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Abstract: In bone tissue engineering, collagen/hydroxyapatite (HAP) fibrous composite
obtained via electrospinning method has been demonstrated to support the cells’ adhesion and
bone regeneration. However, electrospinning of natural collagen often requires the use of cyto-
toxic organic solvents, and the HAP crystals were usually aggregated and randomly distributed
within a fibrous matrix of collagen, limiting their clinical potential. Here, an effective and greener
method for the preparation of collagen/HAP composite fibers was developed for the first time,
and this green product not only had 40 times higher mechanical properties than that previously
reported, but also had an excellent microstructure similar to that of natural bone. By dissolving
type I collagen in environmentally friendly phosphate buffered saline/ethanol solution instead
of the frequently-used cytotoxic organic solvents, followed with the key step of desalination,
co-electrospinning the collagen solution with the HAP sol, generates a collagen/HAP composite
with a uniform and continuous fibrous morphology. Interestingly, the nano-HAP needles were
found to preferentially orient along the longitudinal direction of the collagen fibers, which mim-
icked the nanostructure of natural bones. Based on the characterization of the related products,
the formation mechanism for this novel phenomenon was proposed. After cross-linking with
1-ethyl-3-(3-dimethyl-aminopropyl)- 1-carbodiimide hydrochloride/N-hydroxysuccinimide, the
obtained composite exhibited a significant enhancement in mechanical properties. In addition,
the biocompatibility of the obtained composite fibers was evaluated by in vitro culture of the
human myeloma cells (U2-OS). Taken together, the process outlined herein provides an effec-
tive, non-toxic approach for the fabrication of collagen/HAP composite nanofibers that could
be good candidates for bone tissue engineering.
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Introduction

Natural bone is an innate example of inorganic—organic biocomposites, with a
composition of approximately 70 wt% inorganic crystals hydroxyapatite (HAP) with
a chemical formula of Ca, (PO,) (OH), and 30 wt% of organic matrix."* The organic
matrix is mainly type I collagen which provides bone with flexibility and resilience,
and the inorganic phase is responsible for the stiffness and strength of bone. The unique
characteristics of natural bones are the spatial orientation between the inorganic crys-
tals and collagen macromolecules at the nanolevel,® where nanocrystals (about 50 nm
length) of biological HAP are aligned parallel to the collagen fibrils, which is believed
to be the source of the mechanical strength of bones.* Therefore, to a large extent such
a collagen/HAP fibrous composite with a similar composition and microstructure to
natural bone has been regarded as a prospective candidate for bone tissue engineering
and attracted much attention in recent years.
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Conventionally, collagen/HAP biocomposites can be
prepared by blending or mixing of collagen and HAP, as
well as by biomimetic methods.>'® However, in all blended
composites, the crystallite sizes of HAP particles were not
uniform and the crystals were often aggregated and randomly
distributed within a fibrous matrix of collagen. In recent years,
many researchers have turned toward the process of electro-
spinning in order to engineer a successful bone substitute
material. Electrospinning is a process that uses an electric field
to produce fibers with a large surface-to-volume ratio, high
mechanical strength, and good biomimetic properties. Previ-
ous studies have shown that electrospun fibrous architecture
is beneficial to the proliferation and differentiation of various
stem/progenitor cells.!”* Therefore, the preparation of col-
lagen/HAP fibrous biocomposites by electrospinning method
set off a frenzy of investigation. However, the collagen/HAP
composite was usually fabricated via electrospinning the
solution prepared by dissolving collagen and dispersing HAP
powders simultaneously in 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) or 2,2,2-trifluoroethanol (TFE).**? Not only can HFIP
and TFE induce an apparent loss of the triple helical configu-
ration of collagen, but they can remain a highly volatile and
corrosive solvent that poses health risks to humans, as well
as its high price.**“¢In consideration of the shortcoming of
HFIP, several attempts have recently been made at finding
more eco and environmentally benign solvents to prepare
collagen solutions for electrospinning. For example, various
acids such as formic acid*’“® and acetic acid,**° were inves-
tigated as less cytotoxic solvents for electrospinning collagen
nanofibers. However, the acid-induced partial degradation of
collagen and the instability of collagen in acid solutions may
adversely affect the structural and material integrity of colla-
gen nanofibers.”! Dong et al have studied a phosphate buffered
saline (PBS)/ethanol system as a solvent for collagen electro-
spinning and investigated the effect of salt concentration on
the diameter of collagen fibers,’>> but a large quantity of salts
introduced by PBS were not further removed, which certainly
affected the distribution of HAP in collagen matrix and the
mechanical properties of the composite materials when co-
electrospinning with HAP nanoparticles. Besides, Luciana
et al have put forward the ionic liquid as a solvent for dissolv-
ing collagen at 100°C, which only emphasized the utility of the
green solvent in the dissolution of collagen, but ignored the
clinical application of collagen as a biomaterial.**> In addi-
tion, most of the electrospinning solutions (or dispersions)
were prepared by a conventional mixing method in which
HAP was normally obtained firstly in powders and followed
by mixing it with collagen solutions.*>#>*® Consequently, in

