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Abstract: Calcium phosphate-based biomaterials have been well studied in biomedical fields
due to their outstanding chemical and biological properties which are similar to the inorganic
constituents in bone tissue. In this study, amorphous calcium phosphate (ACP) nanoparticles
were prepared by a precipitation method, and used for preparation of ACP-poly(D,L-lactic acid)
(ACP-PLA) nanofibers and water-soluble drug-containing ACP-PLA nanofibers by electrospin-
ning. Promoting the encapsulation efficiency of water-soluble drugs in electrospun hydrophobic
polymer nanofibers is a common problem due to the incompatibility between the water-soluble
drug molecules and hydrophobic polymers solution. Herein, we used a native biomolecule of
lecithin as a biocompatible surfactant to overcome this problem, and successfully prepared
water-soluble drug-containing ACP-PLA nanofibers. The lecithin and ACP nanoparticles played
important roles in stabilizing water-soluble drug in the electrospinning composite solution. The
electrospun drug-containing ACP-PLA nanofibers exhibited fast mineralization in simulated
body fluid. The ACP nanoparticles played the key role of seeds in the process of mineraliza-
tion. Furthermore, the drug-containing ACP-PLA nanofibers exhibited sustained drug release
which simultaneously occurred with the in situ mineralization in simulated body fluid. The
osteoblast-like (MG63) cells with spreading filopodia were well observed on the as-prepared
nanofibrous mats after culturing for 24 hours, indicating a high cytocompatibility. Due to the
high biocompatibility, sustained drug release, and fast mineralization, the as-prepared com-
posite nanofibers may have potential applications in water-soluble drug loading and release
for tissue engineering.
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Introduction
Bone defects originating from trauma and other diseases are common clinical cases.!
The use of biodegradable porous scaffolds may be one of the most promising thera-
peutic methods for bone defect, compared with autograft/allograft transplantation
and use of nondegradable metal scaffolds. In the past decades, the calcium phosphate
(CaP)-based biomaterials have attracted much attention in the research field of biomedi-
cal scaffolds.?® The CaP materials have similar chemical properties to the inorganic
constituents of hard tissue in vertebrate, and are considered as ideal biomaterials
for bone regeneration.*> Therefore, the synthetic CaP-based biomaterials (such as
bone cements and porous ceramics) have been widely used in treatment of bone and
tooth defects.®®

Electrospinning is a simple method of fabricating polymer/composite nanofibers

and bioceramics which are widely used in drug delivery and tissue engineering.”!"!
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Electrospun nanofibers can provide porous structure which
biomimics the natural extracellular matrix constructed by
native protein nanofibers (eg, collagen fibrils).!? Meanwhile,
the functional molecules (eg, drugs and growth factors) and
bioactive elements can also be electrospun into the composite
nanofibers to achieve high bioactivity and cell affinity.!*!°
Nanostructured CaP materials with high biocompatibility are
usually added in the polymer solution to modify the electro-
spun composite nanofibers.!*!8 For example, hydroxyapatite
(HA) and anti-inflammatory drugs can be incorporated into
polycaprolactone fibers by electrospinning, achieving sus-
tained drug release and mineralization.!” The CaP material
with amorphous calcium phosphate (ACP) phase exists in
native bone tissue, which is an intermediate phase in the
HA formation process and displays good bioactivity.?*2
Therefore, the electrospun ACP-containing nanofibers may
have potential applications in the studies of mineralization
and bone repair/tissue engineering.!’

As amajor category of drugs, water-soluble drugs can be
easily dissolved in aqueous solution and utilized by patients,
and play important roles in the biomaterial studies. Many
strategies and technologies have been developed to promote
cell adhesion/growth, osteointegration with the host tissue,
and bone growth using water-soluble molecules (eg, growth
factors and cytokines).* For example, different growth factors
have been chosen for preparation of functional biomaterials
to adjust the differentiation of stem cells and promote the
cell growth.>? However, due to the good solubility and fast
diffusion in water or body fluid, it is necessary to improve
the effectiveness of the loading and sustained release of
water-soluble drugs. Therefore, different materials includ-
ing liposomes,?’ surfactants,?® microcapsules,” and polymer
nanofibers®® have been developed and used as carriers of
water-soluble drugs. The electrospun hydrophobic polymers
(eg, poly[D,L-lactic acid] [PLA] nanofibers) are usually used
as drug carriers.’! However, the hydrophobic polymer solu-
tions cannot have the drug dissolved in water. This reduces
the potential of electrospinning hydrophobic polymer nano-
fibers containing water-soluble drugs. Therefore, emulsion
electrospinning®*** and coaxial electrospinning* have been
developed for encapsulating water-soluble drugs. The elec-
trospinning of water-soluble drug into a stable nanofibrous
matrix well controls the drug diffusion into tissue and pro-
longs the effects of the drug. However, it still suffers from the
low encapsulation efficiency in the process of drug loading
and further functionalization.

