred to polyornithine-coated
glass coverslips. The medium contained 10% fetal bovine
serum. After being allowed to differentiate for seven days, the
cells were verified by neuronal marker. Half of the medium
was replaced every second day. The differentiated cells were
fixed in 4%paraformaldehyde and incubated at 4∘Covernight
with monoclonal mouse anti-NSE.
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(a) (b)

Figure 2: Isolation and characterization of NPCs from neonatal rat OB. (a) Isolated NPCs developed into cell spheres after 7 days in culture;
(b) immunocytochemistry analyses revealed that OB NPCs formed neurospheres and were stained by nestin. The scale bar corresponds to
100𝜇m.
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Figure 3: Low concentration of Gold/Fe
3
O
4
NPs increases cell

viability. The results of an MTT assay indicated that 40𝜇g/104
cells group enhanced the cell viability of NPCs. Cells cultured in
200 𝜇g/104 cells group showed lower cell viability than other groups.
∗
𝑃 < 0.05.

2.7. Statistical Analysis. The difference between groups was
determined with one-way analysis of variance (ANOVA)
followedbyTukey’s test using Statistical Package for the Social
Sciences (SPSS) 13.0 (SPSS Inc.) software. Differences were
considered statistically significant at 𝑃 < 0.05.

3. Results

3.1. Characterization of Gold/Fe
3
O
4
NPs. Figure 1 displays

the scanning electron microscopy (SEM) photograph
of Gold/Fe

3
O
4
NPs showing that Gold/Fe

3
O
4
NPs were

spherical-like, well-dispersed, uniformed in size and shape,
and about 50 nm in diameter.

3.2. Isolation and Characterization of NPC. Newborn rat
brains were removed and the olfactory bulbs were dissected.
Neural precursor cells were obtained from olfactory bulb
tissue. After 3–7 days in culture, the NPCs displayed rounded

spherical cells which were dividing and forming cell spheres
or aggregates (Figure 2(a)). Cell types were identified by
monoclonal mouse anti-Nestin, markers of neuroepithelial
stem cells (Figure 2(b)).

3.3. Low Concentration of Gold/Fe
3
O
4
NPs Increases NPC Cell

Viability. NPCs were prepared and placed in Gold/Fe
3
O
4

NPs at the concentrations of 0, 40, and 200𝜇g/104 cells for
24 h. The in vitro effect of 24 h of Gold/Fe

3
O
4
NPs on NPC

viability was assessed. The results of an MTT assay indicated
that 40 𝜇g/104 cells group increased the cell viability of NPCs.
Cells cultured in 200𝜇g/104 cells group showed lower cell
viability than other groups (Figure 3).

The NPCs cultured in 200 𝜇g/104 cells group resulted in
a remarkable decrease in cell viability. But in the 40 𝜇g/104
cells group, cell viability was higher. Therefore we presumed
that the concentration of Gold/Fe

3
O
4
NPs might play an

important role in cell survival and death of exogenous stem
cells.

3.4. Low Concentration of Gold/Fe
3
O
4
NPs Decreases Cell

Death Rate of NPC. In order to investigate the cytotoxicity
properties of NPCs after 24 h exposure to Gold/Fe

3
O
4
NPs,

staining with Hoechst 33342 and propidium iodide (PI)
was used so that the number of dead cells (PI-positive)
could be expressed as a percentage of total cells. Thus,
the percentage of dead cells of the low concentration of
Gold/Fe

3
O
4
NPs (at the concentrations of 40𝜇g/104 cells) was

decreased compared with the control (Figures 4(a) and 4(b)).
At the concentrations of 200𝜇g/104 cells group, an increase
in the cell death rate. Thus, concentration range of external
Gold/Fe

3
O
4
NPs affect the cell survival and death.

3.5. LowConcentration of Gold/Fe
3
O
4
NPs Enhances NPCDif-

ferentiation. With immunohistochemical staining, the dif-
ferentiation of NPCs was studied through the use of markers
of differentiated cells, NSE (a neuron-specific enolase) [10].
In comparsion with control group, more cells were stained
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Figure 4: Low concentration of Gold/Fe
3
O
4
NPs decreases cell death rate of NPC. The percentage of dead cells of the low concentration of

Gold/Fe
3
O
4
NPs (at the concentrations of 40𝜇g/104 cells) was decreased compared with the control (Figures 4(a) and 4(b)). Cells cultured in

200 𝜇g/104 cells group showed higher cell death rate than other groups. ∗𝑃 < 0.05.

by NSE of the low concentration of Gold/Fe
3
O
4
NPs (at the

concentrations of 40𝜇g/104 cells) (Figure 5).
The expression ofNSEhas been detected in olfactory stem

cells; the NSE levels implicate a crucial role as a regulator of
neuronal differentiation in stem cell.

4. Discussion

In our study, Gold/Fe
3
O
4
NPs of low concentration group, at

the concentrations of 40 𝜇g/104 cells, resulted in a remarkable
enhanced cell viability, a decrease in the cell death rate,

and enhancement of neuronal differentiation. Surprisingly,
when the concentration of Gold/Fe

3
O
4
NPs was raised to

200𝜇g/104 cells, the death rates began to increase. Further-
more, the differentiation properties were enhanced at low
concentration group.These findings suggest that Gold/Fe

3
O
4

NPs may thus be used as new nanotechnologies in stem-cell-
based transplantation therapies for diagnosis and treatment
of central nervous system diseases.

Stem-cell-based therapy provides the potential for repair
and regeneration of damaged neural tissue in the therapy
of central nervous system injury. OB NPCs derived from
olfactory bulb tissue are accessible and abundant sources of
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Figure 5: Low concentration of Gold/Fe
3
O
4
NPs enhances NPC differentiation. The differentiation of NPCs was studied through the use

of markers of differentiated cells, NSE (a neuron specific enolase). Compare with control group, more cells were stained by NSE of the low
concentration of Au/Fe

3
O
4
(at the concentrations of 40𝜇g/104 cells) nanoparticles (Figure 5) (×100).

stem cells for translational clinical research and can be differ-
entiated into multiple cell lineages, including chondrocytes,
myocytes, and neuronal cells [23]. Compared with other
stem cells, OB NPCs are superior seed cells for autologous
cell transplantation in promoting nerve regeneration, as they
can be obtained by less invasive procedures and cultured
with higher proliferation rates [24]. Recently, OB NPCs have
emerged as an alternative treatment option for degenerative
spinal cord disease and CNS degeneration disease [5, 25,
26]. Therefore, the OB NPCs have important merits in
regenerative clinical application and can be considered as a
strategy for future tissue engineering.

Gold/Fe
3
O
4
NPs also represent an interesting tool for

MRI measurement and cancer therapy [27]. However, the
role of these Gold/Fe

3
O
4
NPs in the mammalian central

nervous system is still unclear. This study has shown that
concentration range of external Gold/Fe

3
O
4
NPs was found

to participate in regulation of stem cells survival and death.
The findings may provide insight into future efforts to cell-
based transplantation therapy. The application of this new
technology will further depend on scientific and techno-
logical progress that does not depend on painful invasive
procedures.

The differentiation properties induced by Gold/Fe
3
O
4

NPs were detected by NSE marker. NSE is widely recognized
as a neuron differentiation marker. Neuron-astrocyte inter-
actions play a leading role in the differentiation of NPCs,
and a recent study showed that NSE-positive neurons can
participate in the regulation of neurogenesis [28]. Region-
specific cues are important in the neuronal differentiation of
the original NPCs. Recently, tissue engineering has focused
on the importance of developing in vitro stem cell microen-
vironment for transplanted cells proliferation and tissue-
specific differentiation [29–32]. The present study revealed
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that certain factors “guide” NPCs towards certain differenti-
ation and that the process may be promoted by Gold/Fe

3
O
4

NPs.
The present study demonstrates that Gold/Fe

3
O
4
NPs

may be used as an auxiliary strategy andmight play an impor-
tant role in the stem cell transplantation therapies. Although
our work suggested that concentration range of external
Gold/Fe

3
O
4
NPs was found to participate in regulation of

stem cells survival and death, future research efforts focus on
the mechanism of Gold/Fe

3
O
4
NPs and stem cells remained

to be elucidated.
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The magnetic electrospinning (MES) method has been applied to generate aligned nanofibers. But researchers have different view-
points on the usage ofmagnetic particles in the polymeric solutions. In order to investigate the effect ofmagnetic particles in forming
the ordered fibers, the poly(lactic-co-glycolic acid) solutions with or without Fe

3
O
4
nanoparticles were electrospun via MES. The

fibers were compared at different voltages (13.5, 15.5, 17.5, and 19.5 kV) and flow rates (0.6, 0.9, 1.2, and 1.8mL/h). It is shown that the
well-aligned fibers can be fabricated by both magnetic and nonmagnetic solutions.The doping of Fe

3
O
4
nanoparticles can increase

the aligned fibers in some degree, especially at high applied voltage and flow rate. The diameters of fibers electrospun by MES were
smaller than those by conventional electrospinning, and the diameter of fibers by MES without magnet particles was the smallest.

1. Introduction

Electrospinning is a simple and versatile method to generate
ultrathin continuous fibers with diameters ranging from tens
of nanometers to severalmicrometers [1–6].These nanofibers
have been explored for a wide range of applications such as
tissue engineering, textiles, nanofiber reinforcement, filtra-
tion, wound dressing, drug delivery, and electrodes [7–22].

In the process of traditional electrospinning, deposited
fibers are typically randomly oriented in the form of non-
woven met because of the bend instability of charged jets
of polymer solution [23–26]. The well aligned fibers can
provide topographical cues to specific cells and cells cultured
on aligned nanofiber scaffolds have been shown to grow in
the direction of the fiber orientation. The proliferation and
differentiation of many cells are influenced by the morpholo-
gies of biomaterials, such as nanoparticles, nanotubes, and
also the ordered nanofibers [27–32]. Yang et al. fabricated
well-aligned poly(L-lactic acid) (PLLA) fibrous scaffolds.
They found neural stem cells outgrowth was parallel to the
direction of aligned PLLA nanofibers [33]. Many methods
have been designed to control fiber orientation to obtain
aligned fibers. These methods are mostly based on using
a dynamic receiver unit and/or manipulating the electrical

field. For example, a rotating mandrel as the collector was
used to obtain collagen fibers aligned along the circumferen-
tial direction of the mandrel [34]. Additionally, two pieces of
conductive silicon stripes separated by a gap were introduced
as the collector to get aligned nanofibers suspended over
the gap [35]. Moreover, using a rotating disc collector with
knife edge,Theron et al. prepared highly aligned polyethylene
oxide fibers [36].

Magnetic electrospinning (MES) is effective for the fab-
rication of well-ordered polymeric micro- and nanofibers
over large areas. MES possesses several advantages over other
methods.The apparatus of MES with just twomagnets added
to a conventional setup is comparatively simple.The resultant
fibers of MES have a very good alignment and they can
be easily transferred to other substrates. However, there are
still some questions needed to be addressed before further
usage of MES. In Jiang’s research, they added 0.5 wt% Fe

3
O
4

nanoparticles (NPs) into the solution of poly(vinyl alcohol)
and with the attendance of external magnetic field well
aligned fiber arrays were obtained via electrospinning [37].
On the contrary, the resultant fibers were not aligned when
they electrospun nonmagnetized solution in the magnetic
field. They pointed out that adding Fe

3
O
4
NPs was a pre-

requisite for the aligned fibers. However, Liu et al. obtained
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well-aligned fiber array using poly(vinyl pyrrolidone) solu-
tion without adding magnetic nanoparticles using the MES
method [38].

In order to investigate the effect of magnetic particles,
MES was applied to fabricate aligned fibers with or without
adding Fe

3
O
4
NPs into poly(lactic-co-glycolic acid) (PLGA)

solution. The nonmagnetic and magnetic PLGA solutions
were electrospun at different applied electrical voltages and
solution flow rates. The morphologies and orientation ten-
dency of fibers with or without magnetic particles were
compared in detail, so as to make sure of the influence of
Fe
3
O
4
NPs on fiber array.

2. Materials and Methods

2.1. Materials. PLGA (D,L-LA: GA = 50 : 50,𝑀
𝜂
= 5 × 10

4)
was obtained from Shandong Institute of Medical Instru-
ments (Shandong, China). Tetrahydrofuran (THF), N, N-
dimethylformamide (DMF), FeCl

3
⋅6H
2
O, FeCl

2
⋅4H
2
O, and

ammonia were all purchased from Xilong Chemical Co., Ltd
(Guangdong, China).

2.2. Fabrication of MES. As shown in Figure 1, MES intro-
duced an external magnetic field generated by a pair of
parallel-positioned magnets. A glass syringe equipped with a
stainless-steel needle (inner diameter of 0.9mm) was used as
the container of polymer solutions.Theneedle was connected
to a high-positive-voltage power supply. A piece of aluminum
foil severed as the collector with a high-negative-voltage
power supply connected to it. The power supplies (Tianjin
Dongwen High-Voltage Power supply Co., Ltd., China) were
capable of generating direct current voltage up to±30 kV. Two
parallel-positioned ferrite magnets with the surface magnetic
field strength of 0.35 Twere located on the aluminum foil and
the air gap between them was maintained at 1.5 cm during
the study. The distance between the tip of the needle and
the alumina foil was maintained at 15 cm. The solution was
extruded using a syringe pump (Cole Parmer Instrument
Company, Illinois, USA) at a constant flow rate which can be
easily and accurately controlled.

2.3. Preparation and Characterization of Fe
3
O
4
NPs. Fe

3
O
4

NPs were prepared by chemical co-precipitation as in ref-
erences [39, 40]. FeCl

3
⋅6H
2
O (0.03mol) and FeCl

2
⋅4H
2
O

(0.03mol) were dissolved in 100mL distilled water, and then
ammonia aqueous solution was poured into it with violent
stirring. The black precipitate was washed several times
and dried by vacuum at 60∘C to obtain Fe

3
O
4
NPs. The

photograph of Fe
3
O
4
NPs taken by transmission electron

microscope (TEM, JEM-2100F, JEOL, Japan) was shown in
Figure 2.

2.4. Preparation of Electrospun Nanofibers. The mixture of
THF andDMF (V :V, 3 : 1) was used as the solvent for electro-
spinning. Two kinds of solutions were prepared to investigate
the influence of magnetic particles. For the preparation of
polymer solution without magnetic NPs, PLGA with the
concentration of 24w/v% was dissolved under gentle stirring
for 2 hours to obtain a homogeneous and stable solution.

Syringe pump

Syringe

Polymer solution

Aluminum foil  

Flat-end needle

Parallel-positioned 
magnets

+

−

Figure 1: Schematic illustration of the setup used in the MES
method for preparing aligned nanofibers. Two bar magnets (5 × 5 ×
1 cm) were parallel-positioned and the distance between them was
maintained 1.5 cm.

Figure 2: TEM photograph of the Fe
3
O
4
nanoparticles prepared by

chemical coprecipitation.

For solution with magnetic NPs, 1 wt% Fe
3
O
4
magnetic

NPs were dispersed into the forementioned solution without
magnetic NPs for 24 hours using an ultrasonic cleaner
(Tianjin Automatic Science Instrument Co., Ltd., China).

At the voltage of 15 kV and the flow rate of 0.5mL/h,
solution without magnetic NPs was electrospun through
conventional electrospinning (CES). To study the effect of
the electrospinning parameters, solutions were electrospun at
different voltages and flow rates via MES method for 30 s. At
the flow rate of 0.5mL/h, the solutions with or without Fe

3
O
4

were electrospun at 13.5, 15.5, 17.5, and 19.5 kV, respectively. At
the voltage of 15 kV, the solutions were electrospun at 0.6, 0.9,
1.2, and 1.8mL/h, respectively. To compare the diameter of
fibers prepared by CES and MES, the electrospun fibers with
or without Fe

3
O
4
were produced at voltage of 15 kV and flow

rate of 0.5mL/h. The as-spun fibers were transferred to glass
sides anddried for 24 hours in air before further investigation.

2.5. Morphologies of Electrospun Nanofibers. The morpholo-
gies of electrospun nanofibers were investigated by scanning



Journal of Nanomaterials 3

2𝜇m

(a) (b)

Figure 3: (a) SEM photographs of the nanofibers electrospun by conventional electrospinning at 24w/v% poly(lactic-co-glycolic acid)
solution, voltage of 15 kV, and flow rate of 0.5mL/h for 30 s; (b) FFT pattern of the SEM image indicating the randomly distributed fibers.
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Figure 4: SEM photographs of aligned nanofibers fabricated via magnetic electrospinning (MES) with ((a), (c), (e), and (g)) and without
Fe
3
O
4
nanoparticles ((b), (d), (f), and (h)) at the flow rate of 0.5mL/h and the voltage of ((a), (b)) (13.5 kV); ((c), (d)) (15.5 kV); ((e), (f))

(17.5 kV); ((g), (h)) (19.5 kV). FFT was used to analyze the alignment of fibers in (g) and (h), respectively, as shown in the inserts.
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Figure 5: Distributions of the angles (𝜃) between the long axis of the fibers and the direction perpendicular to magnets at the flow rate of
0.5mL/h and the voltages of (a) 13.5 kV; (b) 15.5 kV; (c) 17.5 kV. Y and N indicated the conditions with or without magnetic nanoparticles,
respectively.

electron microscopy (SEM) (CS3400, CamScan, UK) after
coating the nanofibers with gold.

2.6. Analysis of Aligned Nanofibers. The alignment of
nanofibers was quantitatively assessed by the angles (𝜃)
between the long axes of the fibers and the direction parallel
to the vectors of the magnetic field [37]. Image J processing
software was used to measure the direction of the long
axes of more than 100 fibers in the SEM photographs
at each condition. To analyze qualitatively the degree of
fiber alignment, Fourier fast transfer (FFT) analysis was
performed by utilizing the FFT function of the Image J [41].
The diameters of fibers were also measured over more than
50 fibers by Image J.

2.7. Statistic Analysis. All data are expressed as mean ±
standard deviation and were analyzed of variance (𝑡-test).
Significance was assigned as ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01.

3. Results and Discussions

As shown in Figure 2, the average diameter of Fe
3
O
4
particles

measured by Image J was about 10 nm. The Fe
3
O
4
NPs were

added in PLGA solution for MES electrospinning. In this
study, CES andMESwith or withoutmagnetic NPs were used
to fabricate electrospun nanofibers.

SEM image of a nonwoven mat of randomly oriented
PLGA fibers by CES was shown in Figure 3(a). Figure 3(b)
was the corresponding FFT pattern of Figure 3(a). The radi-
cally symmetrical silhouette (labeledwithwhite color) in FFT
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Figure 6: SEM photographs of aligned nanofibers fabricated via MES with ((a), (c), (e), and (g)) and without Fe
3
O
4
nanoparticles ((b), (d),

(f) and (h)) at the voltage of 15 kV and the flow rate of (a), (b) (0.6mL/h); (c), (d) (0.9 mL/h); (e), (f) (1.2mL/h); (g), (h) (1.8mL/h).The inserts
in (g) and (h) were the FFT patterns of (g) and (h) respectively.

pattern is in agreement with the structure lacking directional
order.

The SEM photographs of aligned fibers electrospun with
or without magnetic NPs at different voltages were shown in
Figure 4. At the voltages of 13.5, 15.5, and 17.5 kV, the well-
aligned PLGA fibrous arrays were successfully fabricated by
MES.The uniaxial aligned fibers byMESwith Fe

3
O
4
particles

were similar to those byMES without magnetic particles. It is
indicated that the Fe

3
O
4
NPs were not the key factor to pro-

duce ordered fibers. At 19.5 kV, the alignment and uniformity
of fibers with or without Fe

3
O
4
NPs decreased greatly. The

FFT pattern inserted in Figure 4(g) showed a more compact
distribution than that in Figure 4(h), which demonstrated
that the alignment of fibers with Fe

3
O
4
NPs at high voltage

was higher compared with those without magnetic particles.
At various applied voltages of 13.5, 15.5, and 17.5 kV, the

orientation distributions of angles (𝜃) between the long axis
of the fibers and the direction perpendicular to the magnets

were shown in Figure 5. As awhole, no obvious differencewas
found between the fibers by MES with or without magnetic
NPs. From the analysis on alignment, there were more than
87% of fibers with or without Fe

3
O
4
all within 10∘ of the

desired direction. The percentages of fibers aligned within 5∘
of the expected direction were 55%, 68%, and 58% for MES
without magnetic NPs and 76%, 71.8%, and 80% for those
with magnetic NPs.There were more fibers with magnet NPs
distributed within 5∘ of the expected direction. It is shown
that the magnetic NPs might increase the alignment of fibers
and more fibers oriented along the direction of magnet field.

Figure 6 was the SEM photographs of fibers electrospun
with or without magnetic NPs at different solution flow rates.
From the SEM photographs, it could be found that the well-
ordered PLGA nanofibers were also produced at the flow
rates from 0.6mL/h to 1.2mL/h. Without adding the magnet
particles, the high alignment of fibers can still be obtained.
However, at the high feeding rate of 1.8mL/h, the order
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Figure 7: Distributions of the angles (𝜃) between the long axis of the fibers and the direction perpendicular tomagnets at voltage of 15 kV and
flow rate of (a) 0.6mL/h; (b) 0.9mL/h; (c) 1.2mL/h. Y and N indicated the conditions with or without magnetic nanoparticles, respectively.

orientation of fibers was obviously decreased, especially for
those fibers by MES without Fe

3
O
4
NPs. With the increasing

flow rate, the alignment of fibers electrospun byMES without
magneticNPs decreased apparently, but for those electrospun
with magnetic NPs, the decreasing trend of fiber alignment
was smaller. The FFT pattern inserted in Figure 6(h) showed
a more scattered distribution than that in Figure 6(g), which
indicated that the alignment of fibers without Fe

3
O
4
NPs at

high flow rate was lower compared with those embedding
with magnetic particles.