the prepared collagen/HAP composites, the particle size of
HAP was not uniform and the HAP aggregation was often
randomly distributed within the collagen matrix. Such a
composite was obviously different from the natural bone
microstructure, and only had a compositional similarity to
that of natural bone. This inevitably led to weaken mechanical
properties of the prepared composites.

Given the above disadvantages in the creation of electro-
spun collagen/HAP composite, it is desirable to find a more
effective and reasonable approach to prepare electrospin-
ning solution with benign solvents. Herein, we report a sol-
electrospinning process for greener fabrication of collagen/
HAP composite fibrous materials using HAP sol, instead of
HAP powder, and PBS/ethanol system as an environmentally
friendly solvent for dissolving collagen to prepare electrospin-
ning solutions. After being dialyzed to remove the salts, the
collagen solution was mixed with HAP sol and subsequently
co-electrospun under appropriate parameters. Followed by
the cross-linking with 1-ethyl-3-(3-dimethyl-aminopropyl)-
1-carbodiimide hydrochloride/N-hydroxysuccinimide (EDC/
NHS), the obtained composite fibers became water-insoluble
and exhibited significant enhancement in mechanical proper-
ties. Based on the characterization of the related products,
the formation mechanism of this green collagen/HAP fibrous
composites was proposed and discussed. Moreover, the
cytocompatibility of collagen/HAP nanofibers was evaluated
through in vitro Cell Counting Kit-8 (CCK-8) viability assay.
ALP activity of human myeloma cells (U2-OS) cultured in
the leaching liquors of fibrous composites was examined at
different time points.

Materials and methods

Preparation of collagen solution
and HAP sol

PBS 20x buffer was prepared according to the literature®’ by
dissolving 160 g sodium chloride (NaCl), 28.8 g disodium
phosphate (Na,HPO,), 4 g potassium chloride (KCl), and
4.8 g monopotassium phosphate (KH,PO,) in 1 L distilled
water, and the pH was adjusted to 7.4 with hydrochloride
(HCI). Lyophilized type-I collagen, extracted from calf
skin, was kindly provided by the Tianjin Sannie Bioengi-
neerring Technology Co., Ltd, People’s Republic of China.
Collagen solution was prepared by dissolving a 150 mg
sample in a 1 mL solvent mixture of PBS buffer and etha-
nol with a PBS to ethanol ratio of 3:2 (v/v). The HAP sol
was synthesized with calcium nitrate (Ca(NO,),-4H,0, AR,
Tianjin Chemical Reagent Factory, People’s Republic of
China) and ammonium phosphate ((NH,),PO,-3H,0, AR,
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Tianjin Chemical Reagent Factory), using sodium citrate
(C,H\Na,0,-2H,0, AR, Shanghai Chemical Reagent Factory,
People’s Republic of China) as a dispersant. Briefly, 23.6 g
of calcium nitrate and 20 g of sodium citrate were dissolved
together in 100 mL of deionized water and the pH value
of the resulting solution was adjusted to 12 with NH,OH
solution. Subsequently, a certain amount of ammonium
phosphate with a molar ratio of Ca/P =1.67 was dissolved
in 100 mL of distilled water and then added drop wise to
the above solution within a certain time under constant stir-
ring. The pH value of the reacting mixture was maintained
in the range of 10-11 by the addition of NH,OH solution.
The resultant system was kept at 80°C for 2.5 hours under
continuous stirring to produce a light blue translucent HAP
sol. After being purified by dialysis, the prepared sol had a
HAP concentration of 0.055 g/mL.