Herein, the ACP nanoparticles which were prepared by
a precipitation method in aqueous solution were hybridized

with PLA polymer and electrospun into ACP-PLA com-
posite nanofibers. Then, the water-soluble drug-containing
ACP-PLA composite nanofibers were also prepared using
the native biomolecule of lecithin as a surfactant. The use of
lecithin overcame the difficulty that the water-soluble drugs
are difficult to be mixed in hydrophobic polymers solution.
The resulting electrospun structure, in situ mineralization,
in vitro drug release, and cytotoxicity of the water-soluble
drug-containing ACP-PLA nanofibers were investigated.

Experimental

Preparation of ACP nanoparticles

The ACP nanomaterial was prepared according to our previ-
ous report with modification.* For preparing ACP nanopar-
ticles, the PO,* ions-containing solution was obtained through
dissolving 0.355 g of Na,HPO,-12H,0 and 0.025 g of PLA-
block-monomethoxy(polyethyleneglycol) (PLA-mPEG) in
60 mL of deionized water. Meanwhile, Ca*" ions-containing
solution was prepared by dissolving 0.166 g of CaCl,, 0.025 g
of PLA-mPEG, and 10 mL ammonia (25%) in 50 mL of deion-
ized water. Then, Ca®* ions-containing solution was slowly
added into PO,’" ions-containing solution (20 mL min™).
Then, the product of ACP nanoparticles was collected by
centrifugation after stirring for 1 hour at room temperature.
The as-prepared product was washed using deionized water
and ethanol repeatedly and then kept in acetone solution. The
polymers of PLA-mPEG (molecular weight [Mw]=8,000 Da,
Mw,, , =3,000 Da) of medical grade were obtained from Jinan
Daigang Biomaterials Co. Ltd (Jinan, People’s Republic of
China). All other chemicals used in the preparation process
were of analytical reagent grade and obtained from Sinop-
harm Chemical Reagent Co. (Shanghai, People’s Republic of
China), and used as received without further purification.

Fabrication of water-soluble drug-
containing ACP-PLA nanofibers

To 5 mL of mixed solvent (chloroform and N,N-dimethyl-
formamide, 1:1), 0.300 g of ACP and 0.300 g of PLA were
separately added, and the resulting solution was stirred for
12 hours to obtain a homogeneous solution. The racemic
PLA (Mw =500,000 Da) of medical grade was obtained
from Jinan Daigang Biomaterials Co. Ltd. The concentra-
tion of ACP or PLA in the resulting solution was 6% (W/v).
For preparation of water-soluble drug-containing ACP-PLA
composite nanofibers, 0.05 g of soya bean lecithin (>98%;
Shanghai Aladdin Bio-Chem Technology Co., LTD.,
Shanghai, People’s Republic of China) was added into the
prepared solution under stirring for 1 hour. Then, 0.2 mL
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aqueous solution containing 2 mg bovine serum albumin
(BSA) (molecular biology grade; Sangon Biotech [Shanghai]
LTD., Shanghai, People’s Republic of China) was added into
the mixed solution, and the resulting solution was stirred
for 12 hours. The resulting solutions were then taken in a
10 mL syringe for electrospinning using a electrospinning
equipment (Changsha Nayi Equipment Technology Co.,
Ltd., Changsha, People’s Republic of China) under a high
voltage of 15 kV. The experiment was performed at room
temperature (~25°C) and a relative humidity of ~60%. The
solution feeding rate was 1 mL h~'. The inner diameter of
stainless steel needle was 0.2 mm. The needle tip was fixed
at 15 cm above the aluminum foil collector. Figure 1 shows
an illustration of electrospinning process for preparation of
water-soluble drug-containing ACP-PLA nanofibers.