At different flow rates of 0.6, 0.9, and 1.2mL/h, the
orientation distributions of angles (𝜃) of fibers were shown
in Figure 7. Overall, there was no significant difference in
the alignment between fibers by MES with or without mag-
netic NPs. More than 90% of fibers with or without Fe

3
O
4

were within 10∘ of the desired direction. The percentages

of fibers aligned within 5∘ of the expected direction were
76%, 56%, and 57.4% for MES without magnetic NPs, which
presented a decreasing trend, and 70%, 76%, and 65% for
those with magnetic NPs which did not show apparent
decrease. More fibers with magnets NPs distributed within
5∘ of the expected direction, except at 0.6mL/h. At lower
flow rate, the alignment of fibers electrospun by MES with or
without magnetic NPs seemed to be similar. As the flow rate
increased, the alignment of fibers electrospun by MES with
magnetic NPs was higher than that withoutmagnetic NPs. At
high flow rate of 1.8mL/h, although the ordered orientation
decreased for both fibers, the Fe

3
O
4
NPs seemed to increase

the alignment of PLGA fibers.
The diameter of fibers fabricated by CES and MES is

analyzed by Image J, as shown in Figure 8. The diameters of
fibers electrospun by CES andMES with or without magnetic
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NPs, at the concentration of 24w/v%, voltage of 15 kV, flow
rate of 0.5mL/h, and the distance of 15 cm, were 560 ± 89,
496 ± 63, and 402 ± 44 nm, respectively. The results showed
that MES could decrease the diameters of fibers compared to
CES and fibers electrospun by MES without magnetic NPs
had a smaller diameter than those with magnetic NPs.

In this work, randomly oriented nanofiberswere obtained
by using CES. While using polymer solution with or without
magnetic NPs, well-aligned nanofibers were fabricated suc-
cessfully by MES at certain voltages and flow rates, which
was different from Jiang’s works [37]. The results indicated
that MES was a favorable method for the formation of
aligned fibers and the formation of well-aligned fiber array
did not depend on the magnetic NPs embedding in the
solution. The formation of aligned fibers by MES might
be the attendance of the external magnet field. By using
CES, the spinning jet became instable after it leaves the
needle tip. In the processing of MES, the charged polymer
solution jet was subject to magnet field generated by the
magnets and the bending instability of the polymer solution
jets can be inhibited by magnetic field [42, 43]. When jets
suspended over the gap between the magnets, aligned fibers
were obtained. Additionally, the magnetic NPs in the fibers
could also interact with the magnet to slightly adjust the
orientation of the fibers and to direct more fibers along with
the direction of the magnetic field lines. So for the fibers
fabricated by MES with the magnetic NPs, more fibers were
distributed within 5∘ to the peculiar direction of the magnet.
And at high applied voltage and flow rate, more ordered
nanofibers were got under MES with magnetic particles.

The decreases in fiber diameter electrospun by MES
might result from an additional Lorenz force generated by
the magnetic field. During MES process, the Lorenz force
facilitates the charged polymeric chains to align with each
fiber, which can result in the reduction of fiber diameters
[38]. The reason of the increase in fiber diameter of MES

withmagnetic NPsmight be that magnetic NPs increased the
viscosity of electrospinning solution.

4. Conclusions

In this work the influence of the magnetic NPs over the
alignment of the fibers at different applied voltages and flow
rates duringMESwas demonstrated. According to the results,
well-aligned PLGA fibers were successfully obtained with or
without magnetic NPs. But for NPs containing fibers, more
fibers were oriented within 5∘ of the peculiar direction of
the magnets. At high applied voltage and flow rate, Fe

3
O
4

NPs can improve the alignment of fibers compared to those
by MES without Fe

3
O
4
. The results indicated that magnetic

NPs were not the critical parameter for the formation of
the aligned fibers during MES, but they might be capable
of slightly adjusting the direction of the as-spun fibers. MES
method could also affect the diameter of the nanofibers. In
comparison with the fibers fabricated by CES, the diameter
of fibers by MES was smaller and the diameter of fibers
without magnetic NPs was the smallest. MES is an effective
method for the fabrication of well-aligned polymeric micro-
and nanofibers over large areas. The mechanism of MES
needs further research.
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3D printing (3DP) is becoming a research and development focus in nanobiomaterials as it can quickly and accurately fabricate any
desired 3D tissuemodel only if its size is appropriate. The different material powders (with different dimensional scales) and the
printing strategies are the most direct factors influencing 3DP quality. With the development of nanotechnologies, 3DP is adopted
more frequently for its rapidness in fabrication and precision in geometry. The fabrication in micro/nanoscale may change the
performance of biomaterials and devices because it can retainmore anisotropy of biomaterials comparedwith the traditionally rapid
prototyping techniques. Thus, the biosafety issue is especially concerned by many researchers and is investigated in performance
and safety of biomaterials and devices. This paper investigates the performance of 3DP in fabrication of nanobiomaterials and
devices so as to partially explain how 3DP influences the performance and safety of nanobiomaterials.

1. Introduction

3D printing (3DP) is becoming a research and development
focus in many fields including not only traditional industries
but also biomedicine and biology as it can quickly and
accurately fabricate any desired 3D model only if its size
is appropriate [1–3]. As one of the rapid prototyping (RP)
technologies, the term of 3DP is proposed by Professor Sachs
from the Massachusetts Institute of Technology (MIT) [4].
It is conceptually defined as a method for directly digital
manufacturing that provides capabilities for creating a wide
range of object geometries (including internal channels) in
a broad variety of materials, including just about anything
that is available as a spreadable powder such as ceramic,
metal,metal-ceramic composite, and polymericmaterials [5].
That is to say, the different material powders (with different
dimensional scales) and the printing strategies are the most
direct factors influencing 3DP quality [6, 7].

Nanotechnology provides new opportunities towards the
development of better, smart medical systems and devices
that have the possibility to profoundly impact therapeutic
techniques with better device- (biomaterial-) cell interaction
performance [8–11]. It is known that most biological cells

are on the order of 100–1000 𝜇m, and components of cells
are on the order of nanometers [12–14]. Cell-cell interactions
and cell-biomaterial interactions are microscale events [15].
Device interactions refer to the micro- and nanoscales,
creating devices that will interact with cells on the microlevel
which potentially alleviate extreme damage to entire tissues
or even organs and reduce inflammatory response while
better targeting and treating the problem [16–18]. This kind
of device- (biomaterial-) cell interaction performance has
promoted wide application of various nanomaterials in
biomedicine and biology [19–22], such as gold [23, 24] or
SiO
2
-gold nanoshells [25], water-soluble polymers [26],

hydrogels [27], starch-based powders [28], and fibrins
[16, 29]. These biomaterials have been used for fabricating
differentmedical devices including neuron-adhesive patterns
[30, 31], collagen scaffolds [32, 33], synthetic biodegradable
scaffolds [34–36], and fibrin channels [27]. Among the 3D
nanoscale fabrication techniques, 3DP is adopted more
frequently for its rapidness in fabrication and precision in
geometric shape and dimensions [37].

The fabrication in micro/nanoscales may change the
performance of biomaterials and devices because it can retain
more anisotropy of materials compared with the traditional
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RP techniques [38, 39]. Thus, the biosafety issue is especially
concerned by many researchers [40, 41].The newly emerging
concepts such as biofabrication [42], bioprinting [43], and
nanoimprint lithography [44, 45] are also preliminarily inves-
tigated in performance and safety of biomaterials and devices.

This paper intends to investigate the performance of
3DP in fabrication of nanobiomaterials and devices so as
to partially explain how 3DP influences the performance
and safety of nanobiomaterials. Firstly, the 3DP concept
is introduced, and the workflow is summarized. Then, the
related techniques and their applications in nanobiomaterials
are analyzed.

2. 3DP for Nanobiomaterials

2.1. Workflow and Performance of 3DP. The 3DP workflow
can be described in 3 sequential steps: (1) the powder supply
system platform is lifted and the fabrication platform is
lowered one layer; (2) the roller spreads the polymer powder
into a thin layer; (3) a print-head prints a liquid binder that
bonds the adjacent powder particles together [46]. Cycling
steps (1) to (3) can fabricate a 3D object.

3DP can realize quick fabrication because this technique
needs no dedicated clamp ormold tools to stabilize operation
targets [47]. Only four operations may limit the process
rate: the application of the powder layers, the printing of
the binder, the infiltration of the binder into the powder,
and the drying of the binder. A recent detailed review on
3DP concerning all processing steps, such as powder-binder
selection and interaction, was given by Utela et al. [5].

3DP can achieve accurate geometry [48].The structure of
geometry is always characterized by the minimum attainable
feature size and the variability of geometric dimensions
[46]. Both depend strongly on the binder droplet-powder
particle interactions. Factors that determine the final object
dimensions are the local and accumulative accuracy of
deposited layer thickness, the accuracy of droplet placement,
the reproducibility of the spread of the printed droplets,
and the reproducibility of dimensional changes that accom-
pany binder cure [49]. At the same time, the interaction
performance of powder and binder also influences the geo-
metric accuracy which is influenced by powder material,
powder surface treatment, powder size and size distribution,
powder shape, powder packing density, binder material,
binder viscosity, binder surface tension, droplet size, droplet
velocity, temperature of the powder and binder, and ambient
temperature [49].

2.2. 3DP Techniques for Nanobiomaterials. Two kinds of
3DP techniques are mostly adopted for nanobiomaterials
fabrication. One is the inkjet printingwith the typical printers
such as the NP 2.1 (GeSim, Germany) [50] and the Z402
(Zcorp, USA) [28]. The other is the nanoimprint lithography
with the typical printers such as the EVG620 nanoimprinter
[51] and the 520 hot embosser (EV Group, Austria) [52].

2.2.1. Bonding-Based Inkjet Printing. The bonding-based
inkjet printing technology was developed by MIT. This
procedure deposits a stream of microparticles of a binder

biomaterial over the surface of a powder bed, joining particles
together where the object is to be formed. A piston lowers the
powder bed so that a new layer of powder can be spread over
the surface of the previous layer and then selectively joined
to it. After the building process, the unbounded powder is
removed, and the porous model must be strengthened by a
conventional presintering process [53].

According to different working modes, the inkjet print-
ing technique is divided into the drop-on-demand (DOD)
catalog in which electrical signals are used to control the
ejection of an individual droplet and the continuous ejection
catalog in which the ink emerges continuously from a nozzle
under pressure [54]. The DOD catalog is composed of the
electromechanical (piezoactuated and electrostatic actuated),
the electrothermal (thermal actuated), and the electrostatic
vacuum. The continuous ejection catalog is composed of the
electrofield-controlled inkjet and the Hertz continuous inkjet
(mutual charged droplet repulsion type) (see [46] for more
technical details).

The bonding-based inkjet printing has been adopted for
fabricating many tissue modes with micro/nanobiomaterials.
Woo et al. [55] employed the 3DPwith particulate-leaching to
create porous scaffolds using polylactide-coglycolide (PLGA)
powder mixed with salt particles and a suitable organic sol-
vent. Hepatocytes were successfully attached to the scaffolds.
Baca et al. [56] found that the cell viability organization
of bio/nanointerface can be accomplished during the inkjet
printing or selective wetting processes allowing patterning
of cellular arrays and even spatially defined genetic mod-
ification. Cui and Boland [57] used a modified thermal
inkjet printer and demonstrated the feasibility of printing
microvasculature with human microvascular endothelial cell
suspension in thrombin solutions onto fibrinogen solutions,
which served as the substrate. The printed cells achieved the
capacity to interact and proliferate within fibrin channels
forming a tubular lining.

2.2.2. Bioink-Jet Printing. The bioink-jet printing technology
was developed along the concept of cell printing proposed by
Yan et al. [58]. This process prints gels, single cells, and cell
aggregates offering a possible solution for organ printing [59–
61]. To be used for cell printing, the thermal or piezotip print-
heads and ink cartridges are modified to allow bioinks to be
printed [62]. These bioinks usually consist of aqueous media,
thermoreversible polymers, or polymer/hydrogel precursors
combined with living cells [63].

Laser-assisted cell-printing techniques have also been
developed [63]. These techniques comprise the so-called
laser guidance direct write (LGDW). The LGDW process
was the first reported technique to print viable cells by
forming patterns of embryonic chick spinal-cord cells on a
glass slide. Shortly after this, modified laser-induced forward
transfer (LIFT) techniques andmodified inkjet printing were
also used to print viable cells and proteins, followed by
the recently introduced electrohydrodynamic jetting (EHDJ)
method [63].

2.2.3. Nanoimprint Lithography. The nanoimprint lithogra-
phy (NIL) is a fast and cost-efficient technique for fabricating
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nanostructures. The procedure of NIL is to stack multiple
layers of such structures on top of each other; that is, a
finished double-layer of structures is covered with a spacer-
layer which is planarized using the chemical-mechanical
polishing so that a second layer can be processed on top.
This process is a new and unique possibility to stack structure
patterns by transferring structures several times on the
same substrate and can therefore be used to build up 3D
nanobiomaterials in a fast and cost-efficient way. Bergmair
et al. [64] have fabricated a 3D stacking of gold structures like
fishnet structures using NIL and demonstrated its industrial
application value.

3. Performance of 3DP for Nanobiomaterials

Recent advances in the understanding of nanobiomaterials
and nanotechnology have released a promising perspective
for intelligent biomaterials and devices such as the bone [2,
65], the valve [66], the vessel [67], and the artificial ear [68].
3DP as a newly emerging technology is a kind of an effective
tool to obtain such tissues or devices. In contrast to traditional
fabrication techniques generally subtracting material step by
step (a top-down approach), 3DP approaches allow nearly
unlimited designs and a large variety of materials to be used
for biomedical engineering and biology.

3.1. Performance of 3DP. 3DP is derived from traditional RP
technologies; therefore, it inherits advantages of RP solution
in other industries [5]. For a powder-based process, the pre-
and postprocessing of 3DP is similar to RP, but 3DP can be
used to create shapes that are more difficult or impossible
to be created. Fierz et al. [69] specially registered and
quantitatively compared the shape of the 3D-printed hydrox-
yapatite scaffolds with that of their tomograms. It confirmed
the accuracy and suitability of the 3D-printed scaffolds for
potential clinical applications [70]. On the other hand, the
thermal postprocessing steps for ceramics and metals are
similar to those in traditional powder-based methods and
do not require the potentially extensive laser optimization of
selective laser sintering (SLS) [71] and selective laser melting
(SLM) [72].

The drawback of traditional 3DP is that the objects
require postprocessing and typically have considerable poros-
ity (even after initial thermal treatment), while SLS and
SLM objects come out of the machine fully dense (SLM)
or already sintered (SLS) and ready for infiltration. The
polymer field does not have the same 3DP parallels as metals
and ceramics (because processing in a powder state is less
common), but tissue engineering in particular has steps
that are adaptable to 3DP because scaffold fabrication often
begins with microspheres of the correct sizes for 3DP [73]. In
addition to the fabrication flexibility of 3DP, these adaptive
abilities of 3DP make it a powerful tool as a modifier to a
traditional fabrication procedure, as opposed to the complete
procedure reinvention required when using new materials in
other RP systems.

3DP application in nanobiomaterials can preserve, opti-
mize, and even modify characteristics of materials [74, 75].

Wu et al. [76] fabricated hierarchical and tough mesoporous
bioactive glass (MBG) scaffolds to prepare hierarchical and
multifunctional MBG scaffolds with excellent mechanical
strength and mineralization ability for application in bone
regeneration by a modified 3DP technique using polyvinyl
alcohol (PVA) as a binder. They showed that the MBG
scaffolds fabricated by 3DP possess a high mechanical
strength about 200 times higher than that of traditional
polyurethane foam-templated MBG scaffolds due to a highly
controllable pore architecture and PVA binder. Excellent
apatite mineralization ability and sustained drug delivery
properties could be obtained by a hierarchical pore structure
composed of large pores (several hundred micrometers to
1.3mm) as well as well-ordered mesopores (5 nm). As afore-
mentioned, although many methods can be used to solve the
hierarchical porous scaffold design and fabrication problem,
those methods cannot provide the precise and easy control
over complicated hierarchical pore architectures within the
scaffolds. Therefore, a more general method for designing
the hierarchical internal structures with complex combi-
nations of pore morphologies is required [77]. Bergmann
et al. [2] manufactured customized implants for maxillofa-
cial/craniofacial bone replacement using the 3DP technique.
The four-point bending strength of the printed specimens
was 14.9MPa after sintering which made it possible to print
tailored bone substitute implants using a bioactive tricalcium
phosphate (TCP)/glass composite. Besides, powder-based
systems can also be used to produce rougher surfaces, which
may enhance cell adhesion [78].

3.2. Biosafety of 3DP Nanobiomaterials and Devices. As 3DP
can produce very accurate organs regarding the aspect of
geometric structure even in biological characteristics, the
safety issues cannot be ignored [40]. Main issues include the
biosafety, the identity safety, and the personal privacy safety
[79]. Among these issues, the biosafety is mostly related to
the human health [80].Thus, the availability of biocompatible
powder-binder systems is a key safety issue for 3DP [81, 82].

From the aspect of biocompatibility, Sachs et al. defined
the basic requirements for binder systems [49]: (1) a high
binder content while still having a low viscosity so that it is
capable of being deposited by the print-head; (2) minimal
conductivity for continuous-jet printing heads; (3) the rapid
dry speed of binder so that the next layer of particles can be
spread. For example, in scaffold fabrication, the powder can
be a pure powder or surface-coated powder, depending on
the application of the scaffold [28, 83, 84]. It is possible to
use a single, one-component powder or a mixture of different
powders blended together.

Another aspect of biosafety is biodegradation. Taking the
synthetic implant as an example, the partial biodegradation
of implant is not on a priori advantage for the patient in
every case, because remaining fragments can weaken the
mechanical strength of the newgrownbone [83, 85].Thus, the
biodegradation behavior of the implants should be improved
by optimizing the phase composition and porosity. The
formation of new tissue should also be stimulated by the
addition of growth factors or other pharmaceuticals [2].
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4. Conclusions

This paper summarized the application and performance of
the 3DP in nanobiomaterials along with an investigation of
currently available literature to support each 3DP technique
and application performance. A clear understanding of the
3DP concept and process can help the user take advantage
of the considerable biomaterial flexibility of 3DP and speed
the development of newnanobiomaterial and binder systems.
The goal here is to provide a unified presentation of the state
of the art so as to understand new biomaterial combinations
and characteristics via the 3DP process.

It seems to be effective to combine multiple fabrication
methods to obtain a single object. For instance, combining
electrospinning (nanoporosity) and bioplotting (microporos-
ity) for the production of a single scaffold was demonstrated
by Kim et al. [86].The combined effect of different techniques
will most likely exhibit positive cooperative effects. Thus,
instead of focusing on the exploitation of single technique,
it would be most fruitful to combine the positive effects of
different techniques into one operation procedure.

A wide range of biocompatible nanomaterials is avail-
able, ranging from metals and metallic alloys to ceramics
and polymers. Several techniques have shown potentials
for processing composite materials that combine synthetic
materials and biological ones, such as cells, proteins, and
growth factors.

The rapidly growing 3DP has shown opportunities for
nanobiomaterials applications although it still faces signifi-
cant challenges. Relevant challenges to be addressed in the
future include the following: (1) fundamentally understand-
ing the printing processes and convergence of techniques for
the best and the most affordable healthcare; (2) developing in
situ manufacturing strategies, such as in situ tissue engineer-
ing; (3) investigating toxicity evolution as toxicity is an impor-
tant factor for nanobiomaterials; (4) standardizing processes,
design, and metrology tools; (5) regulating the application
so as to effectively protect the personal privacy [87, 88].
Besides, the multidisciplinarily cooperation among material
scientists, engineers, and clinicians should be enhanced so as
to facilitate further developments and the clinical translation
[89].
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micro/nanofabrication of polymers for tissue engineering appli-
cations,” Optics & Laser Technology, vol. 45, pp. 518–524, 2013.

[4] M. Cima, E. Sachs, T. L. Fan, J. F. Bredt, S. P. Michaels, and S.
Khanuja, “Three dimensional printing techniques,” US Patent
5204055, 1993.

[5] B. Utela, D. Storti, R. Anderson, and M. Ganter, “A review of
process development steps for new material systems in three
dimensional printing (3DP),” Journal of Manufacturing Pro-
cesses, vol. 10, no. 2, pp. 96–104, 2008.

[6] F. P.W.Melchels, J. Feijen, andD.W.Grijpma, “A review on ster-
eolithography and its applications in biomedical engineering,”
Biomaterials, vol. 31, no. 24, pp. 6121–6130, 2010.

[7] D. Yoo, “New paradigms in internal architecture design and
freeform fabrication of tissue engineering porous scaffolds,”
Medical Engineering & Physics, vol. 34, no. 6, pp. 762–776, 2012.

[8] F. Guillemot, A. Souquet, S. Catros et al., “High-throughput
laser printing of cells and biomaterials for tissue engineering,”
Acta Biomaterialia, vol. 6, no. 7, pp. 2494–2500, 2010.

[9] 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.

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

[11] S. Koutsopoulos, “Molecular fabrications of smart nanobioma-
terials and applications in personalized medicine,” Advanced
Drug Delivery Reviews, vol. 64, no. 13, pp. 1459–1476, 2012.

[12] K.-I. Chen, B.-R. Li, and Y.-T. Chen, “Silicon nanowire field-
effect transistor-based biosensors for biomedical diagnosis and
cellular recording investigation,” Nano Today, vol. 6, no. 2, pp.
131–154, 2011.

[13] F. Lautenschlager and M. Piel, “Microfabricated devices for cell
biology: all for one and one for all,” Current Opinion in Cell
Biology, vol. 25, no. 1, pp. 116–124, 2013.

[14] 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, vol. 97, no. 1, pp. 10–19, 2011.

[15] H. Shin, “Fabrication methods of an engineered microenviron-
ment for analysis of cell-biomaterial interactions,” Biomaterials,
vol. 28, no. 2, pp. 126–133, 2007.

[16] M. Caldorera-Moore and N. A. Peppas, “Micro- and nano
tech-nologies for intelligent and responsive biomaterial-based
medical systems,” Advanced Drug Delivery Reviews, vol. 61, no.
15, pp. 1391–1401, 2009.

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

[18] X. Liu, X. Li, Y. Fan et al., “Repairing goat tibia segmental bone
defect using scaffold cultured with mesenchymal stem cells,”
Journal of Biomedical Materials Research B, vol. 94, no. 1, pp.
44–52, 2010.

[19] 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.

[20] H. N. Kim, A. Jiao, N. S. Hwang et al., “Nanotopography-guided
tissue engineering and regenerative medicine,” Advanced Drug
Delivery Reviews, vol. 65, no. 4, pp. 536–558, 2013.



