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ABSTRACT: A biomimetic nanofibrous poly(L-lactide) scaffold strengthened by nanohydroxyapatite particles was fabricated via a ther-

mally induced phase separation technique. Scanning electron microscopy results showed that nanohydroxyapatite particles uniformly

dispersed in the nanofibrous poly(L-lactide) scaffold (50–500 nm in fiber diameter) with slight aggregation at a high nHA content, but

showed no influence on the interconnected macroporous and nanofibrous structure of the scaffold. The nanofibrous poly(L-lactide) scaf-

fold presented a specific surface area of 34.06 m2 g�1, which was much higher than that of 2.79 m2 g�1 for the poly(L-lactide) scaffold

with platelet structure. Moreover, the specific surface area of the nanofibrous scaffold was further enhanced by incorporating nanohy-

droxyapatite particles. With increasing the nanohydroxyapatite content, the compressive modulus and amount of bovine serum albumin

adsorbed on the surface of the nanofibrous composite scaffold were markedly improved, as opposed to the decreased crystallinity. In

comparison to poly(L-lactide) scaffold, both the nanofibrous poly(L-lactide) and poly(L-lactide)/nanohydroxyapatite scaffolds exhibited a

faster degradation rate for their much larger specific surface area. The culture of bone mesenchymal stem cell indicated that the com-

posite nanofibrous poly(L-lactide) scaffold with 50 wt % nanohydroxyapatite showed the highest cells viability among various poly(L-lac-

tide)-based scaffolds. The strengthened biomimetic nanofibrous poly(L-lactide)/nanohydroxyapatite composite scaffold will be a potential

candidate for bone tissue engineering. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

In tissue engineering, scaffolds are constructed to serve as a tem-

porary artificial extracellular matrix (ECM) for the purpose of

supporting cell adhesion and promoting three-dimensional (3D)

tissue formation.1–3 The strategy for such scaffolds has recently

focused on the construction of nanofibrous scaffolds that mim-

icked the structure of fibrillar collagen (50–500 nm in diameter),

which abundantly existed in nature ECM.4–6 As to the fabrication

of nanofibrous scaffolds, three technologies including electrospin-

ning, self-assembly and phase separation have been well devel-

oped.7 Previous research showed that thermally induced phase

separation (TIPS) would be a promising technique for it can not

only produce nanofibers with controlled nanoscale size, but also

combine with other techniques, such as particle leaching, to con-

struct the desired 3D interconnected porous nanofibrous scaffolds,

which is in favor of the transport of nutrient and cell metabolites.8

Poly(L-lactide) (PLLA), a class of synthetic polyester, has been

widely applied in biomedical field for its favorable biodegrad-

ability and biocompatibility.9–11 It has been recently found that

nanofibrous structure mimicking the collagen nanofiber net-

work in the natural ECM could facilitate cell growth and differ-

entiation, such that various PLLA-based nanofibrous scaffold

have been developed for bone tissue engineering.12,13 However,

nanofibrous PLLA (NF-PLLA) scaffold with high porosity and

interconnected macroporous structure typically exhibited poor

mechanical property that limited its application in bone tissue

regeneration.14 As we know, most of the previous literatures

have mainly highlighted the effect of nanofibrous structure of
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NF-PLLA scaffolds on the cell behavior, and few works have

been investigated on the improvement of mechanical property

of NF-PLLA scaffolds.15 As a scaffold for bone tissue engineer-

ing, the basic requirement is to possess good mechanical prop-

erty for supporting cell growth and new tissue formation. Gen-

erally, a common method for improving the strength of

polymers is to blend with nanoscale particles or fibers.16 Hy-

droxyapatite (HA), possessing the same composition and similar

structure to the inorganic component of nature bone, could

react with physiological fluids to form tenacious bonds with

hard tissue,17 hence presents superior bioactivity and osteoin-

ductive property. Nevertheless, due to the brittleness and diffi-

culty to process into complex shapes, HA is rarely to be utilized

alone and thus is often used as a blending composition in the

fabrication of tissue engineering scaffold.18 Blending with nano-

hydroxyapatite (nHA) in high content and investigating the

influence of nHA on the structure and properties of NF-PLLA

scaffolds have been little concerned.