Fabrication of electrospun fibers

The HAP sol was mixed with the above mentioned prepared
collagen solution at different mass ratios of HAP to col-
lagen. After being vigorously stirred, the solution obtained
was fed from a 10 mL syringe with a 6-gauge blunt-tip
needle attached. The syringe was mounted onto a syringe
pump (LongerPump LSP02-1B, Hebei, People’s Republic
of China), and the needle was connected to a high-voltage
power supply (Dingtong High Voltage Power Supply, DPS-
100 [50 KV/50 w], Dalian, People’s Republic of China).
Under 17 kV voltage, the fluid jet was injected out at a rate
of 1.0 mL/hour and the resultant nanofibers were collected on
aluminum foil which was put at 15 cm distance down from
the needle. The electrospinning process was continuously
performed for 4 hours at 15°C-20°C with a relative humidity
of about 20%. Pure collagen fibers were also electrospun as a
control. For comparison, a spinning solution with mass ratio
of HAP to collagen equal to 3:7 was also prepared by mixing
the collagen solution with the HAP powder prepared without
dispersant and then electrospun under the same conditions.

Cross-linking

Electrospun fibers were cross-linked with the EDC/NHS at
room temperature. The cross-linking solutions were prepared
by introducing 600 mM EDC and 600 mM NHS ina 9:1 (v/v)
acetone/water mixture, respectively. The composite fibers
were first soaked in the EDC solution for 12 hours, and then
fully soaked in the NHS solution for another 12 hours. The
cross-linked composite fibers were dried at room temperature
overnight, and then rinsed with deionized water three times
to remove the residual chemicals.

Characterization of samples

Transmission electron microscopy (TEM) images of HAP
nanoparticles in HAP sol and electrospinning solution as well
as electrospun nanofibers were obtained via transmission
electron microscope (JEM-2010; JEOL, Tokyo, Japan). The
viscosity of the spinning solution was measured at 25°C by
a rotational viscometer (Model NDJ-79, Shanghai, People’s
Republic of China). Morphological characterization of the
electrospun nanofibers was performed using a scanning elec-
tron microscope (SEM; JSM-5600LV, JEOL) with a beam
voltage at 10 kV, and all samples were sputter-coated with
gold before SEM observation. The phase structure of HAP
in sol and composite nanofibers was analyzed by X-ray dif-
fraction (XRD; PANalytical, Almelo, the Netherlands) using
Cu Ko radiation, in the range 20°~60°. Chemical bonding
state of collagen/HAP composite nanofibers was analyzed
by Fourier-transform infrared spectroscopy (FTIR) using a
Thermo Scientific (Nexus 470; Thermo Fisher Scientific,
Waltham, MA, USA) spectrometer. Mechanical properties
of electrospun fibers were measured using a YG-001N fiber
tensile tester at 10 mm/minute crosshead speed with 10 mm
gauge length at room temperature. All samples were cut
into 30x10 mm rectangles with thickness of 0.05 mm. The
thickness of these nanofiber mats was measured using a
micrometer. An average of five measurements was reported
as the mean = standard deviation for each sample.

Cell culture

Human myeloma cells (U2-OS) were used in this study, and
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM;
Thermo Fisher Scientific) that was supplemented with 10%
fetal bovine serum (FBS; Thermo Fisher Scientific) and incu-
bated at 37°C with 5% CO,. When approximately 70%-90%
of the cells was adherent, the culture medium in the pipette
bottle was firstly aspirated, and then 5 mL PBS buffer liquid
was added into the bottle while gently shaking. Finally, the
PBS buffer liquid was poured out, repeating the above steps
three times. Cultured cells were digested by trypsin to prepare
a cell suspension. The suspension cells were centrifuged for
5 minutes (1,000 rpm/minute). After removing the superna-
tant, the cells were added into the cell medium to re-prepare
the cell suspension at a density of 10*cells/mL.

Cell viability and differentiation

Cell viability was assayed by CCK-8 reagent, and the dif-
ferentiation of U2-OS cells to osteoblasts was determined
by measuring their ALP activity.’® Before cell seeding, the
nano-fibrous mats were firstly ground and immersed in 2 mL
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of physiological saline, respectively. Then treated with soni-
cation, and subsequently sterilized under autoclave at 115°C
for 30 minutes. Finally, immersed in medium (DMEM/
F12 medium/10%FBS/1% antibiotics) overnight before
cell seeding. Then, U2-OS cells were seeded at a density
of 1.5x10* cells/well for CCK-8 assay and 2x10* cells/
well for ALP activity, respectively. For comparison, polytet-
rafluoroethylene (PTFE) was used as a control.