Journal of Nanomaterials 5

[21] K. Liu, Y. Tian, and L. Jiang, “Bio-inspired superoleophobic and
smart materials: design, fabrication, and application,” Progress
in Materials Science, vol. 58, no. 4, pp. 503–564, 2013.

[22] X. M. Li, H. Gao, M. Uo et al., “Maturation of osteoblast-like
SaoS2 induced by carbon nanotubes,” Biomedical Materials, vol.
4, no. 1, Article ID 015005, 2009.

[23] D. E. Owens III, J. K. Eby, Y. Jian, and N. A. Peppas, “Temper-
ature-responsive polymer-gold nanocomposites as intelligent
therapeutic systems,” Journal of Biomedical Materials Research
A, vol. 83, no. 3, pp. 692–695, 2007.

[24] M. Tanaka, Y. Mabuchi, T. Hayashi, and M. Hara, “Subtractive
offset printing for fabrication of submicrometer scale electrodes
with gold nanoparticles,” Microelectronic Engineering, vol. 95,
pp. 14–20, 2012.

[25] M. Bikram, A. M. Gobin, R. E. Whitmire, and J. L. West,
“Temperature-sensitive hydrogels with SiO2-Au nanoshells for
controlled drug delivery,” Journal of Controlled Release, vol. 123,
no. 3, pp. 219–227, 2007.

[26] R. Landers and R. Mulhaupt, “Desktop manufacturing of com-
plex objects, prototypes and biomedical scaffolds by means of
computer-assisted design combined with computer-guided 3D
plotting of polymers and reactive oligomers,” Macromolecular
Materials and Engineering, vol. 282, no. 9, pp. 17–21, 2000.

[27] H. Nomura, Y. Katayama, M. S. Shoichet, and C. H. Tator,
“Complete spinal cord transection treated by implantation of a
reinforced synthetic hydrogel channel results in syringomyelia
and caudal migration of the rostral stump,” Neurosurgery, vol.
59, no. 1, pp. 183–192, 2006.

[28] C. X. F. Lam, X.M.Mo, S. H. Teoh, andD.W.Hutmacher, “Scaf-
fold development using 3D printing with a starch-based poly-
mer,” Materials Science and Engineering C, vol. 20, no. 1-2, pp.
49–56, 2002.

[29] T. Xu, C. A. Gregory, P.Molnar et al., “Viability and electrophys-
iology of neural cell structures generated by the inkjet printing
method,” Biomaterials, vol. 27, no. 19, pp. 3580–3588, 2006.

[30] N. E. Sanjana and S. B. Fuller, “A fast flexible ink-jet printing
method for patterning dissociated neurons in culture,” Journal
of Neuroscience Methods, vol. 136, no. 2, pp. 151–163, 2004.

[31] 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, 2013.

[32] W.-Y. Yeong, C.-K. Chua, K.-F. Leong, M. Chandrasekaran, and
M.-W. Lee, “Comparison of drying methods in the fabrication
of collagen scaffold via indirect rapid prototyping,” Journal of
Biomedical Materials Research B, vol. 82, no. 1, pp. 260–266,
2007.

[33] G. A. Fielding, A. Bandyopadhyay, and S. Bose, “Effects of silica
and zinc oxide doping on mechanical and biological properties
of 3D printed tricalcium phosphate tissue engineering scaf-
folds,” Dental Materials, vol. 28, no. 2, pp. 113–122, 2012.

[34] T. Boland, X. Tao, B. J. Damon et al., “Drop-on-demandprinting
of cells and materials for designer tissue constructs,” Materials
Science and Engineering C, vol. 27, no. 3, pp. 372–376, 2007.

[35] 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.

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

[37] N. C. Rivron, J. Rouwkema, R. Truckenmüller, M. Karperien, J.
de Boer, and C. A. van Blitterswijk, “Tissue assembly and
organization: developmental mechanisms in microfabricated
tissues,” Biomaterials, vol. 30, no. 28, pp. 4851–4858, 2009.

[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. 101, no. 8, pp. 2424–
2435, 2013.

[39] C. Liu, Z. Xia, and J. T. Czernuszka, “Design and development of
three-dimensional scaffolds for tissue engineering,” Chemical
Engineering Research and Design, vol. 85, no. 7, pp. 1051–1064,
2007.

[40] J.-X. Cheng, “Research on the bio-safety of nanomaterials,” in
Proceedings of the International Conference on Computer Science
and Network Technology (ICCSNT ’11), pp. 2716–2719, Decem-
ber 2011.

[41] M. W. Jang, B. K. Jin, S. H. Lee et al., “Effect of PMMA and
Cross-linked Dextran mixture on bio-safety and volume in rat,”
Tissue Engineering and Regenerative Medicine, vol. 7, no. 1, pp.
57–63, 2010.

[42] P. Bajaj, V. Chan, J. H. Jeong, P. Zorlutuna, H. Kong, and R.
Bashir, “3-D biofabrication using stereolithography for biology
and medicine,” in Proceedings of the Annual International
Conference of the Ieee Engineering in Medicine and Biology
Society (EMBC ’12), pp. 6805–6808, 2012.

[43] S. Tasoglu and U. Demirci, “Bioprinting for stem cell research,”
Trends in Biotechnology, vol. 31, no. 1, pp. 10–19, 2013.

[44] S. Sant, S. L. Tao, O. Z. Fisher, Q. Xu, N. A. Peppas, and A.
Khademhosseini, “Microfabrication technologies for oral drug
delivery,” Advanced Drug Delivery Reviews, vol. 64, no. 6, pp.
496–507, 2012.

[45] C. L. Randall, T. G. Leong, N. Bassik, and D. H. Gracias, “3D
lithographically fabricated nanoliter containers for drug deliv-
ery,” Advanced Drug Delivery Reviews, vol. 59, no. 15, pp. 1547–
1561, 2007.

[46] T. Billiet, M. Vandenhaute, J. Schelfhout, S. van Vlierberghe,
and P. Dubruel, “A review of trends and limitations in hydrogel-
rapid prototyping for tissue engineering,” Biomaterials, vol. 33,
no. 26, pp. 6020–6041, 2012.

[47] L. Ciocca, F. de Crescenzio, M. Fantini, and R. Scotti,
“CAD/CAM and rapid prototyped scaffold construction for
bone regenerative medicine and surgical transfer of virtual
planning: a pilot study,” Computerized Medical Imaging and
Graphics, vol. 33, no. 1, pp. 58–62, 2009.

[48] A. Kain, C. Mueller, and H. Reinecke, “High aspect ratio- and
3D- printing of freestanding sophisticated structures,” Procedia
Chemistry, vol. 1, no. 1, pp. 750–753, 2009.

[49] E. Sachs, M. Cima, and J. Cornie, “Three-dimensional printing:
rapid tooling and prototypes directly from aCADmodel,”CIRP
Annals—Manufacturing Technology, vol. 39, no. 1, pp. 201–204,
1990.

[50] P. Marizza, S. S. Keller, and A. Boisen, “Inkjet printing as a tech-
nique for filling of micro-wells with biocompatible polymers,”
Microelectronic Engineering, vol. 111, pp. 391–395, 2013.

[51] S. Waid, H. D. Wanzenboeck, M. Muehlberger, and E. Bertag-
nolli, “Optimization of 3D patterning by Ga implantation and
reactive ion etching (RIE) for nanoimprint lithography (NIL)
stamp fabrication,”Microelectronic Engineering, vol. 97, pp. 105–
108, 2012.

[52] S. S. Keller, N. Feidenhans’L, N. Fisker-Bødker et al., “Fabrica-
tion of biopolymer cantilevers using nanoimprint lithography,”
Microelectronic Engineering, vol. 88, no. 8, pp. 2294–2296, 2011.



6 Journal of Nanomaterials

[53] P. Bartolo, J. P. Kruth, J. Silva et al., “Biomedical production of
implants by additive electro-chemical and physical processes,”
CIRP Annals—Manufacturing Technology, vol. 61, no. 2, pp.
635–655, 2012.

[54] J. R. Castrejón-Pita, G. D.Martin, S. D. Hoath, and I. M. Hutch-
ings, “A simple large-scale droplet generator for studies of inkjet
printing,” Review of Scientific Instruments, vol. 79, no. 7, Article
ID 075108, 2008.

[55] J. H.Woo,D. Y. Kim, S. Y. Jo, H. Kang, and I. Noh, “Modification
of the bulk properties of the porous poly(lactide-co- glycolide)
scaffold by irradiation with a cyclotron ion beam with high
energy for its application in tissue engineering,” Biomedical
Materials, vol. 4, no. 4, Article ID 044101, 2009.

[56] H. K. Baca, E. C. Carnes, C. E. Ashley et al., “Cell-directed-as-
sembly: directing the formation of nano/bio interfaces and ar-
chitectures with living cells,” Biochimica et Biophysica Acta, vol.
1810, no. 3, pp. 259–267, 2011.

[57] X. Cui and T. Boland, “Human microvasculature fabrication
using thermal inkjet printing technology,” Biomaterials, vol. 30,
no. 31, pp. 6221–6227, 2009.

[58] K. C. Yan, K. Paluch, K. Nair, and W. Sun, “Effects of process
parameters on cell damage in a 3d cell printing process,” in
Proceedings of the ASME International Mechanical Engineering
Congress and Exposition (IMECE ’09), pp. 75–81, November
2009.

[59] G. Mendonça, D. B. S. Mendonça, L. G. P. Simões et al., “The
effects of implant surface nanoscale features on osteoblast-
specific gene expression,” Biomaterials, vol. 30, no. 25, pp. 4053–
4062, 2009.

[60] V. Mironov, R. P. Visconti, V. Kasyanov, G. Forgacs, C. J.
Drake, and R. R. Markwald, “Organ printing: tissue spheroids
as building blocks,” Biomaterials, vol. 30, no. 12, pp. 2164–2174,
2009.

[61] T. Xu, J. Jin, C. Gregory, J. J. Hickman, and T. Boland, “Inkjet
printing of viable mammalian cells,” Biomaterials, vol. 26, no. 1,
pp. 93–99, 2005.

[62] J. Jagur-Grodzinski, “Polymers for tissue engineering, medical
devices, and regenerative medicine. Concise general review of
recent studies,” Polymers for Advanced Technologies, vol. 17, no.
6, pp. 395–418, 2006.

[63] B. R. Ringeisen, C. M. Othon, J. A. Barron, D. Young, and B. J.
Spargo, “Jet-based methods to print living cells,” Biotechnology
journal, vol. 1, no. 9, pp. 930–948, 2006.
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Mesenchymal stem cells (MSCs) represent a promising source for bone repair and regeneration. Recent lines of evidence have
shown that appropriate strain could regulate the osteogenic differentiation of MSCs. Our previous study demonstrated that
hydroxyapatite/collagen (HA/Col) composite also played an important role in the osteogenic differentiation of MSCs. The aim
of this study is to investigate the effects of mechanical strain and HA/Col composite on the osteogenic differentiation of rat bone
marrow derived MSCs (rBMSCs) in vitro. rBMSCs were treated with cyclic strain generated by a self-designed stretching device
with or without the presence of HA/Col composite. Osteogenic differentiation levels were evaluated using reverse transcription
polymerase chain reaction (RT-PCR), alkaline phosphatase spectrophotometry, and western blotting. The results demonstrated
that mechanical strain combined with HA/Col composite could obviously induce the differentiation of rBMSCs into osteoblasts,
which had a better effect than only mechanical strain or HA/Col composite treatment. This provides a new avenue for mechanistic
studies of stem cell differentiation and a novel approach to obtain more committed differentiated cells.

1. Introduction

Tissue engineering is a possible alternative to current treat-
ments for large bone defects or injuries caused by trauma or
tumor [1, 2]. Recently, mesenchymal stem cells (MSCs) have
received extensive attention in the field of tissue engineering
because they can be easily isolated from bonemarrow, induce
little immune response, have marked self-renewal properties,
and possess the biological capability to differentiate into
osteogenic, adipogenic, and chondrogenic lineages [3, 4].
The application of MSCs to bone tissue engineering requires
inducing in vitro differentiation of these cells into bone
forming cells, osteoblasts [5].

MSCs can differentiate into osteoblasts in response to
multiple environmental factors. For example, specific combi-
nations of soluble factors including dexamethasone, ascorbic
acid, and 𝛽-glycerophosphate disodium have been shown
to induce osteoblastogenesis of MSCs [3, 6]. A variety of
factors, like bone morphogenetic protein (BMP) and basic
fibroblast growth factor (bFGF), can upregulate expression
of osteogenic related genes in MSCs [7]. Besides chemical
revulsants, physical factors such as mechanical strain [8, 9],
shear stress [10, 11], and compressive stress [12, 13] also play
important roles in the osteogenic differentiation of MSCs.
In addition, along with the extensive use of implantable
and interventional medical devices, implanting material has
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Table 1: Primers for RT-PCR.

Gene Forward primer Reverse primer

ALP 5-CATGTTCCTGGGAGATGGTA-3 5-GTGTTGTACGTCTTGGAGAGA-3

cbfa1 5-GCCGGGAATGATGAGAACTA-3 5-GGACCGTCCACTGTCACTTT-3

COL1A1 5-TTACTACCGGGCCGATGA-3 5-CTGCGGATGTTCTCAATCTG-3

GAPDH 5-TGTTCCTACCCCCAATGTATCCG-3 5-TGCTTCACCACCTTCTTGATGTCAT-3

an important influence on the adaptation, remodeling, or
reconstruction of tissues and cells [14–17]. Our group and
other researchers have showed that hydroxyapatite/collagen
(HA/Col) composite could induce the osteogenic differenti-
ation of rat bone marrow derived MSCs (rBMSCs) [18–20].
These studies suggest an interesting biomaterial approach to
affect the osteogenic differentiation of MSCs.

Since the in vivomicroenvironment of bones is composed
ofmany factors, it is necessary to consider the joint use of dif-
ferent factors on the osteogenic differentiation of MSCs. For
instance, the in vitromechanobiological experiments demon-
strated that mechanical loadings could affect the osteogenic
differentiation of MSCs cultured in soluble biochemical
environment [21, 22]. Although a number of experimental
and clinical studies have attempted to regenerate bones with
MSCs [23–26], the combined effects of mechanical loadings
and biomaterials on the osteogenic differentiation of MSCs
are still unclear.

In an effort to improve the efficiency of MSC osteogenic
differentiation and better understand its molecular mecha-
nism, in this study, we investigated the effects of mechanical
strain and HA/Col composite on the induction of osteoblas-
togenesis of rBMSCs in vitro.

2. Materials and Methods

2.1. Cell Culture. All experiments involving the use of 30-day-
old male Sprague-Dawley rats (Peking University Laboratory
Animal Center, Beijing, China) were in compliance with
the Provisions and General Recommendation of Chinese
Experimental Animals Administration Legislation and were
approved by the Beijing Municipal Science & Technology
Commission (Permit Number: SYXK (Beijing) 2006-0025).
rBMSCs were isolated from the femurs and tibias as previ-
ously described [27, 28]. To isolate cells from bone marrow,
density gradient centrifugation was performed using the per-
coll technique (Pharmacia, Uppsala, Sweden). rBMSCs were
cultured in Dulbecco’s modified Eagle medium-low glucose
(DMEM-LG; Gibco, Grand Island, NY) supplemented with
10% fetal bovine serum (MDgenics, St. Louis, MO) at 37∘C
in humid air containing 5% CO

2
. rBMSCs in passages 2–4

were, divided into four groups: the control group (rBMSCs
cultured with regular complete medium), the strain group
(rBMSCs treated with 5% strain at a frequency of 0.5Hz for
24 h), the HA/Col group (rBMSCs treated with medium con-
taining 75𝜇g/mL HA/Col), and the strain + HA/Col group
(rBMSCs treated with 5% strain at a frequency of 0.5Hz
for 24 h and cultured with medium containing 75𝜇g/mL

HA/Col). A self-designed mechanical stretching device was
used to applymechanical strain to cultured cells as previously
described [28]. After one-day culture, F-actin filaments of
cells were stained. Relative numbers of cells were evaluated
by measuring the reduction of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) to formazan. After
7 days, the expression levels of alkaline phosphatase (ALP),
core binding factor alpha l (cbfa1), and the alpha l chain
of type I Col (COL1A1) were assessed using reverse tran-
scription polymerase chain reaction (RT-PCR). After 14 days,
the ALP activity was detected by ALP spectrophotometry,
and the expression of osteocalcin was assessed by western
blotting.

2.2. Cytoskeletal Staining. Cells were fixed in 4% paraform-
aldehyde, then permeabilized with 0.1% Triton X-100 in
PBS and blocked in 1% bovine serum albumin. Cells were
incubated in Texas red isothiocyanate conjugated phalloidin
(Molecular Probes, Eugene,OR) for 30min to stain all F-actin
filaments and with DAPI for 5min to label the nuclei at room
temperature. Fluorescent images were taken under a Leica
TCS SPE confocal microscope (Wetzlar, Germany).

2.3. MTT Measuring. Five mg/mL MTT was added to cells
and mixed by shaking briefly on an orbital shaker. Samples
were incubated for 4 h at 37∘C after that process. Then, the
supernatant was removed, and 150 𝜇L dimethyl sulfoxide was
added following 10min of oscillation. The optical density
(OD) of samples was measured at 490 nm using a Thermo
Scientific Varioskan Flash Multiplate Reader (Thermo Inc.,
Waltham, MA).

2.4. RT-PCR Analysis. Total RNA was extracted from cul-
tured cells using TRIzol reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s protocol and quantified
using a Genequant pro RNA/DNA Calculator (Bio-Rad,
Hercules, CA). cDNA was synthesized by two-step RT using
the Reverse Transcriptase M-MLV (Takara, Kyoto, Japan),
followed by PCR using Taq DNA Polymerase (Fermentas,
Ontario, Canada). The forward and reverse sequences of the
primers (synthesized by Invitrogen) in PCR are listed in
Table 1. RT-PCR was performed for 30 cycles of 94∘C for 30 s,
55∘C for 1.5min, and 68∘C for 1min, with an additional 7min
incubation at 72∘C after completion of the final cycle. A 10 𝜇L
sample of each PCR product was size-fractionated by 1.5%
agarose gel electrophoresis, and bands were visualized with
a UV Transilluminator (Tanon, Shanghai, China).
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(a) Control (b) Strain

(c) HA/Col (d) Strain + HA/Col

Figure 1: F-actin cytoskeletal changes of rBMSCs exposed to mechanical strain. (a) Control; (b) strain; (c) HA/Col; (d) strain + HA/Col.
rBMSCs were incubated in Texas red isothiocyanate-conjugated phalloidin to stain all F-actin filaments (red) and with DAPI to label the
nuclei (blue). Mechanical strain was in left→ right direction. Scale bar, 50mm.

2.5. ALP Quantification Assays. The ALP activity was de-
tected by ALP spectrophotometry. The cell culture super-
natants were collected, centrifuged at 2000 g for 10min at 4∘C
to remove any debris, and analyzed for ALP using an ALP
Kit (Biosino, Beijing, China) according to the manufacturer’s
instructions. The absorbance was read at 405 nm after the
addition of reagents using a Thermo Scientific Varioskan
Flash Multiplate Reader.

2.6. Western Blotting. Whole-cell protein extracts (20𝜇g/
lane) were separated by SDS-PAGE and transferred to
a polyvinylidene difluoride Immobilon-P membrane (Mil-
lipore, Bedford, MA) using an electroblotter (Bio-Rad).
Membranes were blocked with nonfat milk (Applygen,
Beijing, China) for 30min at room temperature, followed
by overnight incubation at 4∘C with primary antibodies
to osteocalcin (Boster, Wuhan, China) at a dilution of
1 : 1000. Primary antibody binding was detected using aHRP-
conjugated secondary antibody (Zhongshan Goldenbridge
Biotechnology, Beijing, China) and super ECL (Applygen).

2.7. Statistical Analysis. Each experiment was conducted at
least three times. All data were collected from cultures
obtained from independent isolations. Statistical analysis was
performed using one-way analysis of variance (ANOVA). A
Turkey’s test was used to determine the difference between
two groups within the multiple groups. All data were
expressed as mean ± SD. Differences were considered signif-
icant when 𝑃 < 0.05. All calculations were performed using
SPSS 17.0 (SPSS Inc., Chicago, IL).

3. Results

3.1. Effects of Mechanical Strain on F-Actin Filaments of
rBMSCs. Confocal image of F-actin filaments showed that
the cells cultured under static conditions had random fiber
orientation. Strained rBMSCs showed filaments aligned per-
pendicular to the axis of mechanical strain (Figure 1).

3.2. Effects of Mechanical Strain and HA/Col Composite on
the Proliferation of rBMSCs. The results of MTT analysis of
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Figure 2: Effects ofmechanical strain andHA/Col composite on the
proliferation of rBMSCs measured by MTT assay.

rBMSCs in the four groups were shown in Figure 2. There
were no statistical differences detected in the proliferation
among the cells cultured in the four groups.

3.3. Effects of Mechanical Strain and HA/Col Composite on the
Osteoblast-Related Gene Expressions of rBMSCs. As shown
in Figure 3, both mechanical strain and HA/Col composite
induced the expression of ALP, cbfa1, and COL1A1, an
attribute that was absent in untreated cells (𝑛 = 3, 𝑃 <
0.05). Combination of mechanical strain and HA/Col had
a stronger effect on mRNA expression of ALP, cbfa1, and
COL1A1 than either treatment alone (𝑛 = 3, 𝑃 < 0.05), but
there was no significant difference betweenmechanical strain
and HA/Col stimulation groups (𝑛 = 3, 𝑃 > 0.05).

3.4. Effects of Mechanical Strain and HA/Col Composite on the
Osteoblast-Related Protein Productions of rBMSCs. To fur-
ther determine the effects of mechanical strain and HA/Col
composite on rBMSCs differentiation into osteoblast, the
expression of ALP was assessed by ALPs pectrophotometry
(Figure 4), and the expression of osteocalcin was evaluated
using western blotting (Figure 5) after 14 days. In agreement
with the RT-PCR results, the expressions of ALP and osteo-
calcin were induced by mechanical strain and/or HA/Col
composite compared to untreated cell layers (𝑛 = 3, 𝑃 <
0.05), especially by the strain + HA/Col treatment (𝑛 = 3,
𝑃 < 0.05).