Characterization of the samples

The structures and morphologies of the as-prepared samples
were observed using a field-emission transmission electron
microscope (JEM-2100F; JEOL, Tokyo, Japan) at an accel-
erating voltage of 200 keV and a field-emission scanning
electron microscope (JSM-6700; JEOL). The X-ray powder
diffraction (XRD) of the samples was characterized by a
Rigaku D/max 2550V X-ray diffractometer (Rigaku, Tokyo,
Japan) with high-intensity Cu Kot radiation (4=1.54178 A)
and a graphite monochromator. The Fourier transform
infrared (FTIR) spectra of the samples were taken on a FTIR
spectrometer (FTIR-7600; Lambda Scientific, Edwardstown,
Australia). The hydrophilic properties were studied by an

ACP nanoparticles and
lecithin/water-soluble drug

PLA polymer

P
ume Nanofibers

High voltage

Advantages

Facile loading water-
soluble drug in nanofiber

Sustained
‘ drug release

] High biocompatibility

’ Fast mineralization ‘

Mineralization

Figure | lllustration of the electrospinning process for preparation of water-soluble
drug-containing nanofibers.

Abbreviations: ACP, amorphous calcium phosphate; PLA, poly(D,L-lactic acid);
SBF, simulated body fluid.

Automatic Contact Angle Meter (SL200A/B/D; Solon Tech.,
Shanghai, People’s Republic of China).

Mineralization of ACP-PLA and
water-soluble drug-containing

ACP-PLA nanofibers

The PLA, ACP-PLA, and water-soluble drug-containing
ACP-PLA nanofibrous round mats (diameter, 14 mm) were
immersed in simulated body fluid (SBF) (20 mL) in round
culture dishes (diameter, 60 mm) at 37°C, and 10 mL of
SBF was replaced with same volume of fresh SBF every
24 hours. The standard SBF solution was obtained according
to the reported method.>® The SBF solution has definite
ion concentrations which are almost equal to those in the
human blood plasma (ie, Na* 142.0 mM, K* 5.0 mM, Mg?
1.5 mM, Ca** 2.5 mM, CI" 148.8 mM, HCO,” 4.2 mM, and
HPO,*” 1.0 mM).** Then, ACP-PLA nanofibrous mats for
characterization were taken out and washed several times
with deionized water on days 1, 3, and 7.

In vitro BSA release

BSA was used as a water-soluble drug to prepare drug-
containing ACP-PLA nanofibers. The BSA-loaded ACP-PLA
nanofibrous mats (0.2 g) were used for the in vitro drug
release studies, which were immersed into 50 mL of SBF
at 37°C under shaking (160 rpm) in a desk incubator. The
release solution (2 mL) was taken out at a given time for
the UV—vis analysis at 562 nm, using a bicinchoninic acid
kit (Beyotime Institute of Biotechnology, Haimen, People’s
Republic of China). Then, 2 mL of fresh SBF (37°C) was
used to replace the withdrawn solution. The cast membrane
of BSA-containing ACP-PLA was used as a control sample,
which was prepared by directly drying the solution at 60°C
for 2 hours.

Cell viability

The PLA, ACP-PLA, and water-soluble drug-containing
ACP-PLA nanofibrous round membranes (14 mm) were pre-
pared and used for cell viability study, using the osteoblast-
like cells (MG63). The cells were cultured in o-minimum
essential medium with 10% fetal bovine serum and 1%
penicillin-streptomycin at 37°C under 5% CO, in a humidi-
fied incubator. The nanofibrous membranes were fixed in
24-well plates (Corning Incorporated, Corning, NY, USA)
after sterilization by 75% ethanol aqueous solution, and
1.0 mL cell suspension (1x10° cells mL™") was seeded onto
the samples. The microplate reader (MK3; Thermo Fisher
Scientific, Waltham, MA, USA) was used to determine the
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absorbance of MTT kit at an excitation wavelength of 492 nm
on the given days.