For CCK-8, briefly, after incubating at 37°C for 1 hour,
40 mL of CCK-8 reagent was added into each well and incu-
bated for 4 hours, 3, 5, 7 days according to the reagent instruc-
tion. Aliquots (150 mL) of incubated medium were pipetted into
12-well and read in a spectrophotometric plate reader at 450 nm
(Elx-800, Bio-Tek Instrument Inc., Winooski, VT, USA).

For ALP activity assay, after 1, 2, 3,4, 5, 6, and 7 days
culture, every three wells in twelve wells were made to col-
lect together, and centrifuged at 3,000 rpm/minute. Then, the
supernatant was discarded, and washed once with saline to
avoid the influence of the medium calf serum enzymes on the
experimental results. The precipitate was added into 500 uL.
0f 0.1% Triton for cell lysis overnight at 4°C, and centrifuged
for 10 minutes (8,000 rpm/minute). ALP concentration in the
supernatant was measured by using automatic biochemical
analyzer at the absorbance of 405 nm.

Results and discussion

Characterization of HAP sol

Figure 1A shows that the HAP sol synthesized by the disper-
sant exhibited a translucent state, which could be stand for
up to several months without any obvious segregation of its

initial sol state, and the zeta potential of HAP nanoparticles
was determined to be about —30.76 mV. From Figure 1B,
it can be seen that the HAP nanoparticles had a needle-like
morphology with a uniform width of about 10 nm and length
of 50 nm or so.

The crystallographic structure of the HAP nanocrystals
was investigated by XRD as shown in Figure 2, which shows
the peak intensity was proportional to the standard spectrum
of reference pattern HAP 00-001-1008. The crystallite
size was calculated according to the following Scherrer’s
equation:

7= _ kA (1)
B, cosé

where 7is the average diameter in A, B1is the broadening of
the diffraction line measured at half of its maximum intensity
in radian, A=0.1542 nm, k=0.9, and 01is the Bragg’s diffrac-
tion angle. Taking into account the broadening of each peak
in XRD, the crystallite size of the (002) and (310) planes of
the HAP nanoparticles was calculated to be 43.6 nm and
14.2 nm, respectively.

Morphology of the electrospun fibers

Figure 3 shows the morphology of the electrospun pure
collagen and collagen/HAP composite fibers obtained with
different HAP contents. Pure collagen fibers exhibited a
highly smooth surface with an average diameter of 700 nm
or so (Figure 3A). The shape of the collagen/HAP composite
fibers was not affected by the addition of HAP nanoparticles
to the collagen matrix. The collagen/10 wt% HAP composite

Figure | Characterization of HAP sol.

Notes: (A) Photograph of HAP precursor sol, (B) TEM micrograph of HAP nanoparticles.

Abbreviations: HAP, hydroxyapatite; TEM, transmission electron microscopy.
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Figure 2 XRD pattern of HAP particles in sol.
Abbreviations: HAP, hydroxyapatite; XRD, X-ray diffraction.

fibers were continuous and fairly uniform (Figure 3B). When
increasing HAP content up to 20%—-30%, the obtained col-
lagen/HAP composite fibers had the same homogeneity as
the pure collage fibers (Figure 3C, D). In particular, it was
noticeable that the spinning solution containing up to 40%
HAP nanoparticles could be electrospun into the continuous
fibers (Figure 3E). The average size diameter of the col-
lagen/HAP composites shifted from 630 nm to 500 nm,
and a gradual decrease in the average fiber size occurred
with the increase of HAP nanoparticles. The decrease in the
fiber diameter was associated with the reduction in viscosity
of the spinning solution. The more HAP the collagen/HAP
composite fibers contained, the more volume of HAP sol
was added in the spinning solution, which resulted in the
decrease of solution viscosity. For the comparative study,
a control sample of composite fibers with collagen/30%
HAP was also produced by electrospinning the collagen
solution with conventional HAP powders being dispersed.
As illustrated in Figure 3F, the control composite fibers
exhibited a broader average diameter of 820 nm and were
less homogeneous compared with the collagen/30% HAP
composite fibers prepared using HAP sol. Additionally, some
bead-on-string structures were observed, which may be due to
the agglomeration of HAP particles. Some HAP aggregates
had diameters larger than the average fiber’s diameter and
could not be embedded inside the fiber, but protruded from
the fiber. Therefore, the control sample was not smooth and
uniform as the above five mentioned samples.