4. Discussion

In this study, we put emphasis upon the role of mechanical
loadings and biomaterials on the osteogenic differentiation of
MSCs in vitro.The results demonstrate thatmechanical strain
combined with HA/Col composite can obviously induce the
differentiation of rBMSCs into osteoblasts, which has a better

effect than only mechanical strain or HA/Col composite
treatment.

Cell osteogenic differentiation is most often judged in
terms of upregulation of markers indicative of a mature,
differentiated osteoblast phenotype. The results of RT-PCR
analysis in this study indicate that from gene expression level
mechanical strain and/orHA/Col composite can significantly
promote the osteogenic differentiation of rBMSCs. cbfa1,
ALP, and COL1A1 are traditionally used to evaluate the
osteogenic differentiation of MSCs [9, 29, 30]. There is a
complete lack of osteoblast development in the animal model
where the cbfa1 gene is knocked out [31, 32]. ALP is an ectoen-
zyme involved in the degradation of inorganic pyrophosphate
to provide sufficient local phosphate concentration for min-
eralization [29, 33]. COL1A1 is the most abundant protein
in the osteocyte environment and is osteoinductive [30].
Moreover, based on regulation of gene expression, differenti-
ating cells express osteoblast-related proteins including ALP
and osteocalcin. However, the relative numbers of cells in
each group exhibit no significant differences (Figure 2), so
that the increases of genes and proteins are not due to cell
proliferation but the treatment of mechanical strain and/or
HA/Col composite.

The effects of HA/Col composite on the osteogenic differ-
entiation of rBMSCs have been investigated in our previous
study, and the results exhibit that the optimal concentration of
HA/Col is 75𝜇g/mL [20].The cells ofmechanical strain group
in this study are subjected to a cyclic uniaxial stretch (0.5Hz,
5% elongation). Koike et al. examined the effects of varying
magnitudes of strain on the ST2 stromal cell line, showing
that low levels of strain (0.8% and 5%) increased ALP activity
and expression of Runx2. By contrast, high levels of strain
decreasedALP activity (10% and 15% strains ) [8]. Jagodzinski
et al. also demonstrated that mechanical stimulation with
both 2% and 8% elongations could promote the osteogenic
differentiation of MSCs [22]. All these results indicate that
mechanical strain stimulates the osteogenic differentiation of
stromal cells at low magnitudes of strain.

The expression levels of osteoblast-related markers in
rBMSCs significantly increase to a degree suggestive of a
synergistic interaction of mechanical loadings and bioma-
terials. The precise mechanism for the synergistic effects
is still unknown, possibly increasing secretion of factors
that accelerate the osteogenic differentiation or inducing
different cell populations. The cytoskeleton is affected by the
extracellular microenvironment and can transduce different
signals [34]. In the present study, microfilament organization
changed aftermechanical strain and/orHA/Col treatment(s),
which might be one of the key factors in the cellular
response to extracellular signals. Further investigations are
needed to decipher which signaling pathways are affected by
mechanical strain and/or HA/Col composite.

5. Conclusion

This study proves that combining mechanical strain and
HA/Col composite together has a synergistic interaction
on the osteogenic differentiation of rBMSCs. By combining
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Figure 3: Effects of mechanical strain and HA/Col composite on the osteoblast-related gene expressions of rBMSCs. (a) Representative
pictures of RT-PCR product bands. (b) Image analysis of (a). The relative expression of each gene was normalized to GAPDH. Results are
shown as the mean ± SD values (𝑛 = 3). ∗𝑃 < 0.05, compared to the control group; #

𝑃 < 0.05.
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Figure 4: Effects of mechanical strain and HA/Col composite on the secretion of ALP into the culture media assessed by ALP
spectrophotometry. Results are shown as the mean ± SD values (𝑛 = 3). ∗𝑃 < 0.05, compared to the control group; #

𝑃 < 0.05.
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Figure 5: Effects of mechanical strain and HA/Col composite on
the expression level of osteocalcin assessed by western blot analysis.
(a) Representative pictures of western blot product bands. (b) Image
analysis of (a).The relative expression of osteocalcin was normalized
to GAPDH. Results are shown as the mean ± SD values (𝑛 = 3).
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mechanical, biomaterial, and chemical modalities and other
influential factors, one may be able to promote more rapid
maturation of progenitor cells.
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Bone drilling is widely used in orthopedic surgery.Microcracks will be generated in bone drilling, whichmay cause fatigue damages
and stress fractures. Fresh bovine cortical bones were drilled via vibrational and conventional ways. Drilling operations were
performed by a dynamic material testing machine, which can provide the vibration while maintaining uniform feed motion. The
drill site and bone debris were observed through scanning electron microscope (SEM).The experimental results showed that fewer
and shorter micro-cracks were formed in vibrational drilling than those formed in conventional way. And the surface morphology
of bone debris from two different drilling ways was also quite different. It is expected that vibrational drilling in orthopedic surgery
operation could decrease the microdamage to the bone, which could lower the incidence of stress fracture and contribute to the
postoperative recovery.

1. Introduction

Recently, minimally invasive surgery has become one of the
most important trend of orthopedic surgery, and it could
decrease surgical trauma and shorter the recovery time for
patients. As one of the most basic and common surgical
operations, bone drilling has been widely used in the ortho-
pedic surgery [1]. Drilling operation itself could also cause
damages to the bone. Recent research in this area focused
on the thermal damage in bone drilling, which could lead
to bone necrosis or even osteomyelitis [2, 3]. In vivo animal
experiments showed that if the temperature of bone rises to
50∘C for more than oneminute, it will cause the cortical bone
necrosis [4–6]. Lundskog and Krause showed that when the
temperature of bone rises above 50∘C, thermal effects will
lead to the degeneration of enzymes and membrane proteins
in the bone, which causes bone necrosis [7, 8].

On the other hand, high-speed drilling also makes dam-
ages to bone microstructure. Experimental studies have indi-
cated that manymicrocracks were generated in bone drilling.
Meanwhile, excessive microcracks will be produced when

the bone strain exceeds the threshold. These microcracks
may cause fatigue damages in bone, because the increase of
microcracks can decrease the bone stiffness and the elastic
modulus [9–12]. Only a few of these microcracks can be
repaired by bone remodeling process [13–15]. Therefore,
rapid accumulation of microcracks will increase the bone
fragility and lead to stress fractures [16]. When microcracks
accumulate at normal rate and the bone’s repair mechanism
is deficient, it will lead to the collapse of the bone and even
fragility fractures [17, 18].

Vibrational drilling is a new drilling method, which adds
axial vibration to the drill bit. Additional vibrational pulse can
effectively improve the drilling effect and reduce the cutting
heat in the drilling process [19]. Alam et al. reported that
vibrational drilling could significantly reduce drilling force
and torque in cortical bone drilling [20]. Both cutting heat
and drilling force/torque represent drilling energies, which
have relationship with bone microcracks. Therefore, in this
work, the hypothesis is that vibrational drilling can decrease
the accumulation in microcracks during bone drilling. We
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Figure 1: The precision cutting machine.

Figure 2: Specimen for drilling.

focused on the efforts to study the damages of vibrational
and conventional drilling methods on bone microstructure.
The differences in microcracks for different drilling methods
were observed by the scanning electron microscope (SEM).
This comparison research of microcracks in different drilling
methodsmay suggest a newway to reduce themicrocracks in
bone drilling by changing drilling methods.

2. Materials and Methods

2.1. Specimen Preparation. According to current studies, the
properties of bovine bones best resemble the properties of
human bone [21]. Therefore cortical bone specimens, which
were cut from bovine femur, were used in this research.
Considering that the thickness of the cortical bone is not
completely uniform, the bovine femur was cut into 1 cm long
sections by a precision cutting machine (SYJ-200, China;
Figure 1). Taking into account the average thickness of the
cortical bone and to ensure the same drilling depth in
the experiment, the drilling depth is fixed to 8mm. The
marrowwas removed, and cortical bone thickness over 8mm
was marked for drilling as shown in Figure 2. Then the
specimens were kept frozen until used. One hour before each
experiment, the specimens were thawed in a thermostat-
controlled bath adjusted at room temperature to guarantee
each of the initial specimens was at room temperature before
drilling.

Figure 3: Experimental arrangement for vibrational and conven-
tional drilling.

2.2. Experimental Setup. As shown in Figure 3, in vitro
drilling operations were performed by a dynamic material
testing machine (Instron E10000, USA), which can provide
the vibration while maintaining uniform feed motion (V =
40mm/min). A vise was located on the table of the machine
centre to fix the specimens. A hand drill was connected with
a flexible drive rod, which can transfer rotation to another
drill bit. The drill bit was fixed to the testing head of the
machine with stainless steel drill on it. In this research, the
drill speed is fixed at 8000 rad/min, and the diameter of
the drill bit is 4mm. It is well known that cutting heat is
generated from friction and internal structural damages. And
the temperature was considered as an important index to
reflect the drilling energy. Therefore, temperature changes of
drill holes were directlymeasured by Pt100 platinum resistors
once finishing drilling.

Before drilling, the prepared sample which has been
adjusted to room temperature was fixed to the vise. Then the
drill bit was aligned with the predrilled site by manual con-
trolling. Afterward, the drilling parameters such as drilling
depth and feed rate were set in the software which comes
with the dynamic material testing machine. In the end, we
turned on the hand drill and ran the software. When the
drilling finished, we turned off the hand drill and inserted
the Pt100 platinum resistors into the drill hole to measure the
temperature of the drill hole.

Conventional and vibrational drillings with different
parameter sets (frequency: 5∼20Hz, amplitude: 100∼500𝜇m)
were performed. The drill site of cortical bone and bone
debris from conventional drilling group and the vibrational
drilling group with the lowest temperature (𝐴 = 500 𝜇m,
𝑓 = 20Hz) were observed through SEM (CamScan 3400,
German).

3. Results

In this study, a total of 60 experiments were conducted in two
drilling methods, which contained 1 conventional drilling
group and 5 vibrational drilling groups. 10 drillings were
carried out for each group. The mean temperatures of drill
holes for every group were summarized in Table 1.

We can see from Table 1 that there is a downward trend
in the mean temperature of drill hole with the vibration



Journal of Nanomaterials 3

Table 1: The mean temperature (∘C) of drill hole and the 𝑃 value for every group.

Drilling parameters Conventional
drilling

Vibrational drilling
𝐴 = 100𝜇m
𝑓 = 10Hz

𝐴 = 200𝜇m
𝑓 = 10Hz

𝐴 = 300 𝜇m
𝑓 = 15Hz

𝐴 = 500 𝜇m
𝑓 = 15Hz

𝐴 = 500𝜇m
𝑓 = 20Hz

Mean temperature of
drill hole ± SD 55.41 ± 4.60 42.87 ± 2.00 40.33 ± 2.60 39.47 ± 1.69 37.88 ± 1.67 36.38 ± 1.32

𝑃 value 0.0087 0.0001 <0.0001 <0.0001 <0.0001
SD: standard deviation.

200𝜇m

(a)

200𝜇m

(b)

Figure 4: Scanning pictures with magnification 100, left: vibrational drilling; right: conventional drilling.

(a) (b)

Figure 5: Scanning pictures with magnification 300, left: vibrational drilling; right: conventional drilling.

10𝜇m

(a)

10𝜇m

(b)

Figure 6: SEM pictures of bone debris with magnification of 2000, left: vibrational drilling; right: conventional drilling.
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Table 2: The percentages of microcracks area in the SEM picture
from each group.

×100 ×300 ×500

Conventional drilling 43.09% 32.34% 16.85%
Vibrational drilling
(𝐴 = 500 𝜇m, 𝑓 = 20Hz) 22.69% 14.66% 6.67%

increase.Moreover, compared to conventional drilling, vibra-
tional drilling can significantly reduce the cutting heat in
drilling of cortical bone (𝑃 < 0.01).

In order to show the microcracks in bone via different
drilling operations, the drilled specimens in conventional
drilling group and the fifth vibrational drilling group (𝐴 =
500 𝜇m, 𝑓 = 20Hz), which hold the highest and the lowest
drill hole temperature, respectively, were observed by SEM.

The specimens were cut along the axis of the drilling
hole, and then the drilling site and bone debris, which
were collected during drilling, were sprayed with gold and
observed with SEM. The microcracks in the SEM pictures
were sketched manually using medical image analysis soft-
wareDigimizer. Table 2 shows the percentages ofmicrocracks
area in the SEMpictures from each group with three different
magnifications. The SEM results show that the microcracks
in vibrational drilling are significantly less than those in
conventional drilling. Figure 4 shows two typical scanning
pictures from the two groups.The left one is from vibrational
drilling group and the right one is from the conventional
drilling group.

For a clearer observation of the microcracks in two
drilling methods, the magnification was raised to 300 in
Figure 5. Similarly, the microcracks were measured manually
byDigimizer. In general, it is observed that the length ofmost
microcracks from vibrational drillings is shorter than that
from conventional drillings.

Meanwhile, the bone debris generated in drilling process
was also observed by SEM. It is found that the surface
morphology of the bone debris differed in the two groups.
Figure 6 is the SEM pictures of bone debris from two groups
with magnification of 2000. In conventional drilling group,
the gullies on the bone debris surface are very obvious and
clear. However, the bone debris surface in vibrational drilling
group is relatively flat.

4. Discussion

Extensive practice in machining areas has proved that vibra-
tional drilling compared to conventional drilling has obvious
advantages [22–26]. Studies have shown that the pulse of
high-frequency vibration has a significant effect in reducing
bone cutting heat [27, 28]. Therefore, the hypothesis is that
vibrational drilling may also bring less damage to the bone
microstructures and reduce the microcracks generated in
bone drillings.

According to Table 1, vibrational drilling can significantly
reduce the cutting heat in drilling of cortical bone. We
speculate the reason is that vibrational drilling can reduce the

contact time of drill bit and drill hole and promote air flow in
drill hole, which can carry away part of the cutting heat. On
the other hand, the result of SEM showed fewer that micro
cracks were formed in vibrational drilling than those formed
in conventional way. Therefore, vibrational drilling may also
decrease the cutting heat generated by internal structural
damage of bone.

Figure 4 shows the scanning pictures with magnification
100 via two drilling operations. From these results it can
be observed that drilling method is a critical factor in the
generation of microcracks in bone drilling. Compared to
the conventional drilling, vibrational drilling has significantly
reduced the accumulation in microcracks. As mentioned
before, increases in micro-cracking may cause the fatigue
damage even to stress fracture. Furthermore, on the terms
of the mean length of microcracks, O’Brien et al. reported
that microcracks of less than 100 𝜇m in length stopped
growing when they encountered a cement line [9]. However,
microcracks in the range 150–300 𝜇m continued to grow
after encountering a cement line surrounding an osteon.
Only microcracks greater than 300 𝜇m were obverted to
cause failure [7]. As shown in Figure 5, the mean length of
microcracks for vibrational drilling is 100 𝜇m, approximately.
But most of the microcracks generated by conventional
drilling are about 300𝜇min length, which are subject to cause
fracture. Therefore, we speculate that vibrational drilling
could decrease the incidence of stress fracture.

Figure 6 shows the difference in surface morphology of
bone debris. Because the generation of bone debris is related
to the energy of drilling, the flat surface in vibrational drilling
group may suggest that less energy was transformed to the
bone. And we infer that there may be a certain relationship
between the surface morphology of the bone debris and the
generation of microcracks.

5. Conclusion

According to the experimental results of the microcracks
accumulation via vibrational and conventional drilling, it is
concluded that vibrational drilling can reduce the generation
of microcracks which may contribute to the postoperative
recovery.
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The reports onmedical imaging and nanomedicine are gettingmore andmore prevalent.Many nanoparticles entering into the body
act as contrast agents, or probes in medical imaging, which are parts of nanomedicines. The application extent and the quality of
imaging have been improved by nanotechnique. On one hand, nanomedicines advance the sensitivity and specificity of molecular
imaging. On the other hand, the biodistribution of nanomedicine can also be studied in vivo bymedical imaging, which is necessary
in the toxicological research. The toxicity of nanomedicine is a concern which may slow down the application of nanomedical.
The quantitative description of the kinetic process is significant. Based on metabolic study on radioactivity tracer, a scheme of
pharmacokinetic research of nanomedicine is proposed. In this review, we will discuss the potential advantage of medical imaging
in toxicology of nanomedicine, as well as the advancement of medical imaging prompted by nanomedicine.

1. Introduction

Medical imaging is an important technology in clinical
and medical research, which enables the observation of
human and animals in vivo. The development of medical
imaging contributes a lot to diagnosis and therapy. However,
researchers are not satisfied with single anatomical image.
To detect physiological function and biological process,
functional imaging, molecular imaging, and multimodality
imaging are invented and have developed prosperously [1–3].
Mostmolecular imaging today depends on synthesized probe
with special property [4]. For nuclear medicine, for example,
the probe is also expressed as radioactive tracer or tracer [5, 6]
for positron emission tomography (PET). For fluorescence
molecular tomography the probe is a fluorescence agent [7].
In terms of traditional imaging, some agents are used to
increase the contrast of images [8, 9]. Contrast agent can
enhance their applications and even upgrade them to cellular
and molecular level.

Nanotechnology has a remarkable great contribution
to the development of medical imaging. Nanomedicine is

a scientific specialty of nanotechnology, which has great
potentials to develop the diagnostic and therapeutic
approaches [10–12]. Nanomedicine has drawn broad inter-
ests in medical imaging, as well as the targeted therapy
[13]. Modified by nanotechnique, some probes and contrast
agents become more efficient [14], and then they can be
called nanomedicine [15]. Some kinds of nanoparticle, just as
metal nanoparticles, become nanomedicine used as contrast
agent of medical imaging [16, 17]. With the application of
nanomedicine, medical imaging will have a broader prospect
in application.

Nevertheless, the nanomedicine, used in medical imag-
ing, must eliminate the potential risks in safety issues. Most
nanomaterials have been discovered to affect cell behavior
[18, 19] and even to damage the physiological system [20,
21]. The discussion of the biocompatibility and toxicity of
nanomaterial is of a great importance in biological and
medical research. The toxicology of nanomaterials is usually
studied on cellular scale or smaller size, while the phar-
macokinetics is also necessary to understand its potential
toxicity [22]. As pharmacokinetics of tracer is studied by
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means of nuclear medicine [23, 24], the dynamic distribution
of nanomedicine could also be studied by medical imaging
[25]. Thus, medical imaging could advance the research of
nanomedicine, especially in the field of toxicology.

This paper aims at discussing the interaction between
medical imaging and nanomedicine. Nanomedicine extents
the application of medical imaging, and medical imaging
enhances toxicological research at system scale. In this review,
we will first discuss some imaging techniques, which are
commonly used in clinic, and the imaging agents, including
traditional agent and nanomedicine. Then a discussion will
be shared about the toxicological research of nanomedicine.
In the end, a feasible means combined with medical imaging
and nanomedicine will be proposed for the quantificational
study of nanomedicine toxicity.

2. The Development of Imaging
Affected by Nanomedicine

The development of medical imaging is built on multiple
techniques. In the past decade, it has been promoted espe-
cially by nanotechnique [15]. Every imaging technique has its
limitation as well as the superiority, nanomedicine is used as
probe, or contrast agent, to extend the application of imaging
and to improve the quality of images [26–28].

CT, which is based on X-ray attenuation, can recognize
inner structure by the different attenuation coefficients of
tissues. Though CT is a high-resolution imaging, it is limited
in soft-tissue imaging. To increase the contrast of images,
metal salts, metal particles, and some iodinated compounds
have been used as contrast agents in X-ray-based imaging
[29]. High osmolality, short circulation time, and toxicity of
heavy metal bulk may lead to some adverse reactions at the
same time. Nanotechnique overcomes some of these prob-
lems. Conjugated with nanoparticle, iodinated compounds
prolong the circulation time [30], and nonionic water-soluble
iodinated contrast agents have lower osmolality [31]. Heavy
metal nanoparticle has shown its efficiency as contrast agent
in CT imaging [32–34].

MRI is based on nuclear magnetic resonance and the
relaxation of proton spins in a magnetic field. It has a high
resolution for soft tissue and is highly functional for brain and
nervous system scan. While For the tiny difference between
lesion and normal tissue, MRI is not as sensitive or specific as
ideal molecular imaging. Nanocontrast agents can help MRI
become amore efficient molecular imaging [27]. Gadolinium
chelates are commonly used contrast agents to enhance the
signal of MRI [35]. Gadolinium-loaded single-walled carbon
nanotubes are super paramagnetic, 40 times more than
traditional agent [36]. Iron oxide nanoparticles (hundreds
of nanometers) are super paramagnetic, which have been
used to diagnose liver diseases [37, 38]. Ultrasmall iron oxide
nanoparticles (less than 50 nanometers) are applied to detect
macrophage [39]. The application of MRI becomes more and
more extensive with the progressive research on magnetic
nanomedicine [40, 41].

Nuclearmedicinemolecular imaging, as PET and SPECT,
relies on radiotracers, which are also called probes. Fluo-
rodeoxyglucose (18FDG) is the most commonly used radio-
pharmaceutical in PET imaging [42]. As the analog of
glucose, FDG can be used to detect cancer, which has a high
glucose metabolic rate [43, 44]. FDG is not always sensitive
to all lesions. 11C-acetate is more suitable for the detection of
liver cancer [45]. For specific diagnosis, the probe of proper
target is the key of medical imaging [46, 47]. Combined
with nanoparticles, the radiotracers become more and more
multiform; for example, radionuclides can be labeled on
proteins, antibodies, and peptides. The radiolabeled single-
walled carbon nanotubes can be used in PET imaging, and
the efficiency can be increased by peptide coating [48]. The
sensitivity and specificity of nuclear medicine imaging will
increase with the application of nanomedicine.

Besides upper imaging technique, nanotechniques
advance other medical imaging. The combination of nano-
particle and fluorescent probe greatly enhances imaging [49].
Quantum dot, which is referred to as semiconductor nano-
crystals, can be used in fluorescence image, even to image
the vasculature near tumor probe [50, 51]. To visualize
microvascular, nano/microcapsules have been designed as a
contrast agent for ultrasonic imaging [52].