The scanning electron microscopy (SEM) images were
obtained to study the morphologies of cells on the water-soluble
drug-containing ACP-PLA nanofibers. After culturing for
24 hours, unattached cells were rinsed out using phosphate-
buffered saline, and then fixed with 2.5% glutaraldehyde for
30 minutes. Then, the cells on the fibrous membranes were
subsequently dehydrated by ethanol solutions (30, 50, 75, 95,
and 100 vol%) for 10 minutes, and by absolute ethanol twice
for final dehydration, before being observed by SEM.

Results and discussion
Characterization of the as-prepared ACP

nanoparticles

The ACP nanoparticles were synthesized by a modified
coprecipitation method using PLA-mPEG as a soft template.
As the TEM micrograph in Figure 2A shows, the ACP prod-
uct displayed a nanoparticle structure with a small diameter
(20-30 nm). The PLA-mPEG molecules which could
self-assemble to form micelles in aqueous solution played
the role of soft template in the preparation process of ACP
product. Then, CaP sample with nanospherical structure was

formed by the reaction between Ca** ions and PO,*~ ions.”**
The selected-area electron diffraction pattern indicated an
amorphous crystal phase of the product (Figure 2B). The
XRD pattern of the nanosphere product showed no obvious
diffraction peaks but a broad characteristic peak of the
amorphous phase at around 26=30° (Figure 2C), indicating
an amorphous crystal phase which agrees well with the result
of selected-area electron diffraction.*

Characterization of water-soluble drug-

containing ACP-PLA nanofibers

The ACP sample can be easily hybridized with the PLA
polymer, and the mixed solution can be electrospun into
ACP-PLA nanofibers. However, the water-soluble drug
cannot be directly blended into the PLA and ACP-PLA
solutions due to the incompatibility between water and PLA
molecule. The stratification phenomenon exists in the mixed
solution when the water-soluble drug aqueous solution is
directly added into the PLA and ACP-PLA solutions. For the
preparation of uniform water-soluble drug-containing ACP-
PLA solution, the lecithin is added into the prepared solution
before adding aqueous solution containing water-soluble drug
of BSA. The resulting solution is homogeneous even when

Cc

Intensity (au)

20 30 40

Figure 2 TEM micrograph and crystal phase of ACP nanoparticles.

50 60 70 80

26 (°)

Notes: (A) TEM characterization of ACP nanoparticles. (B) SAED patterns of ACP nanoparticles. (C) XRD pattern of ACP nanoparticles.
Abbreviations: TEM, transmission electron microscopy; ACP, amorphous calcium phosphate; SAED, selected-area electron diffraction; XRD, X-ray powder diffraction.
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Figure 3 SEM characterization of different nanofibers.

Notes: (A and B) The BSA-containing ACP-PLA composite nanofibers. (C and D) ACP-PLA composite nanofibers. (E and F) Pure PLA nanofibers.
Abbreviations: SEM, scanning electron microscopy; BSA, bovine serum albumin; ACP, amorphous calcium phosphate; PLA, poly(D,L-lactic acid).

kept for overnight. If the aqueous solution containing BSA
and lecithin are added into the PLA solution without ACP
nanoparticles, the resulting solution can maintain the homo-
geneous feature for only a short time, and the stratification
phenomenon appears after a prolonged time period. There-
fore, both lecithin and ACP nanoparticles are important for the
fabrication of BSA-containing solution for electrospinning.

Then, the BSA-containing ACP-PLA solution is easily
electrospun into the nanofibers. As the SEM micrographs in
Figure 3 show, the as-prepared BSA-containing ACP-PLA
nanofibers displayed a fibrous structure. The average
diameter of these nanofibers was ~650 nm with a rough
surface. The ACP-PLA nanofibers and pure PLA nanofibers
were separately prepared as control samples. The ACP-PLA
nanofibers also displayed good nanofibrous morphology,
and the average diameter was ~300 nm. Meanwhile, the
pure PLA nanofibers with an average diameter of ~550 nm
and smooth surface were observed. The diameter of BSA-
containing ACP-PLA nanofibers was the largest among
the three sample types. The result indicated that the addi-
tion of water-soluble drug and lecithin has an effect on the
morphology of the nanofibers.