Figure 4 presents the TEM images of the fibers and
the related spinning solutions. As shown in Figure 4A, the
collagen fibers, before desalination, displayed much larger
particles inside the fibers, which may be the salt accumulation

introduced by PBS buffer. This phenomenon was consistent
with the results previously reported.’>> After blending the
collagen with HAP sol, the collagen/HAP composite nano-
fiber before desalination showed that most of the particles
were held along inside the collagen fibers, without any par-
ticle exposure on the surface of the fibers (Figure 4B). Our
attempts had been performed to figure out the distribution of
HAP in the collagen matrix by means of TEM. Unfortunately,
the HAP nanoparticles seemed to be covered by the salt accu-
mulation, which made it quite difficult to differentiate where
the HAP particle was and where the salt was. Although the
mechanisms involved in the composite fiber formation were
still unclear, the negative effects of salts existing in collagen
or collagen/HAP fibers in the potential application were of
no doubt. By the way, if these materials containing high salts
were implanted inside the body, the excessive salt concen-
trations would result in an ionic imbalance and increase the
osmotic pressure in the extracellular fluid, which could cause
cell dehydration and lead to plasmolysis or loss of cells activ-
ity. More seriously, the blood volume would increase, caus-
ing hypertension. Moreover, these large particles inside the
collagen fibers could probably have a weak interaction with
the collagen matrix, resulting in poor mechanical properties.
Therefore, the use of PBS/ethanol system for collagen only
was insufficient for manufacturing the collagen/HAP fibers,
a further desalination for collagen solution was necessary.
In this study, removing the salts was effectively achieved by
dialysis of collagen solution, and the collagen fibers, after
desalination, had a more uniform structure without any sign
of particle formation (Figure 4C). More to the point, the
collagen/HAP fibers after desalination were totally differ-
ent from those before desalination. As clearly seen from
Figure 4D, the HAP needles were well distributed within
the electrospun fibers, and the HAP nanoparticles seemed to
have a directional arrangement. The TEM of collagen/HAP
spinning solution was presented in Figure 4E, it demonstrated
that the needle-like HAP crystallites with a clear boundary
were co-embedded in the collagen solution. After electrospin-
ning, the HAP nanoparticles could completely retain their
needle-shape in the collagen matrix, and were well-aligned
along the axis of the electrospun fiber, which can be seen
from the TEM image with a higher resolution (Figure 4F).
The HAP crystallites had a crystal particle size range from
20 to 60 nm, close to those found in mammalian bone,** and
the microstructure of the collagen/HAP composite fiber was
similar to natural bone at the nano-level.’*

For the comparative study, the spinning solution contain-
ing collagen with dispersed HAP powders and the related
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Figure 3 The morphology of electrospun fibers with different HAP contents.
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Notes: (A) 0%, (B) 10%, (C) 20%, (D) 30%, (E) 40%, and collagen/30% HAP control fibers (F), respectively.

Abbreviation: HAP, hydroxyapatite.

composite fiber were also produced with the same process.
As illustrated in Figure 4G, it showed a rather poor dispersion
of HAP particles in collagen solution with a large degree of
aggregation. This poor dispersion could also influence the
distribution of HAP particles in the composite fibers, resulting

in serious HAP particle agglomeration in some places and
no HAP nanoparticles at all in other places (Figure 4H).
This aggregation of HAP particles in collagen matrix had
basically occurred as reported elsewhere, ¢! and did not
benefit the formation of smooth, uniform and bead-free fiber
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Figure 4 TEM images of the fibers and spinning solutions.

Notes: (A) Collagen fibers before desalination, (B) collagen/HAP before desalination, (C) collagen fibers after desalination, (D) collagen/HAP after desalination, (E) collagen/30%
HAP spinning solution, (F) collagen/30% HAP fibers after desalination, (G) collagen/HAP spinning solution using HAP powders, (H) collagen/30% HAP control fibers.
Abbreviations: HAP, hydroxyapatite; TEM, transmission electron microscopy.
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morphology (as shown in Figure 3F). The above comparison
further highlighted the advantages of using the desalted col-
lagen solution and HAP sol to fabricate electrospun collagen/
HAP composite fibers with an excellent microstructure.