Nanomedicinemay be themost suitable probe or contrast
agent for multimodality imaging because of the convenience
of integrating multiple properties [53, 54]. In PET/MRI
imaging, radiolabeled iron oxide nanoparticles are not only
the tracers for PET but also the contrast agents for MRI [55].
With the ability of multifunction load [56], nanomedicine
may boost the fusion of multiple imaging techniques and
even the combination of the process of diagnosis, therapy,
evaluation, and disease prevention [57]. There are so many
mechanisms for creating imaging agent in nanoscale, which
will progressively develop the sensitive and specific imaging
technique.

3. The Study on Toxicity of Nanomedicine
Could Be Supported by Imaging

Many nanomedicines are not only for imaging but also
for therapy [58–60]. Nanomedicine can deliver therapeu-
tic agents into targeted specific tissues and cells [61]. For
example, gold nanoparticles are the potential for the therapy
of various diseases such as cancer and Alzheimer [34, 62,
63]. Unlike the nanobiomaterials applied in vitro [64, 65],
nanomedicines face more risks along with the opportunities.
Biocompatibility and toxicological research are significant
for the materials which will be applied in human body [66,
67]. It has been reported that some nanoparticles produce
inflammation and tissue damages and other adverse health
effects in body [68–70]. Toxicology study is the essential
safety assessment of nanomedicine [71].

In the study of toxicity, in vivo experiments are abso-
lutely necessary for the understanding of nanotoxicity in the
physiological system.The examination of serum biochemical
parameters, urine parameters, and histopathology can reveal
the injury of viscera and have been used as methods to
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Figure 1: The scheme of in vivo toxicity study by medical imaging.

study toxicity of nanomaterials [72–74]. In the study of the
nanotoxicity, biodistribution and elimination are of a great
importance [61]. Nanoparticles can translocate in human
body, even if they are inhaled, and the position where
they settle down may decide the level of damage [75].
Central nervous system is the potential susceptible target for
some nanoparticles, in which the potential lesion induced
by nanoparticles will be hazardous [69, 76]. In traditional
biodistribution experiments, small animals were sacrificed
after administration, and the organs, liver, spleen, lung, heart,
and kidney, were excised to detect the biodistribution of
nanoparticles [77, 78]. In the biodistribution experiment of
Fe
2
O
3
nanoparticles [79], isotope was labeled to be detected

by high purity germanium detector after organs excised. The
radiolabeled nanoparticle can also be detected by whole body
gamma camera image [25]. In other words, medical imaging
can be used as a tool to study toxicity of nanomedicines.
PET/CT has been used to study the tissue biodistribu-
tion and pharmacokinetics of DOTA-functionalized single-
walled carbon nanotubes [80] and nano graphene [81]. MRI
has been used to track mesoporous silica nanomedicine
for three months [82]. The distribution of nanomedicine in
various organs could be derived by medical imaging.

Pharmacokinetic model is a quantificational method to
describe the dynamic fate of a drug after administration,
which is usually required for new drug design. Though
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the dynamic distributions of nanomedicine have been dis-
cussed in some literatures [25, 81, 82], yet few pharmacoki-
netic models have been established. Zhu et al. used one-
compartment model to describe the kinetic of ferric oxide
nanoparticles in human body quantificationally [79]. In this
model, the rate of absorption and elimination was included,
but the different distribution of nanomedicine cannot be
represented. In another application of molecular imaging,
kinetic models of tracer are established to describe the
metabolism of glucose [83]. By dynamic PET imaging, the
kinetic models were established separately for some tissues
[84, 85] and then formed a whole body model [86, 87]. The
distribution metabolism and elimination are all involved,
which are parts of toxicity study.

Thus the development of nanomedicine could be prom-
pted by medical imaging, especially in the aspect of tox-
icology. According to the application of medical imaging
in metabolism research, there is a feasible research scheme
for toxicological study, as shown in Figure 1. Loaded with
imaging-functionalized particles, the nanomedicines could
be detected by medical imaging. Radioactivity label is pre-
ferred for PET or SPECT, magnetic nanoparticles could
be attached for MRI, and quantum dots will be suitable
for fluorescence image. Nanotechniques may show their
advantage in designing probe for multimodality imaging.
Then the dynamic distribution curve of nanomedicine in
different tissues can be received from images, which can be
used to establish the pharmacokinetic model. In the phar-
macokinetic model, the processes of absorb, distribution,
metabolism, and elimination are described quantificationally.
These processes are also called biodistribution, an important
aspect of toxicology.This scheme, usingmathematicmodel to
describe the biodistribution of nanomedicine, is a potential
application of medical imaging in nanotoxicity research.

4. Conclusions

The rapid development of medical imaging and nanomedi-
cine gives us a promising prospect of diagnosis and ther-
apy. Sensitive, specific, and in vivo diagnosis and personal
therapy benefit from the combination of medical imag-
ing and nanomedicine. Nanomedicines, used as imaging
contrasts, tracers, or probes can improve the sensitivity
of imaging detection; thus, the sparsely expressed targets
would be discovered. With the well-designed nanomedicine,
medical imaging could also be used for tumor imaging
[88], physiological mechanism study [89], and even DNA
detection [90]. It is beneficial not only to imaging but
also to the development of nanomedicine. The potential
toxicity is the biggest barrier to the clinical application of
nanomedicine.Quantificational dynamic systemic researches
on the distribution of nanomedicines in vivo are necessary to
toxicology. Medical imaging is the most convenient method
to analyze the biodistribution of nanomedicine and to assess
the nanomedical treatment [91]. Nanomedicines can be
detected in vivo by medical imaging, after they are loaded
with imaging-functionalized particles or radioactive labeled.
Therefore, imaging will allow the risk stratification and

monitoring of therapy effects. With reference to metabolic
studies of radioactivity tracer, the pharmacokinetic model of
nanomedicine could also be established bymeans of dynamic
medical imaging, which will contribute to the advancement
of nanomedical toxicology. In summary, medical imaging
and nanomedicine advance each other and will play an
important role towards more advanced medicine. Attention
should be focused not only on the success of nanomedicine
application in medical imaging but also on the potential
advantages of imaging for nanomedical toxicology research.
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Electrospinning is amethod inwhichmaterials in solution are formed into nano- andmicro-sized continuous fibers. Recent interest
in this technique stems from both the topical nature of nanoscalematerial fabrication and the considerable potential for use of these
nanoscale fibres in a range of applications including, amongst others, a range of biomedical applications processes such as drug
delivery and the use of scaffolds to provide a framework for tissue regeneration in both soft and hard tissue applications systems.
The objectives of this review are to describe the theory behind the technique, examine the effect of changing the process parameters
on fiber morphology, and discuss the application and impact of electrospinning on the fields of vascular, neural, bone, cartilage,
and tendon/ligament tissue engineering.

1. Introduction

Electrospinning, which is an ultrafine fiber manufacturing
technology, was coined in 1990s from the earlier used term
of “electrostatic spinning.” It has now attracted increasing
attention in both the academic and industrial communities
[1–4]. Electrospinning is capable of fabricating fibers with
nanometer range diameters, which yields very high specific
surface areas, up to one to two orders of magnitude higher
than current microfibers produced from conventional melt-
ing and dry/wet spinning methods. Therefore, electrospun
nanofibers are very useful for developing a variety of products
or structures whose functions are dependent on surface area.

Among those potential applications, one of the most
promising uses is for developing nanofibrous cellular scaf-
folds for tissue engineering. The underlying rationale of
using nanofibers for scaffolding is based on the biomimetic
principle that electrospun nanofibers can mimic the physical
structure of the native extracellular matrix (ECM). This is
because, from the biological viewpoint, almost all of the tis-
sues and organs, such as bone, nerve, blood vessel, ligament,
tendon, and cartilage, are synthesized and hierarchically
organized into fibrous form (structure) with fiber dimensions

down to nanometer scale [5–9]. Nanofibrous scaffold can
therefore provide environmental or physical cues to cells and
promote cell growth and function well towards the synthesis
of genuine extracellular matrices over time [10]. To date,
electrospun fibers have been applied towards a broad range
of regenerative medicine applications. Electrospinning has
emerged as a new scaffold fabrication method.

2. The Electrospinning Process

Electrospinning is a method in which materials in solution
are formed into nano- and micro-sized continuous fibers.
The elements required for electrospinning include a polymer
source, a high-voltage supply, and a collector (as shown in
Figure 1) [11].Whatmakes electrospinning unique fromother
methods of spinning (i.e., dry spinning,melt spinning, etc.) is
the electrostatic force stretching the solubilized polymer as it
falls and solvent starts to evaporate out [12]. Through several
different collection methods, this process yields nonwoven,
nanoporousmaterials.The basis of electrospinning is derived
from a large change in electric potential. The material in
solution is forced through an electrified orifice with voltage
applied, usually between 5 and 30 kV. This charges the
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Figure 1: Schematic of a typical electrospinning system. A polymer solution is forced through a needle using a syringe pump. The needle is
connected to a high-voltage DC supply, which injects charge of a certain polarity into the polymer solution. If the electrostatic force created
by the repulsion of similar charges is sufficient to overcome the surface tension of the polymer solution, the Taylor cone is formed and a fiber
jet is emitted from its apex. While the fiber jet is traveling toward the grounded collector it undergoes a chaotic whipping instability.The fiber
jet is then deposited on the collector, which can be rotating and translating as depicted here [11].

solution inducing what is known as a Taylor cone or envelope
cone located at the tip of the needle. The Taylor cone is the
foundation for the jet of material that whips down toward a
collection area.This motion is driven by bending instabilities
in the jet as well as effects of evaporation and solidification of
the solvent [13].

An equally charged auxiliary electrode at the site of
the needle is also present to propel the jet downward.
This electrode, normally a disk, inverted cone, or cylinder,
provides an extra “electrostatic push” to both focus on the
jet and overcome the surface tension of the solution [14, 15].
This supplementary electrode also plays a role in reducing the
instability of the initial jet leaving the apex of the Taylor cone,
resulting in the stable, visible region of solution immediately
under the needle. As the jet moves toward the collector plate,
it is elongated by electrostatic interactions between charges
nearby segments of the same jet. Meanwhile, the solvent
evaporates, and finally the jet solidifies into a fiber [16]. If the
surface tension of the solution exiting the jet is strong enough,
the effect will be a reduction in the surface area of the jet [17].

The collection area is either grounded or supplied with a
negative charge to further attract the solution. Alignment of
the fibers has been attempted using several different configu-
rations such as an array of counter electrodes, disc collection,
placement of knife-edge electrodes, and rotating wire drums
[18, 19]. Significant alignment fibers have been achieved with
a combination of an inverted cone supplementary electrode
and amotorized dual-axis stage collection system [20]. Other
methods such as multiple jets and two-fluid electrospinning
have also been attempted to maximize desirable properties of
the scaffold [21].

Due to the nano- and microscale of the process, many
variables affect both the fiber formation and the consistency
of the final product. It has been shown that humidity plays
a large role in electrospinnability [22]. A lower humidity

(less than 35%) is ideal for spinning. Humidility higher than
35% will make the jet difficult to spin continuously. Other
external variables that affect the process include gravity,
temperature, air density, and air velocity [23]. It is very
important for electrospinning to be performed in a closed and
regulated environment. Properties of the solution that have
a large effect on the process include concentration, viscosity,
conductivity, surface tension, and homogeneity [24, 25].

3. Polymers for Electrospinning

Since electrospinning began, many polymers have been
successfully electrospun for different applications. Electro-
spinning technology can be used to generate nanofibrous
scaffolds made of synthetic polymers as well as native matrix
such as collagen, gelatin, chitosan, silk, and elastin [26–
34]. Synthetic polymer scaffolds such as those composed of
lactic or glycolic acids are biocompatible and biodegradable,
have configurable mechanical properties, and can be easily
modified to incorporate proteins and peptides [35, 36].
PLA and PGA have been approved by the Food and Drug
Administration (FDA) as suture material and use in drug
delivery. Recently, copolymer and polymer mixtures have
been found to be advantageous over homopolymers and
can be incorporated to vary the mechanical properties and
degradation time of nanofibrous scaffold [37–40].

4. Nanofibers for Tissue
Engineering Applications

Electrospun fibrous scaffolds possess an extremely high
surface-to-volume ratio, tunable porosity, and malleability to
conform over a wide variety of sizes and shapes, which have
found wide applications in biomedical fields. The scaffolds
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contain nanofibers with microscale interconnected pores,
loosing three-dimensional assemble, resembling the topo-
graphic features of ECM, and resulting in suitable substrates
for tissue engineering [41]. Being an emerging field applied to
tissue engineering, electrospinning has yet to make a signifi-
cant impact on in vivo applications. Although many different
polymeric scaffolds and cell types have been studied, the bulk
of the research thus far is restricted to preliminary, qualitative
analyses of the cytocompatibility of the electromaterials in
terms of cell adhesion, proliferation, and changes in cell
morphology. However, increasing attention is being paid to
the more quantitative evaluation of the changes in cellular
functions as a result of the topographical cues provided by
the nanofibrous scaffolds. By varying the previously discussed
processing and solution parameters the fiber orientation
(aligned versus random) and porosity/pore size (cell infil-
tration) of the electrospun scaffold can be controlled and
optimized for each individual application. After fabrication
the surface of the scaffold can bemodified with a high density
of bioactive molecules due to the relatively high scaffold
surface area. Due to the flexibility inmaterial selection as well
as the ability to control the scaffold properties, electrospun
scaffolds have been employed in a number of different tissue
applications including vascular, neural, bone, cartilage, and
tendon/ligament.

4.1. Vascular Tissue Engineering

4.1.1. Smooth Muscle Cells. Xu et al. [42] demonstrated
the potential of poly(L-lactide-co-s-caprolactone) [P(LLA-
CL)] (75 : 25) electrospun fibrous scaffolds as a material for
the engineering of vascular grafts. After 7 days of culture,
the human coronary artery smooth muscle cells (SMCs)
integrated well into the scaffold, reaching close to 90%
confluence. The SMCs also maintained their phenotypes
as evidenced by being stained positively for x-actin and
myosin. Similarly, using human coronary artery smooth
muscle cells, Venugopal et al. [43] compared the biocom-
patibility of electrospun scaffolds made of collagen type I
and poly(caprolactone) in terms of cell proliferation, cell
adhesion, and cell growth rate assays after 3 days of in vitro
cell culture.They concluded that while all scaffolds promoted
cell-matrix and cell-cell interactions and preserved the phe-
notypic morphologies of SMCs, PCL scaffolds with collagen
type I coatingwere the preferred choice. In such combination,
the PCL provides the desired mechanical characteristics and
collagen provide the cytocompatibility.

In another study, Stankus et al. [44] evaluated the
feasibility of integrating high density of vascular smooth
muscle cells directly into poly(ester urethane)urea (PEUU)
fibrous scaffolds during the electrospinning process, in order
to obtain a well-integrated, three-dimensional distribution
of cells throughout the fibrous scaffold. Two orthogonally
positioned separate supplies of polymer and cells were used
during the electrospinning process, and despite exposure to
a large electric field, cells electrosprayed from cell culture
media were found to be more than 90% viable after the
fabrication process. Cellular constructs of thickness between
300 to 500 pm were obtained and cells proliferated under

7 days of transmural perfusion culture, compared to static
culture, where cell number remained unchanged. Cellular
morphological analyses also revealed healthier-looking cells
uniformly located throughout the scaffold under perfusion
culture as opposed to static culture.

4.1.2. Endothelial Cells. The potential of electrospun poly(L-
lactic acid) (PLLA) fibrous scaffolds in supporting the growth
of human vascular endothelial cells (ECs) was evaluated by
Xu et al. [45]. Electrospun scaffolds comprising fibers with di-
ameters of 235±71 nm and 3500±854 nm, respectively, were
studied in parallel with tissue culture polystyrene (TCPS) and
PLLA solvent-cast film as controls. Immunostaining for cell
adhesion protein, CD31, revealed that ECs appeared to adhere
less well to the electrospun scaffolds, maintaining a rounded
morphology compared to the typical cobblestone appearance
of ECs when seeded onto flat surfaces. Cell proliferation also
appeared to be better on flat surfaces compared to the fibrous
scaffolds. However, no significant differences in cell behavior
were observed in cells cultured on themicro- andnanofibrous
scaffolds.

In a separate study, the same group demonstrated
good interaction and integration of human coronary artery
ECs with poly(L-lactide-co-E-caprolactone) [P(LLA-CL)]
(75 : 25) scaffolds [42]. The ECs reached close to 75% con-
fluence after 7 days of culture. Immunostaining for CD31
and CD62E in ECs demonstrated that the cells maintained
their phenotypes. The study demonstrated the potential of
P(LLA-CL) fibrous scaffolds as a material for vascular grafts.
However, since the study was done in the absence of a
flat surface control, it was inconclusive as to whether the
structure of the nanofibers, hence surface roughness, affected
cell attachment and proliferation compared to a smooth
surface.

Kwon et al. [46] studied the effects of fiber diameters
on the adhesion, proliferation, and morphology of human
umbilical vein endothelial cells (HUVECs). Electrospun
micro- and nano-fibrous scaffolds of a copolymer of L-lactide
and 𝜀-caprolactone, PLA-CL 50/50, were obtained by varying
the processing parameters. The authors observed that cell
adhesion and proliferation were better on the small-diameter
fiber meshes (0.3 and 1.2𝜇m diameter fibers). The cells also
spread and elongated along the small-diameter meshes. In
contrast, cells seeded on the 7 pm diameter fibrous mesh
showed reduced cell adhesion, restricted cell spreading, and
no signs of proliferation. Together with the observations
made by Xu et al., it appears that a threshold fiber diameter
may exist between 3.5 and 7 pm to significantly affect the
adhesion and morphology of the cultured ECs.

Kwon andMatsuda [47] combined the copolymer poly(L-
lactide-co-s-caprolactone) (PLCL 50 : 50) with collagen type
I. However, instead of serving as a coating, collagen was
blended into PLCL and electrospun into a composite fibrous
mesh.The advantage is perhaps the ease of introducing colla-
gen in the single-step process of electrospinning. HUVECs
were used to evaluate the potential of the composite mesh
as a tissue scaffold by observing the cell adhesion and
proliferation for up to 5 days of culture on the mesh. PLCL
scaffolds coated with fibronectin and blended with small
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amounts of collagen (5 and 10wt%) were found to increase
cell attachment, spreading, and proliferation compared to
plain PLCL meshes. Scaffold shrinkage due to large amounts
of collagen present (30 and 50wt%) appeared to offset the
advantages of blending collagen by resulting in a much lower
number of cells on the scaffolds after 5 days of culture.

A functional human endothelium on the lumen of the
graft was successfully tissue engineered by Zhang et al. [48]
on a highly porous composite electrospun scaffold composing
of PCL, PGC, elastin, and gelatin. Fluorescent microscopy
showed that human aortic endothelial cells (HAECs) adhered
to and then spread on the scaffold upon seeding, verifying
that HAECs favored the biomechanics and biochemistry
of the scaffold. This tissue-engineered endothelium formed
tight junctions between adjacent HAECs, secreted PGI2
molecules, a vital antithrombotic and vasodilatation factor,
and successfully prevented human platelet adherence and
aggregation, suggesting that it is functionally comparable to
its native counterparts.

4.1.3. Vascular Grafts. Electrospinning can be employed
to fabricate small-diameter tubular scaffolds, providing a
nanofibrous network structure to mimic the natural arte-
rial ECM. Zhang et al. [49] developed a tissue-engineered
construct that mimicked the structure of blood vessels
using tubular electrospun silk fibroin scaffolds with suit-
able mechanical properties. Human coronary artery smooth
muscle cells (HCASMCs) and human aortic endothelial cells
(HAECs) were sequentially seeded onto the luminal surface
of the tubular scaffolds and cultivated under physiological
pulsatile flow. The results demonstrated that TEVGs under
dynamic flow conditions had better outcome than static
culture controls in terms of cell proliferation and alignment,
ECM production, and cell phenotype based on transcript
and protein level assessments. The metabolic activity of
HCASMCs present in the TEGs indicated the advantage of
dynamic flow over static culture in effective nutrient and
oxygen distribution to the cells.

One of the major downfalls of tissue-engineered small-
diameter vascular grafts is the inability to obtain a conflu-
ent endothelium on the lumenal surface. Loosely attached
endothelial cells (ECs) are easily separated from the vessel
wall when exposed to the in vivo vascular system. Thus
any denuded areas on the lumenal surface of vascular grafts
may lead to thrombus formation via platelet deposition and
activation. If the denuded areas could express anticoagulant
activity until the endothelial cell lining is fully achieved, it
may greatly improve the chances of successful vascular recon-
struction.Therefore, Liu et al. [50–52] fabricated sulfated silk
fibroin nanofibrous scaffolds by electrospinning and assessed
the anticoagulant activity and cytocompatibility of the scaf-
folds in vitro in order to improve the antithrombogenicity
and get some insights into its potential use for vascular tissue
engineering (Figure 2). Sulfated silk fibroin was prepared by
reaction with chlorosulfonic acid in pyridine and then was
developed to form a nanofibrous scaffold by electrospinning
technique. It was found that the anticoagulant activity of
sulfated silk fibroin nanofibrous scaffolds was significantly
enhanced compared with silk fibroin nanofibrous scaffolds.

Vascular cells, including ECs and SMCs, demonstrated strong
attachment to sulfated silk fibroin nanofibrous scaffolds and
proliferated well with higher expression of some phenotype-
related marker genes and proteins (Figure 3).

With the use of electrospun PLA fibrous meshes and
collagen type I fibers, Stitzel et al. [53] fabricated a prototypic
vascular graft. The authors demonstrated that the vascular
graft prototype was able to support the growth of human
aortic SMCs, with confluent layers of SMCs being observed
in the luminal and external surfaces of the vascular graft
after 10 days of culture. The SMCs were also observed to
align and organize in the presence of collagen I fibers, as
opposed to cells that were seeded on grafts without collagen
I fibers. The authors attributed the cell alignment to the
stress exerted by the collagen fibers, which may mimic the
stress of a closed section of an artery, thereby aligning the
cells. The work was further expanded with the fabrication
of a prototypic vascular graft composed of a mixture of
collagen type I, elastin, and poly(D,L-lactide-co-glycolide)
(PLGA) electrospun nanofibrous scaffold [54], in attempt to
more closely mimic the mechanical properties and material
composition of a blood vessel. Bovine SMCs were used
to assess the in vitro biocompatibility of the material by
seeding the cells in wells along with the electrospun scaffolds
and assessing cell viability and proliferation up to 7 days,
instead of directly seeding the cells on the electrospun
scaffolds. Nonetheless, cell attachment was also evaluated by
coculturing bovine endothelial cells and SMCs on the inner
and outer surfaces of the electrospun prototypic vascular
graft, respectively. Confluent layers of cells were observed
after 3-4 days of culture, demonstrating the biocompatibility
of the material.