FTIR spectra of three nanofiber samples are shown in
Figure 4. For the PLA nanofibers, the characteristic peaks
were observed, such as the C—O stretching at ~1,089 cm™ and
carbonyl (—C=0) band at 1,762 cm™'. For the ACP sample,
the distinctive peak which can be indexed to PO’ group

i BSA-ACP-PLANF i i
1
i v i
ACP-PLANF i i i
]
3 i i !
c i PLANF . i
S : | o
£ | 1,762
£ i Lecithin ___i
0 !
c !
© 1
[ i
l_ 1
i
I
i
i i
T T T T T T } T T T T T
4,000 3,500 3,000 2,500 2,000 1,500 1,000 500

Wavenumber (cm-')

Figure 4 FTIR spectra of ACP nanoparticles, lecithin, PLA NF, ACP-PLA composite
NF (ACP-PLA NF), and BSA-containing ACP-PLA composite NF (BSA-ACP-PLA NF).
Abbreviations: FTIR, Fourier transform infrared; ACP, amorphous calcium
phosphate; PLA, poly(D,L-lactic acid); NF, nanofiber; BSA, bovine serum albumin.
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was observed at 565 cm™. The peak at 2,927 cm™ revealed
the presence of C—H bonding of lecithin. For the ACP-PLA
and BSA-containing ACP-PLA nanofibers, the peaks of C-O
stretching, ~C=0, and PO,*" group were found. Because
there was just a small quantity of lecithin and BSA in the
nanofibers, the characteristic peaks of lecithin and BSA were
not obvious in the FTIR spectra. Perhaps, some of the peaks
might have been hidden due to overlapping of other peaks
of the composite nanofibers.

Mineralization of water-soluble drug-

containing ACP-PLA nanofibers

Figure 5 displays the SEM micrographs of the mineralized
pure PLA, ACP-PLA, and BSA-containing ACP-PLA com-
posite nanofibers. Compared with the morphologies shown in
Figure 3, the morphologies of samples were largely changed
after immersing in SBF for only 1 day, except for the pure
PLA nanofibers. From the magnified SEM micrographs, we
found a large number of small nanoparticles deposited on
the surfaces of ACP-PLA and BSA-containing ACP-PLA
composite nanofibers. Then, more inorganic matter with

nanosheet structure was observed on the surface of composite
nanofibers after extending the mineralization time to 3 days.
Sequentially, these nanosheets continued to form eventually
a three-dimensional porous network on the surface of com-
posite nanofibers when the mineralization time was extended
to 7 days. However, as for the pure PLA nanofibers, it was
clearly seen that the surface of the nanofibers did not display
obvious change after immersed in SBF for 1 and 7 days.
The contact angles on the surfaces of the fresh and min-
eralized samples were measured to characterize hydrophilic
property. As the results in Figure 6 show, there was a sharp
decrease in the values of contact angle of BSA-containing
ACP-PLA and ACP-PLA composite nanofibers after 1 and
7 days of mineralization, compared with the fresh samples.
After 1 day of mineralization, the surfaces of BSA-containing
ACP-PLA and ACP-PLA composite nanofibers became
completely hydrophilic. The results may be explained by
the change of the surface structure on the composite nano-
fibers. There was clearly an increase in porous nanosheet
formation on the surface of composite nanofibers after being
immersed in SBF. For the pure PLA naofibers, the contact

Figure 5 SEM micrographs of different nanofibers after mineralization in SBF for different time periods.
Notes: SEM characterization of (A—F) BSA-containing ACP-PLA, (G-l) ACP-PLA, and (M-P) PLA nanofibers after being immersed in SBF. BSA-containing ACP-PLA
nanofibers: (A and B) | day, (C and D) 3 days, and (E and F) 7 days; ACP-PLA nanofibers: (G and H) | day, (I and J) 3 days, and (K and L) 7 days; PLA nanofibers: (M and N)

| day and (O and P) 7 days.