Oriented alignment of HAP nanoparticles

within collagen matrix

Herein, we have established a schematic illustration to
explain how the HAP particles were oriented along the col-
lagen fibers by electrospinning as shown in Figure 5. In this
study, sodium citrate was chosen as the dispersing agent for
preparing HAP sol. Obviously, the surfaces of HAP particles
were negatively charged due to the adsorption of citrate
ions, and the diffusion layers of HAP particles accordingly
had a positive charge. Due to the double electrical layers
of colloidal particle, the HAP particles could maintain
good dispersion capability in the spinning solution. During
electrospinning, when a high electric field was applied to
the spinning solution, the positive diffusion layers began
to move in the direction of electric field, which caused the
HAP nano-needles to be positively and negatively charged
in the two tips, respectively. Under the action of electric
field, both the charges on the two tips of HAP particle would
receive the opposite forces F, and F,, which led the HAP

High
voltage

* 7

Electrospun fibers

particle to rotate to be parallel with the long axis. When the
applied electric field force overcame the surface tension of
the droplet, a charged jet of spinning solution containing
HAP particles was ejected. With the solvent evaporating
continuously, the jet including HAP particles extended
through the nozzle and grew longer and thinner until it was
solidified and collected on the target. At the same time, the
needle-shape HAP particles also tended to align along the
direction of the fluid jet. Consequently, it was of interest to
note that the needle HAP particles were oriented along the
long axes of the collagen fiber and were nearly parallel in
each electrospun fiber. Therefore, the electrospun composite
of collagen and HAP nano-needles not only had the similar
chemical composition to natural bone, but also mimicked the
microstructure of natural bone to a large extent.

Chemical analysis of electrospun

nanofibers

The representative FTIR absorption spectra of the pure
HAP, electrospun collagen, and collagen/HAP composite
were shown in Figure 6. The FTIR spectrum of HAP nano-
needles corresponding to PO, in the range 500-700 cm™
was presented in Figure 6A. As shown in Figure 6B and C,
the FTIR spectra of electrospun collagen/HAP composite and

)
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Figure 5 Schematic illustration of the proposed mechanism for the HAP particles oriented along the long axes of the collagen fiber.

Abbreviation: HAP, hydroxyapatite.
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Figure 6 FTIR spectra.

Notes: (A) HAP, (B) collagen fibers, (C) collagen/HAP composite fibers.
Abbreviations: HAP, hydroxyapatite; FTIR, Fourier-transforminfrared spectroscopy;
au, arbitrary units.

collagen displayed characteristic absorption peaks at 3,274
and 2,918 cm™!, which represented the amide A and B bands
of collagen, respectively. The amide I, amide II, and amide III
adsorption peaks typical of collagen were also found at
1,640, 1,540, and 1,241 cm™. These FTIR data indicated
the presence of the triple-helical structure of collagen both
in electrospun collagen and collagen/HAP fibers. In addi-
tion, the characteristic peaks of HAP also appeared in the
FTIR spectrum of collagen/HAP composite fibers, indicat-
ing that the collagen/HAP composite had been successfully
fabricated by the sol-electrospinning method. Comparing
the spectrum of collagen/HAP composite fibers with that of
pure collagen fibers, it can be seen that the addition of HAP
to the collagen resulted in the red-shift of the peaks of amide
I and amide II bands, and the intensity of the three mainly
amide peaks of collagen/HAP composite fibers decreased
obviously, which probably indicated that there was a certain
degree of interaction between the HAP nanoparticles and
collagen.

Figure 7 shows the XRD patterns of pure collagen fibers
and collagen/HAP composite fibers. As can be seen, the
collagen fibers apparently contained NaCl (Figure 7A).
After removal of salts by dialysis the diffraction peak of
sodium chloride completely disappeared (Figure 7B), only
an extensive broadening peak in the 26 range of 15°-30° was
observed, which was the characteristic diffraction peak of
collagen. Figure 7C was the XRD result of the electrospun
collagen/HAP composite fibers with 30% HAP content.
Except for the characteristic diffraction peak of collagen in
the 26 range of 15°-30°, the diffraction peaks of HAP in

* HAP @ NaCl

(213)
(@22) (924)

(002 @1
c *(210)*

(304)

Intensity (au)

20 30 40 50 60 70
20/degree

Figure 7 XRD patterns of collagen fibers and collagen/HAP fibers.

Notes: (A) Collagen fibers before desalination, (B) collagen fibers after desalination,
(C) collagen/30% HAP composite fibers.

Abbreviations: HAP, hydroxyapatite; XRD, X-ray diffraction.

collagen/HAP composite were shown to be slightly broader
and weaker as compared to those of original HAP nanopar-
ticles (shown in Figure 2), implying that HAP crystals in the
composite had a smaller size and a lower crystallinity.