4.2. Neural Tissue Engineering. Nerve tissue engineering is
one of the most promising methods to restore nerve systems
in human health care. Scaffold design has pivotal role in nerve
tissue engineering. Interest in employing electrospinning
for scaffold fabrication is mainly due to the mechanical,
biological, and kinetic properties of the scaffold being eas-
ily manipulated by altering the polymer composition and
processing parameters [55]. The orientation of nanofibers is
one of the important features of a perfect tissue scaffold,
because the fiber orientation greatly influences cell growth
and related functions in cells such as nerve and smooth
muscle cells [56–59]. Yang et al. [60] evaluated the effects of
fiber alignment and fiber diameter on the morphology and
proliferation of the neuronal stem cells (NSC). The scaffolds
included random nanofibrous mesh (average diameter =
700 nm), aligned nanofibrous mesh (average diameter =
300 nm), random microfibrous mesh (average diameter =
3.5 𝜇m), and aligned microfibrous mesh (average diameter
= 1.5 𝜇m). The neuronal stem cells attached well onto all
fibrous scaffolds, with extensive neurite-like outgrowth.They
elongated and aligned in the direction of the aligned fibers,
but adopted a random morphology on random fibrous
scaffolds, thus demonstrating the contact guidance provided
by the structure of the aligned fibers. Cells were also observed
qualitatively to elongate more on nanofibers compared to
microfibers, regardless of fiber orientation. While this study
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Figure 2: SEM images of silk (A, B) and S-silk (C, D) scaffolds showing similar surface morphology. (A, C) Scale bars = 2 𝜇m; (B, D) scale
bars = 1 𝜇m [50].
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Figure 3: SEM photomicrographs showing adherence and proliferation of ECs and SMCs cultured on S-silk scaffolds for 1, 7, and 14 days.
(A–C, G–I) Scale bars = 50𝜇m; (D–F, J–L) scale bars = 20 𝜇m [50].

suggested the intriguing effect of nanoscale features on NSC
neurite outgrowth, electrospinningwill always produce fibers
with size disparity in diameter and imperfect alignment.

Bone marrow mesenchymal stem cells (BMSCs) capable
of differentiating into neuronal cells on engineered nanofi-
brous scaffolds have great potential for bionanomaterial-
cell transplantation therapy of neurodegenerative diseases
and injuries of the nervous system. Prabhakaran et al.

[61] investigated the potential of human bone-marrow-
derived mesenchymal stem cells (MSCs) for neuronal
differentiation in vitro on poly(l-lactic acid)-co-poly-(3-
caprolactone)/collagen (PLCL/Coll) nanofibrous scaffolds.
PLCL and PLCL/Coll nanofibrous scaffolds were fabricated
by electrospinning process, and their chemical and mechan-
ical characterizations were carried out using SEM, contact
angle, FTIR, and tensile instrument. PLCL/Coll nanofibrous
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scaffolds were suitable substrates for the neuronal differ-
entiation of MSCs in the presence of neuronal inducing
factors. Grown on PLCL/Coll nanofibrous scaffolds, the
differentiated MSCs showed multipolar elongations along
with neurofilament protein and nestin expressions, typical of
neuronal cells.

4.3. Bone Tissue Engineering. Fibrous nanocomposites of
hydroxyapatite (HA) and biodegradable polymers capable of
compositionally and structurally emulating the basic building
blocks of those naturally mineralized collagen nanofibers
would possess great potential for engineering functional
native bone-like substitutes [62]. The composite fibers were
usually fabricated by blend electrospinning of HA and
biodegradable polymers [63]. Cui et al. applied electro-
spun nanofibers as the reaction confinement for composite
fabrication. Poly(DL-lactide) (PDLLA) ultrafine fibers with
calciumnitrate entrapment were prepared by electrospinning
and then incubated in phosphate solution to form in situ
calcium phosphate on the polymer matrix. The formation
of nanostructured HA and good dispersion of HA particles
on the electrospun fibers were observed [64]. Moreover,
electrospun PDLLA nanofibers were surface modified with
gelatin grafts to control the nucleation and growth of HA in
simulated body fluid (SBF). The average size of HA can be
modulated by changing the concentration of gelatin on the
surface of electrospun fibers, and the quantitative evaluation
with kinetic models was established for HA growth rate and
crystal size [65].

Silk fibroin fiber scaffolds containing human recombinant
bonemorphogenetic protein 2 (BMP-2) and/or nanoparticles
of hydroxyapatite (nHAP) prepared via electrospinning were
used for in vitro bone formation from human bone-marrow-
derived mesenchymal stem cells (hMSCs) [66]. BMP-2 sur-
vived the aqueous-based electrospinning process in bioactive
form. hMSCs were cultured for up to 31 days under static
conditions in osteogenic media on the scaffolds. Electrospun
silk fibroin-based scaffolds supported hMSC growth and dif-
ferentiation toward osteogenic outcomes. The scaffolds with
the coprocessed BMP-2 supported higher calcium deposition
and enhanced transcript levels of bone-specific markers than
in the controls, indicating that these nanofibrous electrospun
silk scaffolds were an efficient delivery system for BMP-2.
X-ray diffraction (XRD) analysis revealed that the apatite
formed on the silk fibroin/BMP-2 scaffolds had higher
crystallinity than that on the silk fibroin scaffold controls.
In addition, nHAP particles were incorporated into the
electrospunfibrous scaffolds during processing and improved
bone formation. The coexistence of BMP-2 and nHAP in the
electrospun silk fibroin fibers resulted in the highest calcium
deposition and upregulation of BMP-2 transcript levels when
compared with the other systems.

Zhang et al. [67] reported a novel biomimetic nanocom-
posite nanofibers of hydroxyapatite/chitosan (HAp/CTS)
prepared by combining an in situ coprecipitation synthe-
sis approach with an electrospinning process. A model
HAp/CTS nanocomposite with the HApmass ratio of 30wt%
was synthesized through the co-precipitation method so
as to attain homogenous dispersion of the spindle-shaped

HAp nanoparticles (ca. 100 × 30 nm) within the chitosan
matrix. By using a small amount (10 wt%) of ultrahigh
molecular weight poly(ethylene oxide) (UHMWPEO) as
a fiber-forming facilitating additive, continuous HAp/CTS
nanofibers with diameters of 214±25 nm had been produced
successfully and the HAp nanoparticles with some aggre-
gations were incorporated into the electrospun nanofibers.
Biological in vitro cell culture with human fetal osteoblast
(hFOB) cells for up to 15 days demonstrated that the incor-
poration of HAp nanoparticles into chitosan nanofibrous
scaffolds led to significant bone formation oriented outcomes
compared to that of the pure electrospun CTS scaffolds.

4.4. Cartilage Tissue Engineering. While most of the studies
on the use of electrospun fibrous scaffolds for orthopedic
implant applications revolve around the evaluation of the
cytocompatibility of the scaffolds, the study by Li et al.
[68] illustrated the potential of electrospun fibrous scaffolds
for chondrogenic differentiation. Electrospun scaffolds, as
shown by Li et al., may have distinct advantages over
other 3D scaffolds that are currently used for chondro-
genic differentiation. Firstly, unlike other scaffolds such as
hydrogels, chondrocytes cultured on electrospun scaffolds
may not require the addition of growth factors for cartilage
tissue development, and secondly nanofibrous scaffolds have
superior mechanical integrity as opposed to hydrogels. Using
a random nonwoven mesh of PCL nanofibers (average
diameter = 700 nm), the functionality of the 3-dimensional
structure of electrospun nanofibrous scaffolds in controlling
chondrogenic differentiation in fetal bovine chondrocytes
(FBCs) was evaluated. The dedifferentiated chondrocytes
were able to redifferentiate without the addition of growth
factors after 21 days of cell culture, suggesting that the electro-
spun fibers may be able to stimulate the seeded cells to release
the endogenous growth factors necessary for chondrocytic
differentiation. Cells seeded on the fibers proliferated in the
presence of serum. However, differentiation of the cells was
encouraged in serum-free medium. This suggested that the
PCL nanofibrous scaffolds can support both cellular prolifer-
ation and differentiation. Cartilage-associated genes in FBCs,
such as collagen type II, collagen IX, aggrecan, and COMP,
were all upregulated on PCL fibrous scaffolds compared to
cells seeded on TCPS. Changes in cellular functions were
also assessed by Alcian Blue staining, revealing a higher
amount of sulfated matrix production in the FBCs seeded on
electrospun scaffolds.

More recently, in order to engineer cartilage with precise
three-dimensional (3D) structures by applying electrospun
fibrous membranes of gelatin/polycaprolactone (GT/PCL),
Xue et al. prepared the electrospun GT/PCL membranes into
rounded shape and then seeded chondrocytes in the sand-
wich model [69]. After in vitro and in vivo cultivation, the
newly formed cartilage-like tissues were harvested. Macro-
scopic observations and histological analysis confirmed that
the engineering of cartilage using the electrospun GT/PCL
membranes was feasible. An ear-shaped cartilage was then
constructed in the sandwich model, with the help of an
ear-shaped titanium alloy mold. After 2 weeks of culture in
vitro and 6 weeks of subcutaneous incubation in vivo, the
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ear-shaped cartilage largely maintained its original shape,
with a shape similarity up to 91.41% of the titanium mold.
In addition, the engineered cartilage showed good elasticity
and impressive mechanical strength. These results demon-
strated that the engineering of 3D cartilage in a sandwich
model using electrospun fibrous membranes was a facile and
effective approach.

4.5. Tendon/Ligament Tissue Engineering. Reconstruction of
ACL is one of the major concerns, and tissue engineering
strategies for its repair face the challenge of fabricating
ideal biomaterial scaffolds. Scaffolds provide a structural and
logistic template for cell attachment and tissue development
and should biodegrade in parallel with the accumulation
of new tissue components. Electrospinning has recently
received attention as a possible polymer processing technique
is for the fabrication of scaffolds to be used in tendon
and ligament tissue engineering. Due to the relatively high
tensile strength of tendon and ligament, the deposition of a
collagenous connective tissue matrix is crucial for successful
tissue reconstruction. Ouyang et al. examined a knitted
PLGA scaffold for applications in tendon regeneration in
adult female New Zealand White rabbits with 10mm gap
defects of the Achilles tendon [70]. They observed that the
regenerated tendons contained collagen type I and type III
fibers as early as 2 weeks postimplantation. Additionally,
at 12 weeks postimplantation both the tensile stiffness and
modulus of the regenerated tendon were 50% more than
those of normal tendon, with even better results achieved for
scaffolds seeded with bone marrow stromal cells. However,
knitted scaffolds required gel systems, such as fibrin or
collagen gel, for cell seeding and were found to be unsuitable
for ligament reconstruction in the knee joint, because the cell-
gel composite dissociated from the scaffold during motion.
Gel systems are also likely to encounter nutrient transmission
problems, and cells seeded in a three-dimensional (3D) gel
are observed to proliferate more near the surface than in
the center of the gel. In order to solve this problem, Sahoo
et al. electrospun PLGA nanofibers onto a knitted PLGA
scaffold in order to provide a large area for cell attachment,
thereby removing the need for a gel system for cell seeding
[71]. Porcine bone marrow stromal cell attachment, prolif-
eration, and extracellular matrix synthesis were examined
on the electrospun/knit composite scaffold compared to a
knit PLGA scaffold in which cells were immobilized using
a fibrin gel. The results showed that cell proliferation and
cellular activity were both increased in the electrospun/knit
composite scaffold, while the cell attachment was comparable
between the two scaffolds. Additionally, Lee et al. found that
human ligament fibroblasts synthesize significantly larger
amounts of collagen when they are seeded on aligned
nanofibers compared to randomly oriented nanofibers [72].
Thus, electrospun nanofibrous scaffolds can be used not
only to improve cell attachment but also to increase cellular
activity such as extracellular matrix generation in tissue
engineering scaffolds for tendon/ligament repair.

Biomaterial scaffolds with gradients in architecture and
mechanical and chemical properties have the potential
to improve the osseointegration of ligament grafts by

recapitulating phenotypic gradients that exist at the natural
ligament-bone (L-B) interface. In order to regenerate the L-
B interface, Samavedi et al. investigated the potential of two
scaffolds withmineral gradients in promoting a spatial gradi-
ent of osteoblastic differentiation (as shown in Figure 4) [73].
The first graded scaffold was fabricated by coelectrospinning
two polymer solutions (one doped with nanohydroxyapatite
particles) fromoffset spinnerets, while the secondwas created
by immersing the first scaffold in a 5 × simulated body fluid.
Rat bone marrow stromal cells, cultured in the presence
of osteogenic supplements, were found to be metabolically
active on all regions of both scaffolds after 1 and 7 days
of culture. Gene expression of bone morphogenic protein-2
and osteopontin was elevated on mineral-containing regions
compared to regions without mineral, while the expression
of alkaline phosphatase mRNA revealed the opposite trend.
Finally, the presence of osteopontin and bone sialoprotein
confirmedosteoblastic phenotypicmaturation by day 28.This
study indicates that coelectrospun scaffolds with gradients
in mineral content can guide the formation of phenotypic
gradients and may thus promote the regeneration of the L-B
interface.

5. Controlled Delivery Carriers

The emergence of coaxial electrospinning has allowed the
development of many new designs of functional nanotech-
nological materials. Co-axial electrospinning is a simple and
rapid technique to produce micro/nanotubes [74, 75] drug-
or protein-embedded nanofibers [76–78] and hybrid core-
shell nanofibrous materials [79, 80]. The greatest advantage
of co-axial electrospinning is its versatility in the type
(hydrophobic or hydrophilic) and size (ranging from 100 nm
to 300 𝜇m) of fibers it can produce. Monoaxial electrospun
fibers have been reported to be able to incorporate and release
antibiotics, drugs, and proteins in a sustained manner [81–
83]. However, the distribution and release of drugs from the
fibers are poorly controlled. Moreover, growth factors and
cytokines embedded in polymer matrixes also suffer from
significant decrease in bioactivity [84]. As delivery system
for tissue engineering, coaxial electrospun fibers offer better
drug stability, more complete drug encapsulation, and tighter
control of release kinetics compared to monoaxial fibers.
Co-axial electrospinning circumvents technical limitations of
monoaxial electrospinning by its core-shell design, allowing
cytokines and growth factors to be dissolved in aqueous solu-
tion for encapsulation. Encapsulated lysozyme and platelet-
derived growth factor-bb released from core-shell nanofibers
have maintained high bioactivity over a period of 1 month
[85]. The core-shell design also allows better control over the
release kinetics of the drug of interest due to an increased
number of variable parameters. Changes in the shell and
core material properties via variation in molecular weight,
polymer type, and addition of porogen can fine-tune the
release profile [86].

In another study, VEGF-loaded core/shell fibrous mem-
braneswere prepared by coaxial electrospinningwith dextran
(DEX) as the core component and poly(lactide-co-glycolide)
(PLGA) as the shell polymer, respectively [87, 88]. The
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Figure 4: SEM micrographs of (a) nHAP particles used to fabricate ES scaffold (scale bar: 600 nm), (b) nHAP-PCL(ES) region, with arrows
showing incorporated nHAP partially exposed on the surface of fibers (scale bar: 𝜇m), (c) nHAP-PCL(SBF) region, with arrows showing
mineral crystallites (grown from 5 × SBF) decorating fibers (scale bar: 10 𝜇m), and (d) PUR(SBF) region, with arrows showing mineral
crystallites (grown from 5 × SBF) decorating fibers (scale bar: 10 𝜇m) [73].

electrospun DEX/PLGA fibers were observed by scanning
electron microscopy, transmission electron microscopy, and
confocal microscopy to identify the core/shell fiber structure
and the protein distribution. The results of tensile tests
showed that the DEX/PLGA membranes possessed lower
tensile strength and higher Young’s modulus than the PLGA
one.The release profiles demonstrated that vascular endothe-
lial growth factor (VEGF) releasewas sustained formore than
28 days. Studies on cell viability and spreading demonstrated
that theDEX(VEGF)/PLGAmembranes positively promoted
cell proliferation and cell-membrane interaction, which fur-
ther testified that the processed VEGF remained bioactive.

6. Conclusions

Electrospinning has gained popularity with the tissue engi-
neering community as a potential means of producing
scaffolds. This fabrication technology provides the ability
to control biomaterial composition, fiber diameter, fiber
alignment, geometry, and drug/protein incorporation into a
scaffold. Nanoscaled fibers fabricated by electrospinning are
able to improve the cellular interactions of a wide variety
of cell types; moreover, the cells are able to maintain their
phenotypic and functional characteristics on nanofibrous
scaffolds. In addition, a growing body of evidence demon-
strates that the topography of nanofibrous scaffolds plays an
important role in controlling cell adhesion, proliferation, and
differentiation. Therefore, electrospun nanofibrous scaffolds
can serve as a tool for studying the topographical aspects

of cellular interactions that would lead to improved tissue
formation. Furthermore, these electrospun scaffolds can be
functionalized by adding biochemical and mechanical cues
to enhance cellular interactions for tissue engineering appli-
cations.
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Injectable biomaterials, which can be physically inserted into a target site without the use of surgery, have received increasing
attention in tissue engineering during the last decade. There is also a growing need for quantitative evaluation of the injectable
biomaterial directly and noninvasively. The objectives of this study are to originate a quantitative noninvasive technique for
evaluation of in situ forming bone biomaterials and to validate the feasibility of diagnostic ultrasound images analysis technique.The
potential of ultrasound for quantitative evaluation of tissue development was compared with computed tomography (CT) in vivo. A
strong correlation was witnessed between ultrasound gray-scale values (GV) and volumetric mean of CT value (HU

𝑚
) (𝑟 = 0.95).

Meanwhile, the volume of the material area could be estimated by ultrasound maximum cross-section pixel, which demonstrates
a certain consistency with CT mask volume in 3D reconstruction images (𝑟 = 0.87). In conclusion, ultrasound imaging, which
is corresponding with the traditional CT, can be used to evaluate osteogenesis capability and degradation property of injectable
biomaterials. It may be a noninvasive, nonradioactive, and effective aid to monitor ossification and reconstruction of biomaterials
at the implant region for bone defect repair.

1. Introduction

An injectable thermosensitive drug-delivery hydrogel was
reported by NATURE in 1997 and was demonstrated biode-
gradable, biocompatible, and nontoxic by implantation ex-
periments [1]. Since then, biomaterials and tissue engineer-
ing have aroused high academic attention and become a
hotspot in interdisciplinary research. Hydrogel biomaterials,
with prominent superiority, undoubtedly provide a new
insight into the bone reconstruction field [2–5]. Recently,
the feasibility and efficacy of hyaluronic acid-g-chitosan-
g-poly (N-isopropyl acrylamide) (HA-CPN) copolymer,
chitosan/gelatin/glycerophosphate (C/G/GP) hydrogel, and

chitosan/collagen/𝛽-glycerophosphate (GP) hydrogel were
confirmed in dog models of congenital cleft palate, rabbit
models of articular cartilage defects, and rat models of uni-
cortical femoral defects [6–11]. By combining the chitosan
(CS), nanohydroxyapatite (nHA), and collagen (Col), an in
situ forming hydrogel biomaterial was fabricated by using a
biomimetic strategy [12, 13].

The evaluation of composite development in vivo has
been a key issue in the research of in-situ forming bio-
materials. Nowadays, biomaterials can be evaluated by
several methods. Histology, general morphology, X-ray,
and immunohistochemistry are universally and commonly
used in the evaluation of bone tissue engineering through
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in vivo studies [14]. These traditional high-sensitivity meth-
ods failed to detect transformation noninvasively in real time
always at the cost of experiment-animal sacrifice. Callus in
X-ray images obviously lags behind the actual time, a visual
resolution justwith 25%discrepancy of bonemineral content.
The traditional methods portray little value in quantitative
and noninvasive system of injectable gel evaluation. Present
applications of noninvasive and quantitative bone tissue
engineering assessment include dual-energy X-ray absorp-
tiometry (DXA) and quantitative computed tomography
(QCT).The result of DXA, areal bonemineral density (BMD)
(g/cm2), ignores the bone’s spatial geometric distribution to
a large extent, which is limited by its two-dimensionality
[15, 16]. Volumetric BMD can be measured only by QCT
now, and its 3D images can be used to accurately evaluate
the size, geometry and density of both cortical and trabecular
bones [17]. QCT, which improves the performance of DXA,
however, has similar disadvantage as DXA and increases the
risk of high radiation. It is limited in clinic due to its high
cost, high radiation, requirement for precise apparatus, and
limited access to CT scanners. Some other methods such as
micro-CT (𝜇CT), magnetic resonance imaging (MRI), and
impulse response method have been tentatively but limitedly
applied in bone density determination.

In the last decade, quantitative ultrasound (QUS) has
been used to assess the fracture risk of osteoporosis. Ultra-
sonic parameters then developed to be an ingenious aid to
reflect elasticity andmechanical intensity of biomaterials [18–
20]. In our previous study, we found that diagnostic ultra-
sound could be used for evaluation of injectable biomaterials
[13]. However, the correlations between CT and diagnostic
ultrasound in the evaluation of the biomaterials were not
clear. So in this paper, we quantitatively compared computed
tomography (CT) with ultrasound in the evaluation of
injectable hydrogel biomaterials.

2. Materials and Methods

2.1. Preparation of Composites. CS and CS/nHAC were
prepared according to [12, 13]. First, nanohydroxyapa-
tite/collagen (nHAC) provided by Tsinghua University was
sterilized by 𝛾-ray irradiation (1.5Mrad). The complex solu-
tion which dissolved CS [2 g, from Shandong A K Bio-
tech Ltd (China)] in a hydrochloric acid solution (98mL,
0.1M) underwent high-pressure disinfection (1.22 kPa, 120∘C,
20min), and after addition of 1 : 1 nHAC (0.02 g/mL), the
complex solution was adjusted to pH 7.0 by adding GP
(C
3
H
7
Na
2
O
6
P, from USA Sigma). After standing in a 37∘C

thermostat water bath for 5–10min, CS/nHAC was prepared.
CS was prepared in the same procedure. All the operations
strictly followed aseptic technique in an aseptic manipulation
cabinet.