Abbreviations: SEM, scanning electron microscopy; BSA, bovine serum albumin; ACP, amorphous calcium phosphate; PLA, poly(D,L-lactic acid); SBF, simulated body fluid.
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0 day

1 day
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131° || E

oo ||F 0°

123°

Figure 6 Contact angles of deionized water on different nanofibrous mats immersed in SBF for different days.
Notes: (A—C) BSA-containing ACP-PLA nanofibers. (D—F) ACP-PLA nanofibers. (G—I) PLA nanofibers.
Abbreviations: SBF, simulated body fluid; BSA, bovine serum albumin; ACP, amorphous calcium phosphate; PLA, poly(D,L-lactic acid).

angles slightly decreased to 14° and 30° after 1 and 7 days.
The results may be explained by the mineralization process
of different samples in SBF. The HA nanosheets formed
on the surface of composite nanofibers in SBF by a process
of mineralization. The porous HA nanosheets might have
contributed toward the spreading and adsorption of water.
Therefore, the mineralization process can lead to hydrophilic
modification of both composite nanofibers.

Mineralization is a common method to prepare HA-based
biomaterials by immersing the macromolecules and some
inorganic materials in SBF. But the process always takes
up a lot of time, especially for hydrophobic polymers. For
example, it usually requires several weeks to form a mineral-
ized HA layer on the surface of pure PLA polymer.**#! The
result can be explained by the hydrophobic properties of PLA
polymer which cannot supply active groups or sites for the
mineralization.?** The result obtained for PLA nanofibers
also indicated poor mineralization. However, the surface
morphologies of BSA-containing ACP-PLA and ACP-PLA
composite nanofibers were largely changed in the process of
mineralization. The addition of ACP showed obvious effect
on the formation of nanosheets structure on the surface of
BSA-containing ACP-PLA and ACP-PLA composite nano-
fibers. It is well known that the ACP can easily crystallize to

form stable HA crystal in SBF. Therefore, the transformation
from ACP to HA occurs when the BSA-containing ACP-PLA
and ACP-PLA nanofibers are in contact with SBF solution.
Sequentially, the surfaces of these composite nanofibers
can become rough, which improve the hydrophilicity of the
nanofibers. Then, the rough surface may promote the reaction
of Ca** and PO,* ions in SBF for further formation of HA on
the surface of composite nanofibers. The ACP nanoparticles
play a key role of seeds in mineralization, promoting the for-
mation of HA on the BSA-containing ACP-PLA nanofibers
and ACP-PLA nanofibers in SBF.

The in vitro BSA release of BSA-

containing ACP-PLA nanofibers

The BSA-containing ACP-PLA nanofibers were prepared
and used for studying drug release in vitro. The cast mem-
brane of BSA-containing ACP-PLA was used as a control
sample, which was prepared by directly drying the BSA-
containing ACP-PLA solution. The amount of BSA in the
composite nanofiber or the control sample was 3.3 mg g™\
The cumulative release amounts of BSA versus release time
are shown in Figure 7A. The cumulative release amounts
of BSA from BSA-containing ACP-PLA nanofibers in
SBF reached 1.8%, 6.5%, 16.8%, and 35.3% on 1, 3, 7,
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Figure 7 In vitro BSA release properties of water-soluble drug-containing ACP-PLA nanofibers.
Notes: (A) The in vitro BSA release curves of water-soluble drug-containing ACP-PLA nanofibers and the control cast membrane in SBF. (B) The XRD patterns of water-
soluble drug-containing ACP-PLA nanofibers before and after drug release in SBF. (C) The schematic illustration of the drug release process of water-soluble drug-containing

ACP-PLA nanofibers.

Abbreviations: BSA, bovine serum albumin; ACP, amorphous calcium phosphate; PLA, poly(D,L-lactic acid); SBF, simulated body fluid; XRD, X-ray powder diffraction;

HA, hydroxyapatite.

and 14 days, respectively. The release was slow in the first
2 days, and then became sustained from 2 to 14 days. The
cumulative release amounts of BSA from the control sample
in SBF reached 1.7%, 2.8%, 8.2%, and 20% on 1, 3, 7, and
14 days, respectively. Compared with the membrane, the
cumulative release amounts of BSA from BSA-containing
ACP-PLA nanofibers were higher. The results can be
explained by the small size of the nanofibers. Both samples
showed sustained BSA release properties.