Cross-linking of electrospun fibers

Figure 8 shows SEM images of the cross-linked collagen
fibers and the cross-linked collagen/HAP composite fibers.
According to the previous literature,*” the electrospinning
technology could not fully recover the original, crystalline
supramolecular structure of collagen, which led to the solubil-
ity of electrospun collagen and collagen/HAP fibers in water.
In order to use electrospun collagen and collagen/HAP fibers
as a substitute for tissue engineering, it is necessary to cross-
link the electrospun fibers. To our knowledge, a great deal of
chemical agents such as formaldehyde, glutaraldehyde, and
epoxy compound have been used in the cross-linking of col-
lagen, but the greatest concern is cytotoxicity.® In this study,
EDC/NHS were used as a less problematic alternative. After
being cross-linked, all the electrospun fibers became strongly
interconnected, forming an apparently robust network and
being insoluble in water, which can be used as a substitute
for tissue engineering.** In the process of cross-linking, the
carboxyl groups of the aspartic acid and glutamic acid resi-
dues in the collagen structure can react with EDC to form a
precipitating agent-unstable urea derivative. Then, a more
stable carbodiimide product was formed with the help of
NHS, which evidently enhanced stability of a cross-linked
product. Both EDC and NHS did not enter the matrix of col-
lagen, but was converted into a water-soluble urea derivative,
which had very low cytotoxicity.
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Figure 8 SEM photographs of the electrospun fibers after cross-linking with EDC/NHS.
Notes: (A) Collagen fibers, (B) collagen/10% HAP fibers, (C) collagen/30% HAP fibers.

Abbreviations: HAP, hydroxyapatite; SEM, scanning electron microscope; EDC/NHS, |-ethyl-3-(3-dimethyl-aminopropyl)- | -carbodiimide hydrochloride/N-hydroxysuccinimide.

Mechanical properties of collagen

and collagen/HAP composite fibers

The effect of HAP on the mechanical properties of the
composite nanofibers was tested with both cross-linked and
un-cross-linked states as well as before and after desalination.
For comparison, the pure collagen nanofibers were evaluated
as control. As shown in Table 1, the tensile strength of pure
collagen nanofibers after desalination was 74+0.31 MPa and
the elongation was 36.3%%1.98%. Without desalination,
both of them were lower, which was due to the existence of
a large amount of salt. By adding HAP nanoparticles to col-
lagen matrix, the tensile strength increased with the increasing
HAP contents. The collagen/HAP composite fibers containing
30% HAP nanoparticles displayed better mechanical proper-
ties with a tensile strength of 147+0.12 MPa and elongation
of 72.3%=*1.48%, in contrast with the other samples. The
increase in tensile strength was attributed to an increase in
rigidity with the addition of HAP and the strong interaction
between collagen and HAP nanoparticles. However, further
increasing the amount of HAP up to 40% resulted in a slight

decrease in the tensile strength to 124+0.14 MPa. In addition,
the composite fibers fabricated with HAP sol showed a signifi-
cant enhancement in the mechanical properties compared to
the control composite fibers prepared by using conventional
HAP powders, which was the result of the alignment of the
HAP needles in the collagen matrix. After cross-linking with
EDC/NHS, the electrospun fibers all showed a significant
increase in tensile strength. This is not surprising, because
the cross-linked electrospun fibers became strongly inter-
connected, as noted earlier. Among them, the collagen/HAP
composite fibers containing 30% HAP nanoparticles displayed
the highest tensile strength compared to the other samples,
it showed a tensile strength of 209+£0.16 MPa, which was
40 times higher than that reported with a similar method.*’

Compatibility assay

Cell proliferation

To determine the effect of the prepared composite fibers
on supporting cell growth, we measured cell proliferation
ability on days 1, 3, 5, and 7 by CCK-8 assay. Using the

Table | Mechanical properties of collagen and collagen/HAP composite fibers with different content of HAP

No HAP contents (%) Peak force Tensile strength (MPa) Percentage of elongation Cross-linked
(CN) (%) or not
I 0* 9.8+0.18 72+0.23 26.4+0.17 No
2 0 10.9+0.32 741031 36.3+1.98 No
3 10 13.2+0.17 87+0.20 77.2+0.42 No
4 20 15.4+0.23 119£0.21 76.5+0.31 No
5 20 17.2+0.16 144£0.14 64+0.23 Yes
6 30 20.8+0.11 147+0.12 72.3%+1.48 No
7 30 22.3+0.09 209+0.16 58+0.18 Yes
8 40 7.6+0.15 124+0.14 23.5+0.21 No
9 40 7.4+0.17 168£0.11 18.5+0.21 Yes
10 30%* 7.0+0.08 76+0.09 16.5£0.13 No