2.2. Implantation Experiments in Rats. Ten female Wistar
rats (250–300 g, average 280 g), which were supplied by the
Animal Research Center at Guangdong Province, China,
were randomly divided into two groups. After inhalation
anesthesia using 1% isoflurane, CS and CS/nHAC were

injected into the two groups in the subcutaneous dorsum,
respectively, by a 26-gauge needle attached to a 2mL syringe.
All the animals were operated under the mediation of
diagnostic ultrasound. The needle, syringe, and injectable
hydrogels were kept in amedical refrigerator before injection.
All the operations followed an agreement approved by the
Institutional Animal Care and Use Committee at Southern
Medical University.

2.3. Ultrasound Imaging Analysis. The implants were exam-
ined using an ALOKA prosound 𝛼-10 premier diagnostic
ultrasound system with a 12MHz transducer, 55 dynamic
range, 1.1 mechanical index, and 80 transmission gain at the
1st hour (1 h), 14th day (14 d), and 28th day (28 d) after implan-
tation. The images were transferred to an off-line computer
(Q-lab, Philips Medical Systems) for the measurement of
gray-scale value (GV).

The GVs of ultrasound images were demonstrated to be
related to the stiffness of the tissue [13]. That is, there may
be a positive correlation between osteogenesis of a composite
and the backscattered signal caused by the difference in
mechanical impedance, which was displayed as a GV ranging
from 0 to 256. In addition, the number of pixels of a
region-of-interest (ROI) can indirectly reflect the implant’s
cross-sectional area. Consequently, the GVs and the pixel
data of the implants for each group at three time points
(1 h, 14 d, and 28 d) were obtained from 5 samples. All image
analyses were performed on MATLAB 7.0.

2.4. CT Imaging Analysis. CTwas performed using an Elscint
Exel 2400 elite CT scanner, with the exposure parameters
of 120 kV and 15mA. The air-filled external ear canals were
used as landmarks to position a single transverse 2.5mm
slice. The scan images for the two groups at 1 h, 14 d, and
28 d were exported to DICOM 3.0 format and were imported
into the imaging software Mimics. In Mimics, an ROI was
generated, and the CT value (HU), the voxel, and the volume
were recorded at each phantomdensity site.Then, to compare
degradation property evaluation with medical diagnostic
ultrasound, 3D volumetric reconstructions of the implants
were performed using the 3D calculation function. All image
analyses were performed on Mimics 10.1.

2.5. Statistical Analysis. Bivariate correlation analysis was
adopted to analyze the relationships between CT value and
ultrasoundGVandbetweenCTmask volume andultrasound
cross-section area. Pearson correlation coefficients were cal-
culated to assess the correlation extent between the two
imaging techniques. The four variables (CT value, GV, vol-
ume, and cross-section area) for the animals which received
CS were compared with those which received CS/nHAC by
using Mann-Whitney 𝑈 test. Flag significant correlations by
two-tail test at level 0.05 were considered as a significant
difference. Statistical analysis was performed on SPSS 19.0.

3. Results and Discussion

3.1. Evaluation of In Situ Forming Bone Biomaterial. For
biomaterials bone regeneration, the key point is to balance
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Figure 1: Ultrasound images of implantation area, showing the bone regeneration by biomaterials (CS, CS/nHAC) at 1 h, 14 d, and 28 d
(the outline of implant is legible, and arrows point to the implantation area in each group and at each time point).

between bone reconstruction and implant degradation. With
the proceeding of porosis, the biomaterials self-degrade to
accommodate cells, growth factors, and nutriments, and
then new bone occupies the space of the implant, so the
bone is reconstructed. Yet the transition from basic research
to clinical application is limited by the primary weak link
about noninvasive and accurate evaluation of the implant’s
in vivo development. Admittedly, a direct nondestructive
quantitative evaluation system is desperately required at the
moment.

3.1.1. Osteogenesis Capability. BMD is well accepted as an
indicator of osteogenesis capability in biomaterial implant
site. Recently, there has been increasing interest in the
use of ultrasound for BMD evaluation since it has been
first reported to monitor osteoporosis in 1984 [21]. QUS
is a promising and relatively new technology for testing
BMD by adopting broadband ultrasound attenuation (BUA)
and ultrasonic speed of sound (SOS). According to clinical
research, QUS can reflect other bone structural characteris-
tics such as microarchitecture, elasticity, and fragility [22].
Supported by the theories of QUS, ultrasonic wave will be
largely attenuated through cancellous bone, which is suitable
for ultrasonic penetration inspection. Ultrasound, which is
real time, dynamic, convenient, inexpensive, noninvasive,
nonradiative, and multifaceted, has been widely used to
evaluate the characteristics of articular cartilage and elastic
tissues and is tentatively applied in in vivo studies in tissue
engineering [23]. GV with a high consistency with hydrox-
yproline is a crucial parameter in diagnostic ultrasound
[24]. GV gives an index to acoustic impedance calculated
by medium density and sound velocity. Coincidentally,

the implantation area of ectopic osteogenesis is just in
muscular pouch superficially to the benefit of ultrasonic pen-
etration. Thus, GV could relatively well represent the density
of shallow implant materials. In addition, the finally recorded
GV somewhat conforms to the microstructure, elasticity, and
brittleness in implantation area. In this study, we attempted
to evaluate osteogenesis capability by diagnostic ultrasound
and to record GVs at 1 h, 14 d, and 28 d. The outline of
implantation area is distinct due to the different acoustic
impedances from biomaterial to surrounding tissues. An
increasing intensity of the ultrasound images with time was
manifested by GV, which may demonstrate the production of
bone matrix and callus (Figure 1). The CS/nHAC group had
a mean GV of 32.58 at 1 h, which increased to 120.36 at 28 d
(Table 1).

To verify the feasibility and veracity of ultraphonic assess-
ment, imaging technique based onCT 3D reconstructionwas
adopted for osteogenesis capability evaluation (Figure 2(a)).
According to the principle of QCT, routine CT images
were analyzed to quickly and accurately measure the bone
density in any section and any form of the implantation area.
Computed by 3D clipping, the volumetric mean of CT value
(HU
𝑚
)was defined to describe bonemass in the implantation

site. The HU
𝑚
of the biomaterial was calculated by CT value

of ROI voxels (HU
𝑖
) and count of ROI voxels (𝑁) as follows:

HU
𝑚
=

𝑁

∑

𝑖=1

HU
𝑖
/𝑁. (1)

Amarked regression relationship was confirmed between
HU
𝑚

and BMD [25], so HU
𝑚

was used to evaluate the
osteogenesis capability of biomaterials and thereby to validate



4 Journal of Nanomaterials

Table 1: ROI GV and cross-section area (behalf of pixel) of ultrasound images. GV is in an uptrend while the section area is in a downtrend
with time. The data are expressed as mean ± standard deviation (SD).

No. of
animals

CS group CS/nHAC group
1 h 14 d 28 d 1 h 14 d 28 d

GV Section
area GV Section

area GV Section
area GV Section

area GV Section
area GV Section

area
1 32.46 21657 51.48 18827 56.12 7098 39.59 25467 63.39 18322 129.82 14727
2 36.08 20233 49.77 10951 59.54 8934 27.73 21930 53.40 14681 135.80 13400
3 32.23 31197 40.69 17027 65.59 9526 32.07 20422 51.89 15498 103.28 12672
4 30.75 24518 49.03 13932 52.71 7321 28.81 22797 48.26 15029 94.96 14309
5 29.93 28072 39.84 12385 68.47 5997 34.68 23733 60.25 14792 137.94 10582

𝑋 ± 𝑠
32.29 ±
2.4

25135.4 ±
4524

46.16 ±
5.5

14624.4 ±
3257

60.49 ±
6.5

7775.3 ±
1435

32.58 ±
4.8

22869.8 ±
1895

55.44 ±
6.2

15664.4 ±
1518

120.36 ±
19.8

13138.0 ±
1637

CS group CS/nHAC group3D reconstruction

(a) (b)

Figure 2: The CT images of implant. (a) 3D reconstruction of ROI (implants). The left sights reflect the positions of implants in rats, and the
right sights reflect the shape of implants (the color depth roughly reflects the CT value). The CT values are in an uptrend while the volume of
implants is in a downtrend. (b) The CT images at the 28th day. The outline of implants is not as clear as ultrasound image (red arrow points
to the CS Group and yellow arrow to the CS/nHAC group).

the feasibility of ultrasonic assessment system.TheCT images
prominently demonstrated bright zone in implantation area
(Figure 2(b)). HU

𝑚
remarkably increases with time in im-

plantation area (Table 2).

3.1.2. Degradation Property. It is a common view that an ideal
bone biomaterial should have not only a high osteogenesis
capability but also biodegradability, which can reduce the
number of necessary operations and shorten the recovery
time for patients [26–28]. An ideal biomaterial also will
not degrade rapidly and unpredictably and may maintain
function for the full healing and regeneration period of
4–6 months [29].Then the biomaterial would show sufficient
mechanical properties and not collapse during the patient’s
normal activities. However, few methods are available for
evaluating the degradation property of biomaterial, and the
animals normally should be sacrificed. Due to the clarity
of ROIs in ultrasound images (Figure 1), the maximum
cross-section area of ROI could be an index for measuring
degradation property. For corroboration, mask volume of

implants in CT, which was calculated by count of ROI voxels,
was also recorded in 3D reconstruction to explore biomaterial
degradation in vivo, and the implantation volume showed an
obvious downtrend (Figure 2(a) and Table 2).

3.2. The Correlation between Ultrasound and CT Parameters.
Identifying the parameters for osteogenesis capability and
degradation property is a complex and challenging assign-
ment in tissue engineering and regenerative medicine. CT,
which accounts for some inherent characteristics of bone
biomaterials (bonemass, size, and density), is well accepted in
the academic field, but its multitudinousness limits CT from
wide application. Accordingly, there is a need to identify addi-
tional parameters, which can be easily measured in clinic and
have superior precision and sensitivity. We focused on diag-
nostic ultrasound. In order to test its feasibility, a regression
analysis between ultrasound parameters and conventional
CT parameters was performed (Figure 3).The results showed
a strong positive correlation between HU

𝑚
and ultrasound

GV in either group, 𝑟
(CS) = 0.967 and 𝑟

(CS/nHAC) = 0.949,
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Table 2: CT value (HU
𝑚
) and mask volume (calculated from voxel) of the implants. HU

𝑚
tendency, on the uptrend, is similar as ultrasound

GV, while the mask volume is in a downtrend with time. The data are expressed as mean ± SD.

No. of
animals

CS group CS/nHAC group
1 h 14 d 28 d 1 h 14 d 28 d

HU
𝑚

Volume
(mm3) HU

𝑚

Volume
(mm3) HU

𝑚

Volume
(mm3) HU

𝑚

Volume
(mm3) HU

𝑚

Volume
(mm3) HU

𝑚

Volume
(mm3)

1 88.91 341.89 132.15 184.71 189.52 115.89 92.46 301.93 156.62 249.82 341.65 185.28
2 90.59 332.10 136.65 179.91 185.78 130.06 85.59 382.84 164.78 235.77 294.87 168.08
3 94.23 330.02 129.47 175.65 198.00 123.78 87.43 291.54 148.23 241.04 325.42 177.32
4 83.53 349.74 139.34 180.75 173.93 103.00 91.58 351.88 154.30 232.93 380.77 195.70
5 88.09 314.80 124.04 182.86 206.42 117.25 88.24 332.25 162.59 261.60 354.67 192.58

𝑋 ± 𝑠
89.07 ±
3.9

333.71 ±
13.2

132.33 ±
6.0

180.78 ±
3.4

190.73 ±
12.3

117.00 ±
10.1

89.06 ±
2.9

332.09 ±
37.2

157.30 ±
6.6

244.23 ±
11.6

339.48 ±
32.1

183.79 ±
11.3
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Figure 3: The scatter diagrams in comparison of CT value and ultrasound GV, CT volume, and pixel size. Ultrasound GVs for to abscissa
and CT values for ordinate in the CS group (a) and the CS/nHAC group (b); ultrasound section pixel to abscissa and CT mask volume to
ordinate in the CS group (c) and the CS/nHAC group (d); the positive correlations between CT value and GV and between CT volume and
pixel size are obvious.
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Table 3: The correlation coefficients between CT value and ultra-
sound GV and between CT mask volume and ultrasound section
pixel in the CS and the CS/nHAC groups. High correlation with
low 𝑃 value demonstrates that the property evaluation is analogue
between ultrasound and CT.

CT HU
𝑚
and ultrasound
GV

CT mask volume and
ultrasound cross-section

pixel
CS 𝑟 = 0.967, 𝑃 = 0.001 𝑟 = 0.906, 𝑃 = 0.023
CS/nHAC 𝑟 = 0.949, 𝑃 = 0.000 𝑟 = 0.871, 𝑃 = 0.001

indicating that GV appropriately represents volume density
and is a good parameter for assessing osteogenesis capability
of biomaterials. As to the degradation property, ultrasound
cross-section area is in certain consistency with CT mask
volume in either group, 𝑟

(CS) = 0.906 and 𝑟
(CS/nHAC) = 0.871.

The Pearson correlation coefficient was not as high as that
between HU

𝑚
and GV, probably due to the irregular shape

of the implant. Nevertheless, the correlation coefficient was
also over 0.8, which means that ultrasound cross section area
could be used to assess degradation property as an alternative
method (Table 3).

3.3. The Two Imaging Techniques for CS and CS/nHAC Assess-
ment. The result of ultrasound showed a high correlation
with CT. Then the novel method was used to compare the
properties of CS and CS/nHAC and thereby to explore an
ideal biomaterial for bone tissue engineering. The results
showed that CS/nHAC biomaterial had higher osteogenesis
capability and much higher stable degradation rate than
CS biomaterial, which were beneficial for later sclerotic
implant and bone defect rehabilitation (Figure 4). In the
CS/nHAC group, the percentage variations of bone mass at
1 h to 24 d after injection are 381.18% and 368.43% for CT
and ultrasound, respectively, which were both apparently
higher than those in the CS group. The residual proportions
of CS/nHAC at 24 d are 55.34% and 57.45% for CT and
ultrasound, respectively, which were also higher than those
of the CS group (Table 4). These results demonstrated that
the CS/nHAC biomaterial was much superior over the CS
biomaterial in bone repair and also verify the high consis-
tency between the two imaging techniques in evaluation of
injectable biomaterials.

Actually, ultrasound could provide some information on
bone fragility, structure, elasticity, and porosity that cannot
be provided by CT. In terms of material biomechanics,
ultrasound evaluation may be more credible than bone
mass measurement and becomes growingly popular due
to its non radialization and convenience. For biomaterial
evaluation in bone tissue engineering, animals should be
anesthetized to decrease the artifacts whenCT is used. On the
contrary, animals show higher compliance during ultrasound
examination, and the apparatus can be easily operated with a
low space requirement and certain repeatability. In addition,
subcutaneous osteogenesis is superficial and can be easily
detected by ultrasonic wave.

CS/nHACCS
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200
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Percentage of variation (1 h/28 d)

Osteogenesis capability
evaluated by CT

Osteogenesis capability
evaluated by ultrasound

Degradation property
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Degradation property
evaluated by ultrasound

Figure 4: The percentage variation (1 h/28 d) of osteogenesis capa-
bility (up the 100%horizontal ordinate, theCTvalue, and ultrasound
GV ratio of 1 h/28 d) and degradation property (under the 100%
horizontal ordinate, CT mask volume, and ultrasound section
pixel of 1 h/28 d) via CT and ultrasound (data from Table 3). As
same as CT, ultrasound shows that the osteogenesis capability and
degradation property are better in CS/nHAC than in CS.

Ultrasound shows wide prospects in tissue engineering.
We could alternatively adopt 3D ultrasound to count mean
volume gray and thus to improve the accuracy of ultrasound
evaluation, and a sole evaluation index for elastic property
could be explored by ultrasonic elastosongraphy. Potential
limitations also reside in our study. Although the same princi-
ples are utilized by different ultrasound devices, comparison
and transformation of experimental data among devices
would be disturbed by the differences in monitoring sites,
measured parameters, and measurement precisions. Besides,
ultrasound is not sufficiently accurate in the assessment of
deep bone defect repair due to the significant interference of
the surrounding tissues.

4. Conclusions

The evaluation results by the two imaging techniques, ultra-
sound and CT, showed a fairly significant consistency. Ultra-
sound is a convenientmethod for biomaterial assessment and
provides a novel index of bone density by mean grey value,
which reflects osteogenesis capability as well as CT value.
Pixel analysis of ultrasound images is also a useful parameter
in assessment of degradation property of the injectable bio-
materials, which is correlated to CT. Our findings emphasize
the feasibility of ultrasound in evaluation of biomaterials.
Ultrasound has a bright future for application and evaluation
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Table 4: The 1 h/28 d ratios of CT value and ultrasound GV and of CT mask volume and ultrasound section pixel. Both CT and ultrasound
are approximate to evaluate osteogenesis capability and degradation property, and CS/nHAC is more suitable for bone tissue engineering
than CS.

Group
Percentage variation (1 h/28 d)

Osteogenesis capability Degradation property
CT HU

𝑚
Ultrasound GV CT volume Ultrasound section area

CS 214.13% 187.33% 35.36% 30.93%
CS/nHAC 381.18% 368.43% 55.34% 57.45%
𝑃 value 0.009 0.000 0.030 0.008

of bone tissue engineering. Additional research is needed
before it is widely use.
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Electrospinning is highlighted in biomaterials field. The structures of nanofibers depend on various parameters, which are related
closely to the bioactivity of biomaterials.The aimof this research is to analyze the structure of fish collagen nanofibers and to propose
the new criterion for cell growth.This paper focused on the flow rate of solvent during the electrospinning.Through the cell culture,
the relationship of the structure and cell growth is investigated. The results obtained in this study provide an understanding of the
behaviors of cell growth under different structure of fish collagen nanofibers scaffold.

1. Introduction

Recently, electrospinning is gaining tremendous interest
in the tissue engineering [1, 2]. Electrospinning has been
explored as a processing strategy for the production of
physiologically relevant tissue engineering scaffolds. This
adaptable technology can selectively process a variety of
polymers [3, 4] into nanosize to micron scale diameter fibers.
These nanofibers can mimic the dimensions, structure, and
function of native extracellular matrix (ECM) constituents
[5]. Moreover, the electrospun nanofibers have large surface
area to volume ratio, which attached ligands [6], growth
factors [7], and other biomolecules [8] onto fiber surfaces.
Then, these factors locally modulate cell and tissue function
and lastly enhance tissue regeneration [9, 10].

For tissue engineering applications, collagen-based com-
pounds are very suitable, because they possess some intrinsic
favorable biological properties, like superior biocompatibility
and bioactivity [11]. Collagen molecules have a triple-helical
structure and the presence of 4-hydroxyproline resulting
from a posttranslational modification of peptide-bound pro-
lyl residues provides a distinctive marker of these molecules

[12]. Until now, 28 collagen types have been identified; I, II,
III, and V are the main types that make up the essential part
of collagen in bone, cartilage, tendon, skin, and muscle. They
also exist in fibrillar forms with elaborate 3D arrays in ECM
[13]. From the biomimetic point of view, collagen has been
electrospun into nanofibrous scaffolds for tissue engineering
[14, 15]. However, the main sources of collagen are usually
from terrestrial animals, such as porcine and bovine donors.
There are some zoonosis outbreaks [16–18], such as transmis-
sible spongi form encephalopathy (TSE), bovine spongiform
encephalopathy (BSE), and foot andmouth disease (FMD) in
pigs and cattle.Thus, collagen derived from these sources has
limited.Therefore, safer sources of collagen should be utilized
for the biomaterials field. Compared with terrestrial animals,
hydrocele animals are good alternative resources for collagen.
Fish scale is composed of almost 50% collagen, mostly type
I. It was highlighted due to its low antigenicity and excellent
biocompatibility [19]. Consequently, in this study a novel
fish collagen was investigated that finally can be used as an
electrospun material.

The electrospun parameters not only affected the average
diameter of nanofibers, but also the structure of scaffolds.
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Figure 1: FT-IR spectrum of fish collagen.

Few papers researched on the cell growth under the different
structure of nanofibers in scaffolds. In the present study, the
electrospinning method was used to prepare fish collagen
nanofibers.Theproperties of these nanofiberswere character-
ized and analyzed by Fourier transform-infrared (FT-IR) and
scanning electron microscope (SEM). Moreover, cell culture
experiment was done to investigate the relationship between
cell and different structure of this material.

2. Materials and Methods

2.1. Materials. Tilapia mossambica was bought from super-
market. It is healthy.

2.2. Preparation of the Fish Collagen. The fish scales were
scraped from Tilapia mossambica. They were trimmed of fur
and excess fat.Then, strips of scales were washed and cleaned
by distilled water repeatedly 5 times, drying at 25∘C.

The dry scales placed in distill water and treated for
1min in a commercial flash extractor (Model JHBE-50T,
Henan Jinnai Sci-Tech Development Co., China). The pro-
duction was dissolved in 0.5M acetic acid, stewing in room
temperature for 4 h, and then centrifuged at 5000 r/min for
15 minutes. The liquid supernatant was harvested filtering;
solid NaCl was added to the liquid supernatant to a final
concentration of 0.9M, incubated at 4∘C for 12 h. Then,
the solution was centrifugation at 5000 r/min for 20min to
remove all nonsoluble collagen fragments. Materials were
separated by adding NaCl to a concentration of 0.9M to
induce precipitation. The precipitated collagen was collected
by centrifugation at 5000 g for 20min, redissolved in distill
water, and dialyzed for 4 days.The final collagen solution was
freeze-dried and stored at −20∘C until further use.

2.3. Electrospinning of Fish Collagen. Fish collagen was
dissolved in hexafluoro-2-propanol (HFIP; Fluka Chemie
GmbH, Germany) to generate a 10% (wt/v) solution. Elec-
trospinning was performed with a steel capillary tube with

a 2mm inside diameter tip mounted on an adjustable, elec-
trically insulated stand. The capillary tube was maintained
at a high electric potential for electrospinning and was
mounted in the parallel plate geometry. The capillary tube
was connected to a syringe filled with the fish collagen/HFIP
solution.