The XRD patterns of the BSA-containing ACP-PLA
nanofibers before and after release of BSA in SBF are
displayed in Figure 7B. The results indicate that the crystal
phase of ACP nanoparticles in BSA-containing ACP-PLA
nanofibers transformed from amorphous phase to crystalline
HA phase (JCPDS No 09-0432) after the in vitro release
process in SBF. The diffraction peaks of crystal HA at
around 26=25.8°, 31.7°, 34.0°, 40.5°, 46.7°, 49.5°, 53.1°,
and 64.1° can be well indexed to (002), (211), (202), (221),

(222), (213), (004), and (304) crystal faces of HA, respec-
tively. These results indicate that the HA crystal can be well
formed in mineralization and display a good bioactivity of
the BSA-containing ACP-PLA nanofibers. The supposed
release process of BSA-containing ACP-PLA nanofibers is
illustrated in Figure 7C. The main change of the nanofibers
was the crystal phase transformation from ACP to HA during
the mineralization process of the BSA-containing ACP-PLA
nanofibers. The surface structures of the BSA-containing
ACP-PLA nanofibers were largely changed in SBF and led
to a significant improvement of hydrophilicity which is favor-
able for the release of BSA from the composite nanofibers.

Cell viability of BSA-containing ACP-PLA
nanofibers

The cytocompatibility of BSA-containing ACP-PLA,
ACP-PLA, and PLA nanofibers was measured using MG63
cells. As shown in Figure 8, the results indicate that MG63
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Figure 8 Cell viability studies of MG63 cells grown on the BSA-containing ACP-PLA
nanofibers, ACP-PLA nanofibers, PLA nanofibers, and the control of TCP.
Abbreviations: BSA, bovine serum albumin; ACP, amorphous calcium phosphate;
PLA, poly(D,L-lactic acid); TCP, tissue culture plate.

cells can grow well on the different nanofibrous membranes
from 1 to 7 days. These growth curves display high cyto-
compatibility of the cells cultured on the as-prepared BSA-
containing ACP-PLA, ACP-PLA, and PLA nanofibers.
The high compatibility can be explained by the favorable
chemical properties of the BSA, lecithin, ACP nanoparticles,
and PLA polymer which are common biomaterials or bio-
compatible molecules.

In addition, the cell adhesion and spreading behavior on
BSA-containing ACP-PLA nanofibrous membranes were
also studied by SEM. As the micrographs in Figure 9 show,
many cells with spreading filopodia were well observed on the
nanofibrous membranes after culturing for 24 hours, which
is the normal morphology of the osteoblast cells. Therefore,
these results display that the BSA-containing ACP-PLA
nanofibrous membranes have good cytocompatibility and
favorable properties for cell adhesion and spreading.

Figure 9 The SEM micrographs of MG63 cells grown on BSA-containing ACP-PLA composite nanofibers after culturing for 24 hours.
Notes: (A) magnification X500; (B) magnification x1,000; and (C, D) magnification x2,000.
Abbreviations: SEM, scanning electron microscopy; BSA, bovine serum albumin; ACP, amorphous calcium phosphate; PLA, poly(D,L-lactic acid).
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Conclusion

In summary, water-soluble drug-containing ACP-PLA
nanofibers with favorable mineralization and sustained drug
release properties were achieved. ACP nanoparticles were
synthesized through a precipitation route using PLA-mPEG
as a soft template. Then, ACP sample was blended into PLA
polymer solution for electrospinning of composite nanofibers.
Meanwhile, the water-soluble drug-containing ACP-PLA
composite nanofibers were also prepared. The water-soluble
protein molecule BSA was mixed into hydrophobic PLA
solution for electrospinning, using the native biomolecule
of lecithin as a surfactant. The BSA-containing ACP-PLA
nanofibers showed excellent mineralization properties. For
mineralization, the ACP displayed a key role as seeding mate-
rial on the surface of BSA-containing ACP-PLA nanofibers,
and promoted the formation of HA. The drug-containing
ACP-PLA nanofibers exhibited sustained drug release in SBF
which simultaneously occurred with the process of miner-
alization. The result of in vitro cell viability test indicated
that BSA-containing ACP-PLA has good biocompatibility,
and the MG63 cells attached and spread onto the as-prepared
nanofibrous membranes after culturing for 24 hours. Consid-
ering the facile fabrication process, sustained drug release
property, fast mineralization, and high biocompatibility,
the as-prepared BSA-containing ACP-PLA nanofibers may
have potential applications in water-soluble drug delivery
for tissue engineering.
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