Notes: *Without desalination, **control sample.
Abbreviation: HAP, hydroxyapatite.

submit your manuscript

3212

Dove

International Journal of Nanomedicine 2015:10


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Green collagen/HAP fibers for bone tissue engineering

€25
c = PTFE
= 8 2 | Collagen
=< @ Collagen/HAP
3 ®15
S o
>2 ¢
% 3
O 505
7]
S o
~ 1d 3d 5d 7d

Culture days

Figure 9 Viability of U2-OS cells in leaching liquors of collagen and collagen/HAP
composite nanofibers after culture for 1, 3, 5, and 7 days.
Abbreviations: HAP, hydroxyapatite; PTFE, polytetrafluoroethylene; d, day(s).

pure PTFE culture as a control, the relative cell viability
in every medium containing material extracts was shown
in Figure 9. Apparently, the number of cells in all samples
studied increased with the culture time. At the earlier time
point of day 3, these three kinds of samples supported cell
proliferation at a similar level. On day 5, due to the addi-
tion of HAP particles, more cells were found in the medium
containing collagen/HAP composite fiber extracts than in
the other two samples, which indicated that the collagen/
HAP composite fibers supported cell proliferation better than
the control samples. On day 7 this difference was relatively
reduced, which may be attributed to the further proliferation
of the U2-OS cells as to cover the full cultured well, and the
growth of cells would be inhibited with the consumption
of nutrients in cell culture fluid, and then the cells began to
die under the high density. These results indicated that the
prepared collagen/HAP composite fibers had essentially
no in vitro cytotoxicity and supported cell attachment and
proliferation better than the other samples.

Cell differentiation

The differentiation of U2-OS cells on the fibrous composite
was studied by evaluating cell ALP activity in every medium
containing material extraction from 1 day to 7 days. ALP
activity is an early osteogenic marker, which indicates the
osteo-inductive potential of the samples. Using PTFE as
the control, the relative ALP data for different samples
were calculated and illustrated in Figure 10. As shown in
Figure 10, U2-OS ALP activity in the three mediums contain-
ing material extractions maintained slow growth over 4 days.
By day 5, U2-OS ALP activity in three samples increased
significantly, then peaked at day 6 and declined thereafter.
Furthermore, U2-OS ALP activity in the medium contain-
ing collagen/HAP composite fiber extracts had higher ALP
activity than that in the other two samples at day 6, which

300

250 = PTFE
H Collagen
[ Collagen/HAP

200

150
100

ALP activity (U/L)
(&)
o

1d 2d 3d 4d 5d 6d 7d
Time (days)

Figure 10 ALP activity of U2-OS cells after being cultured for I, 2, 3, 4, 5, 6, and
7 days in medium containing material extraction.
Abbreviations: HAP, hydroxyapatite; PTFE, polytetrafluoroethylene; d, day(s).

remained at a constant low level. Expression of this early
osteogenic marker decreased in the three mediums contain-
ing material extractions by day 7, which may be attributed to
the further maturation of the U2-OS cells, as stated above in
cell proliferation assessment. When compared to the control
samples, these data indicated that the presence of HAP par-
ticles enhanced the differentiation of U2-OS cells.

Conclusion

This work developed an effective and greener strategy
to generate collagen/HAP composite fibers using buffer/
ethanol/water system as a replacement for HFIP or TFE via
sol-electrospinning technique. The desalination of collagen
solution together with the use of HAP sol was the key point
of the research. Desalting salt from the collagen solution and
using HAP sol not only ensured good dispersion of HAP
particles in spinning solution and the oriented alignment of
HAP particles in the electrospun collagen/HAP composites,
but also improved the mechanical properties of the collagen/
HAP composites obtained. Cross-linking with EDC/NHS
further increased the mechanical properties. The prepared
collagen/HAP composites exhibited 40 times higher tensile
strength than that previously reported. Bioactivity of the com-
posite fibers was demonstrated in vitro using U2-OS cells, it
showed that the prepared collagen/HAP fibrous composites
had essentially no in vitro cytotoxicity and could promote cell
viability as well as proliferation. Our results have provided
clues to the design of potential candidates for bone tissue engi-
neering. Further studies will focus on the animal experiments
in vivo by implanting the prepared collagen/HAP composite
fibers in muscle pouches of rats to repair the damaged bone.
Undoubtedly, this greener collagen/HAP composite fiber with
an excellent microstructure should be suitable substrates for
bone regeneration and this study highlights the current state
of the art techniques in fabricating bone substitutes.
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