During this step, the ambient temperature was 25 ± 1∘C,
the humidity was 58 ± 2%. The distance between collection
plate and needle tip was 15 cm.The applied voltage was 15 kV.
Nanofibers were electrospun on the gap collector by adjusting
the flow rate of fish collagen solution at different variants
using a syringe pump. The flow rate of collagen solvent was
0.1m/s (indicate I); 0.5m/s (II); 1.0m/s (III); 1.5m/s (IV),
respectively.

2.4. Characterization of Materials

2.4.1. FT-IR Analysis. FT-IR spectroscopic analysis of fish
collagen was performed using aThermoNicolet 170SX FT-IR
Spectrometer in the region from 400 to 4000 cm−1 (spectral
resolution 4 cm−1, 32 scans per spectrum).

2.4.2. SEM Observation. The surface morphology of fish
collagen scaffold was viewed under a scanning electron
microscope (Hitachi S-450), with an accelerated voltage of
10 kV. All samples were coated with a sputter coater (BAL-
TEC Inc.) equipped with a gold target to increase electrical
conductivity.The average diameter and diameter distribution
of fish collagen nanofibers were measured from SEM images
by ImageJ program, with an accuracy of ±0.01 nm. All the
samples have been measured using the 5 different SEM
images.

2.4.3. Cell Culture. HEK-293 cells were cultured and main-
tained in logarithmic growth phase in DMEM (Gibco, USA)
medium containing 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin at 37∘C and 5% CO

2
. Cell viability

was measured using the 3-(4,5-dimethyl-2-thiazolyl)-2, 5-
diphenyl-[2H]-tetrazolium bromide (MTT) assay. The dye
MTT is taken andmetabolized to purple by viable mitochon-
dria. Cells were counted and plated in 96-well plates at a rate
of 1 × 104 cells per well and incubated in 200 𝜇L cell culture
medium. Prior to dilution with culture medium, the fish
collagen was sterilized by UV light for 12 h. After incubation
for 1, 3, 5, and 7 days, 20𝜇LMTT solution (5mg/mL, prepared
with PBS, pH 7.4) was added to each well and incubated at
37∘C and 5% CO

2
for an additional 4 h. The purple MTT

was dissolved in 150𝜇L dimethyl sulfoxide solution (DMSO)
(Sigma, USA). The activity of the mitochondria, reflecting
cellular viability, was evaluated by measuring the optical
density at 490 nmusing anELISAmicroplate reader (Bio-Rad
Instruments, Inc.). The cell viability (%) of the treated cells
was calculated in relation to the negative controls (100%).

2.5. Statistical Analysis. Data are given asmeans ± S.E.M. For
statistical comparison, t-test or one-way ANOVA followed by
Tukey’s test was employed. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 <
0.001 were considered to be statistically significant.
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Figure 2: SEM images of electrospun fish collagen when the flow rate of solvent was (a) V = 0.1mL/h (indicate I); (b) V = 0.5mL/h (II); (c)
V = 1.0mL/h (III); (d) V = 1.5mL/h (IV).

3. Result and Discussion

3.1. FT-IR Analysis. The FT-IR spectrum of collagen depicts
characteristic absorption bands at 1634, 1544, and 1250 cm−1,
which represent the amide I, II, and III bands of collagen
[20]. The main amide III characteristic absorption band is
observed at 1250 cm−1, with another peak seen at 1335 cm−1,
as shown in Figure 1. The result of FT-IR measurement
indicates the isolation of fish collagen that can be accounted
for Type I collagen.

3.2. SEM Observation. Nanofibers were manufactured from
fish collagen solution of 4% (w/v) concentration. The first
series of experiments were carried out at the flow rate of
solvent 0.1mL/h, the second 0.5mL/h, the third 1.5mL/h,
and the fourth 1.5mL/h. The morphologies of scaffold were
presented in Figure 2. Each variant produced different mor-
phologies of fibers (shown in Figure 2). With the flow rate
increase, system produced a population that was skewed
towards the production of larger diameters during the elec-
trospinning.

During the observation, the four SEM images for each
variant of flow rate were detected, respectively. The 146 ±
57 diameters of fish collagen nanofibers for the I variant,
121 ± 17 diameters of nanofibers for II variant, 283 ± 12
diameters of nanofibers for III variant, and 318±30nanofibers
for IV variant were found and measured. The structure of
fish collagen scaffold also depends on the flow rate. The
electrospun fish collagen nanofibers were parallel aligned
without defects at II variant (0.5mL/h). At the 0.1mL/h,
the nanofibers were randness. At the flow rate of 1.0mL/h,
the surface of nanofiber was rather roughness (shown in
Figure 2(c)). It resulted from some nanofibers get together.
At the highest flow rate (1.5mL/h) of solvent, small diameter
fibers interspersed with beads and stuck together, composing
the larger diameter fibers and highly aligned. This change
would decrease the porosity of scaffold.

In the next step of investigations, the dispersions of
fish collagen nanofibers have been studied. The frequency
distributions of all series were discussed in Figure 3. Four
histograms demonstrated that the diameter of nanofibers

in all cases was distributed in different distributions. In
Figure 3(a), three peaks were remarked observed: the first
peak was around 50 nm, the second peak was around 100 nm,
while the third was 150 nm. A similar result, the distribution
with several peaks, could be detected in Figure 3(b): the first
peak is around 75 nm, the second is around 100 nm, and the
third is 125 nm. With the flow rate increase, the histogram
really has one main peak around 300 nm. These changes
were the sticking of fish collagen nanofibers. During the
electrospinning process, the nanofibers were manufactured
by means of electrostatic forces between two electrodes [21].
Thediameters of nanofibers usually changed and they depend
on various parameters. The different diameters of fibers
influenced the structure of scaffold and herewith the end-
use properties of such kind of nanomaterial. Therefore, the
flow rate of solvent was a very important parameter for the
structure of nanofibers.Using the higher flow rate,more stuck
fiber scaffolds were forming.

3.3. MTT Evaluation. Cell proliferation on the collagen was
studied in vitro by MTT test. Because of the differences
in the chemical composition, conformation, porosity, and
hydrophobicity of matrix affect cellular activities [22, 23],
time-dependent changes were observed in the cellular behav-
ior in response to collagen compositions. In 7-day cell
cultures, the cell number increased with culture time on
all tested groups (Figure 4). While at day 1 there was no
statistically significant difference among the collagen and the
control groups, at the later time point (5th day for HEK-293
cells), the cell numbers on collagen were significantly higher
than those cocultured with control, which implied that the
fish collagen favored cell attachment. Fish collagen nanofiber
scaffolds exhibited excellent support for cell attachment
and differentiation. In addition, there was a trend showing
the highest number of cells in II variant group compared
to others. Electrospun scaffolds of collagen composed of
small diameter fibers induced the expression of a highly
flattened and stellate cell shape at this flow rate. Critical to
the bioengineering paradigm is the development of tissue
engineering scaffolds that can support the proliferation and
penetration [24]. While at the highest flow rate of solvent cell
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Figure 3: Distributions of electrospun fish collagen during the experiment was (a) V = 0.1mL/h (indicate I); (b) V = 0.5mL/h (II); (c)
V = 1.0mL/h (III); (d) V = 1.5mL/h (IV).

grew least in the collagen groups. It means that the different
structure fiber scaffolds significantly affect cell growth. At
higher flow rate, the fiber stuck together, resulting in porosity
decreased.There is too little room to help cell attachment and
growth in the scaffold.

Scaffold design [25–33] is to produce an ideal structure
that acts as an ECMuntil host cells can repopulate and resyn-
thesize a new natural matrix. Collagen, as the basic structural
element for most connective tissues, plays a prominent role
in maintaining the biologic and structural integrity of ECM
architecture and presents different morphologies in differ-
ent tissues which perform different functions. Particulary,
fish collagen biomaterials formed instructive extracellular
microenvironments formorphogenesis in tissue engineering.
Particulary fish collagen is preferred for cell attachment
and proliferation, which would be widely useful for tissue
regeneration. Further application researches will focus on
them.

4. Conclusions

In this study, the fish collagen was firstly isolated by flash
extraction. The Type I collagen was characterized by FT-IR.
It was also found as an appropriate flow rate of solvent for
electrospinning. This parameter depended on the diameter
and structure of nanofibers scaffold. Further, it significantly
affected cell growth.
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[5] A. Aszódi, K. R. Legate, I. Nakchbandi, and R. Fässler, “What
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In previous studies, nano-hydroxyapatite/collagen/poly(L-lactic acid) (nHAC/PLA) composites have been prepared and confirmed
to repair small sized bone defects. However, they are restricted to repair a large defect without sufficient oxygen and nutrition
for cell survival. The result of this study confirmed that nHAC/PLA composites could be axially vascularized by being implanted
intramuscularly with arteriovenous (AV) bundle (GroupA) in the groins of rabbits.The combination with autologous bonemarrow
(Group B) could not enhance it the vascularization in early phase (2 weeks, 𝑃 > 0.05), but it could enhance in middle and later
phases (6 and 10 weeks, 𝑃 < 0.01). It meant that nHAC/PLA could be prefabricated as a vascularized bone substitute for grafting.

1. Introduction

Reconstruction of large bone defects poses a major challenge
to orthopedists. Despite the development of numerous bio-
logical and synthetic bone substitutes, vascularized and non-
vascularized autologous bone grafts remain the gold standard
for osteogenic bone replacement [1]. The shortcomings and
complications of autologous bone grafting including fibula,
scapula, or iliac crest restrict its application [2]. Allogenic and
xenogenic bone grafts are risk of disease transmission [3].
Tissue engineering and regenerative medicine are promising
therapeutic strategies for the repairment or replacement of
diseased or injured tissues and organs [4]. Tissue-engineered
bone (TEB) represents a promising approach to overcome
these problems and is becoming an increasingly popular
choice for repairing bone defects. Significant progress has
been made toward scaffold materials for structural support
with desired osteogenesis and angiogenesis abilities [5].
However, repair of bone defects over 30mm using tissue-
engineering methods is a difficult clinical problem now [6].

Vascularization plays a very important role in skeletal
development and repair [7]. It is crucial for TEB to establish

a vascular network that temporally precedes the formation of
new bone [8]. Because blood supply is restricted in its exterior
portions without vascularization, cells face the lack of reliable
oxygen and nutrient supply. In current surgical practice,
tissues that need to be transferred from one part of the
body to another as living three-dimensional constructs can be
provided with a vasculature by prefabrication techniques [9].
Scaffolds including xenogenic bone mineral [10], poly(DL-
lactic-co-glycolic acid) (PLGA) [9], HA/𝛽-TCP granula [2],
and processed bovine cancellous bone (PBCB) matrices [11]
have been successfully vascularized with surgical angiogene-
sis skills, allowing transplantation to defect sites.

A new type of nano-hydroxyapatite/collagen/poly(L-
lactic acid) (nHAC/PLA) composite, similar to the natural
bone in main composition and in hierarchical microstruc-
ture, has been fabricated before [12–15]. It possesses a porous
microstructure with a pore size of about 100–300𝜇m and
a porosity of about 80% like cancellous bone. The cell
culture and the implant experiment demonstrated that it
was bioactive and could repair some small bone defects. The
purpose of this study was to evaluate whether vascularized
nHAC/PLA composites could be prefabricated in vivo.
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2. Materials and Methods

2.1. Materials. Synthesis of nHAC/PLA was prepared as
previously described [12–15]. Type I collagen (CELLON
Company, Strassen, Luxembourg) was diluted in deionized
(DI) water at 0.67 g collagen/L and room temperature for
3 hours. Solutions of CaCl

2
and H

3
PO
4
(Ca/P = 1.66)

were then separately added by drops. The solution was
stirred and titrated with sodium hydroxide solution to pH
7.4 at room temperature. The nHAC deposition was har-
vested by centrifugation and freeze-dried after 48 hours.
The nHAC powder was then distributed in the PLA matrix
(MW = 1.0 × 105Da; Shandong Medical Appliance Factory,
Liaocheng, China) at a 1 : 1 weight ratio (nHAC/PLA). The
mixture was frozen at −20∘C overnight and then lyophilized
to remove dioxane. After ultrasonication, the material was
fabricated into cylindrical slices (Φ = 10mm × 10mm) with
a hole of 1.5mm diameter in the center.

2.2. Experimental Design. All experiments were approved by
the animal ethics committee of Peking Union Medical Col-
lege Hospital (PUMCH), and the procedures were conducted
in accordance with the guidelines for the care and main-
tenance of animals. Fifteen three-month-old New Zealand
rabbits (Experimental Animal Center of PUMCH, Beijing,
China) weighing 2.5 to 3.0 kg were used. All operations were
performed under sterile conditions by the same surgeon.
An nHAC/PLA composite was directly implanted into the
intramuscular gap with an arteriovenous (AV) bundle in
the left groin (Group A), and another one was implanted
into the intramuscular gap with an AV bundle in the right
groin (Group B) after being mixed with the autologous bone
marrow. Histological examinations were performed at 2, 6,
and 10 weeks after implantation.

2.3. Surgical Procedures. The animals were anesthetized
with an intravenous injection of 3% pentobarbital sodium
(1mL/kg body weight, Sigma, USA). 800,000 IU penicillin
sodium (North China Pharmaceutical Group Corporation,
China) was injected intramuscularly for preventing infection.
Group Awas treated as follows.Through a skin incision from
the groinmidpoint 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 ligatured at 2 to 3 cm under the
femoral artery furcation for an AV bundle. The AV bundle
was placed in the hole of the nHAC/PLA composite and was
placed into the intramuscular gap. The femoral muscle and
skin were sutured with 3-0 silk sutures. In Group B, the same
procedures were performed after another nHAC/PLA com-
posite was mixed with 10mL autologous bone marrow from
its tibia using a self-made device (Figure 1). Postoperatively,
800,000 IU penicillin sodium and 0.15mg buprenorphine
(Tianjin Institute of Pharmaceutical Research, China) were
separately administered intramuscularly every 12 hours for 3
days.

Figure 1: The self-made device for mixing bone marrow with an
nHAC/PLA composite.

(a) (b)

Figure 2: Schematic drawing demonstrating the approach to his-
tological examinations: (a) 8 cross-sections were obtained perpen-
dicular 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).

2.4. Histological Examinations. The animals were sacrificed
after 2, 6, and 10 weeks (𝑛 = 5, resp.). The implants were
removed and fixed in 10% buffered formalin for 24 hours.
After washing, they were decalcified by 14% ethylenedi-
aminetetraacetic acid (EDTA) solution for 6 weeks. Then,
they were dehydrated in graded ethanols and embedded in
paraffin. Eight cross-sections (5𝜇m)were obtained from each
specimen, perpendicular to the AV bundle in the middle
(Figure 2(a)), using a Leica microtome (Leica Microsystems,
Wetzlar, Germany). For histomorphometirc 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, 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 2(b)). Microvessel density (MVD) was
calculated for each group and each time point. One of the
other sections was prepared for CD31 immunofluorescence
histochemical staining with rabbit anti-PECAM-1 (primary
antibody; Beijing Biosynthesis Biotechnology Corporation,
China) and goat anti-rabbit IgG/FITC (second antibody;
Beijing Biosynthesis Biotechnology Corporation, China) for
qualitative assessment.
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(a) (b) (c)

(d) (e) (f)

Figure 3: Hematoxylin and eosin (H&E) staining of specimens (magnification ×200): (a∼c) 2, 6, and 10 weeks separately after implantation
from Group A; (d∼f) 2, 6, and 10 weeks separately after implantation from Group B. Black arrows showed vessels.

2.5. Statistics Analysis. All results of MVD 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 signifi-
cance was set at 𝑃 < 0.05.

3. Results

3.1. Surgery and Macroscopic Appearance. All 15 rabbits
tolerated the surgical procedure and survived well. There
were no major perioperative complications such as infection,
hematomas, or wound dehiscence. No extrusion of the
implants occurred over the observation period.The implants
were surrounded by neighbouring tissue. At each time point,
there was no significant difference of the mass around tissue
and the blood supply of the implants between the two groups
in the macroscopic appearance.

3.2. Histological Examinations. The newly formed tissue was
composed predominantly of inflammatory cells, fibroblasts,
blood vessels, and vascular sprouts in both groups (Figure 3).
There was less tissue occupying the pores of nHAC/PLA in
Group A than in Group B. Along with the time extension,
there were fewer inflammatory cells andmore fibroblasts and
vessels. At 2 weeks later, MVD of the implants in both groups
is similar (9.35 ± 1.58 versus 9.08 ± 2.18, 𝑃 = 0.712 > 0.05,
Figure 4). At 6 weeks later, MVD of the implants in
Group A was significantly less than in Group B (15.60 ±
3.20 versus 19.08 ± 3.18, 𝑃 < 0.01, Figure 4).When explanting
after 10 weeks, MVD of the implants in Group A was also
significantly less than in Group B (18.19 ± 3.17 versus 20.67
± 3.78, 𝑃 < 0.01, Figure 4). There was a trend towards
an increase in MVD in each group over time. The new
vessels of the implants could be verified by using CD31
immunofluorescence histochemical staining (Figure 5).
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Figure 4: Quantification of microvessel density (MVD) between
Group A and Group B. 2 weeks: no significant difference (𝑃 > 0.05);
6 and 10 weeks: significant difference (𝑃 < 0.01).

The vascular walls and red blood cells showed remarkable
light green fluorescence. By 10 weeks, more new vessels were
observed in Group B than Group A.

4. Discussion

Vascularization plays an important role in the process of
osteogenesis, both in development and during repair. Osteo-
genesis is characterized by invasion of capillaries into the
mesenchymal zone and the differentiation of mesenchymal
cells into mature osteoblasts, which deposit bone matrix and
lead to the formation of bone [16]. Diffusion limits oxygen
and nutrition supply to a maximum range of 200𝜇m into a
given matrix [17]. Cells cannot survive in the large constructs
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(a) (b)

Figure 5: CD31 immunofluorescence histochemical staining of specimens 10 weeks after implantation (magnification ×100): the vascular
walls and red blood cells display remarkable light green fluorescence: (a) from Group A, (b) from Group B. Red arrows showed vessels.

without vascularization after they are transferred in vivo
environment.

TEB, an alternative to autologous bone, allogenic and
xenogenic bone grafts may overcome their shortcomings
such as limited availability for harvest, donor-site morbidity,
and disease transmission [2, 3]. It has become technically
feasible to repair small sized bone defects in clinical practice,
but it still remains challenging for reconstruction of large
volume defects [18].

The nHAC/PLA composite fabricated before, as one of
TEBs, has been demonstrated that it was similar to the natural
bone inmain composition and in hierarchicalmicrostructure
[12]. Previous studies showed that it was bioactive and could
repair some small bone defects [15]. However, there was no
experiment about its ability of vascularization for repairing
large defects so far. In this study, we first demonstrated that
the nHAC/PLA composite could be vascularized in vivo.

At present, there are three methods to achieve the vascu-
larization of tissue: incorporation of angioinductive growth
factors, endothelial cells coculture, and surgical techniques
[7]. The vessels of a construct by incorporating endothelial
cells are not mature and stable [19]. Delivery of angiogenic
factors can only enhance the formation of new vessels [20, 21].
Recently, surgical angiogenesis, utilizing preexisting blood
vessels as a vascular carrier and to incorporate artificial
materials and cells into them to regenerate nutrient vessels,
has become a promising method to establish a functional
vascular network.

The extrinsic vascular pathway, originating from the
periphery of the construct by implanting into a site of high
vascularization potential (subcutaneous [22], intramuscular
[23], and intraperitoneal [24]), has become themost frequent
method of vascularization in tissue engineering and has
been available for clinical practice [25]. The disadvantage
of this pathway is that the vascular network is random and
will be destroyed while transferring to distant implantation
sites. For this reason, axial vascularization (the intrinsic
vascular pathway), originating from implanted vessels, has
been proposed by reconstructive surgeons [18].

The methods of axial vascularization included AV shunt
loop, distal ligation type AV bundle, and flow-through type

AV bundle. After comparing them, although the AV shunt
loop showed a greater potential for producing new tissue and
capillaries, the distal ligation type AV bundle was thought
to be more effective and feasible as a vascular carrier [26].
Up to now, AV bundle has been applied clinically [27], but
no application of AV shunt loops has been reported. The
AV bundle is simpler to be constructed operatively than the
AV shunt loop, does not present problems with thrombus
formation, and provides stable blood flow [26]. Hence, distal
ligation type AV bundle was chosen as axial vessels in this
study. The results of this study showed that AV bundle could
induce axial vascularization of nHAC/PLA composites. An
nHAC/PLA composite after prefabrication in vivo could be
transplanted as a free flap or a pedicle flap to a bone defect.

In the past decade, researchers have gained important
insights into the role of bone marrow derived cells in adult
neovascularization. A subset of bone marrow derived cells,
called endothelial progenitor cells, has been of particular
interest, as these cells were suggested to home to sites of neo-
vascularization and neoendothelialization and differentiate
into endothelial cells in situ, a process referred to as postnatal
vasculogenesis [28]. In this study, it was confirmed that the
vascularization of nHAC/PLA composites with AV bundle
could be significantly enhanced by autologous bone marrow
in the middle and later phases. Meanwhile, there was no risk
of rejection by autografting. So it was an ideal method to
prefabricate a vascularized nHAC/PLA composite with the
combination of AV bundle and autologous bone marrow.

In conclusion, nHAC/PLA composites, implanted intra-
muscularly with AV bundles, had been shown to generate
new vascular networks for prefabrication of large bone
substitutes. The vascularization was better in combination
with autologous bone marrow than without it and was more
suitable for the microsurgery transplanting. Osteoinduction
of microstructured calcium phosphate materials and mul-
tiwalled carbon nanotubes (MWNTs) has been shown in
soft tissues by concentrating more proteins to differentiate
inducible cells to osteogenic cells [29–31]. In the future,
the osteoinduction of nHAC/PLA composites in soft tissues
should be investigated to decide the possibility of ectopic
fabrication of large volume vascularized TEB in combination
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with recombinant human bone morphogenetic protein-2
(rhBMP-2) or osteogenic protein-1 (OP-1).
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