In this work, biomimetic 3D porous NF-PLLA scaffolds

strengthened with different contents of nHA (NF-PLLA/nHA)

were fabricated by a liquid–liquid TIPS technique using paraffin

microspheres as porogens. The morphology, specific surface

area, compressive properties, thermal properties, in vitro degra-

dation, protein adsorption, and cell compatibility of NF-PLLA/

nHA scaffolds were evaluated. As comparison, PLLA and NF-

PLLA scaffolds without nHA were also prepared.

MATERIALS AND METHODS

Materials

Poly(L-lactide) (PLLA) (Mw ¼ 400 kDa) was purchased from

Shandong Institute of Medical Instruments. Nanohydroxyapatite

(nHA) with a particle size of 55–60 nm19 was provided by Bio-

materials Research Institute, South China University of Technol-

ogy. Bovine serum albumin (BSA) was purchased from Dingguo

Bioengineering, Beijing, China. All other reagents and solvents

used were analytical grade.

Fabrication of PLLA-based Scaffold

For the fabrication of NF-PLLA scaffold, paraffin spheres with a

diameter of 300–450 lm, were used as porogens. About 4% (w/v)

PLLA/dioxane/pyridine (1 : 1, v/v) homogeneous solution was

dropped to entirely fill a paraffin sphere assembled template,

which was previously heated at 37�C for 40 min. The complex

was induced to liquid–liquid phase separation at �80�C for 6 h

and then soaked in cold hexane (�18�C) to remove the paraffin

and solvent.20 The NF-PLLA scaffold was obtained after a further

immersion in hexane and cyclohexane in sequence, followed by

lyophilization (0.5 mmHg) at �80�C for 48 h.

NF-PLLA/nHA composite scaffolds with various nHA contents

were constructed by the same process above except with the ho-

mogenous mixture of PLLA solution and nHA particles instead of

PLLA solution. The nanofibrous composite scaffolds with a weight

percentage of 30, 50, and 80% for nHA were denoted as NF-PLLA/

nHA-30, NF-PLLA/nHA-50, and NF-PLLA/nHA-80, respectively.

For the preparation of PLLA scaffold without nanofibrous struc-

ture, a single solvent of dioxane was used to dissolve PLLA. The

other procedures were the same as those for the preparation of

NF-PLLA scaffold.

Characterizations

Morphology Observation. The surface morphologies of PLLA,

NF-PLLA, and NF-PLLA/nHA scaffolds were observed by scanning

electron microscopy (SEM, PHILIPS XL-30ESEM) with an accelera-

tion voltage of 20.0 kV. Samples were cut to 1 mm in height, mounted

on a copper stage, and spattered a gold layer before observation.

Specific Surface Area Test. The BET surface areas of various

PLLA-based scaffolds were measured by N2-adsorption experiments

at liquid nitrogen temperature using the Brunauer-Emmett-Teller

(BET) Analyzer (TriStar 3000, Micromeritics, USA). All samples

were degassed at 60�C for 10 h before measurement.

Compression Test. The compressive property of the different

PLLA-based scaffolds (8 mm in diameter and 10 mm in height)

was measured on a universal material testing machine (BT1-

FB005TN.D14, Zwick, Germany) at a crosshead speed of 1

mmmin�1. The initial linear modulus on the stress–strain curves

were defined as the compressive modulus.

Thermal Properties. The thermal analysis of various PLLA-based

scaffolds were performed by differential scanning calorimetric

(DSC, NETZSCH DSC 204F1 Phoenix, Germany) in a tempera-

ture range from 0 to 250�C with a heating rate of 10�C min�1.

The degree of crystallization (Xc) was calculated according to the eq. (1):

Xc ¼ ðDHm=DH
0
mÞ � 100% (1)

DHm is the heat of fusion, DH0
m is the heat fusion of 93.6 J g�1

for 100% crystalline PLLA.21

In Vitro Degradation. Scaffolds of 8 mm � 5 mm (diameter �
height) were used for in vitro degradation studies. Prior to incu-

bation in phosphate buffered saline (PBS, pH ¼ 7.4), samples

were prewetted by a 1 : 1 (v/v) ethanol : PBS mixture solution.

After being rinsed with PBS for four times (30 min each), the

wetted scaffolds were immersed into 5 mL PBS and statically

incubated at 37�C for various time periods up to 42 days. PBS

solution was refreshed every 3 days. At each designed time point

up to 6 weeks, three paralleled samples were removed from the

solution, washed gently with distilled water four times (1 h each),

and dried at vacuum for 48 h. The degradation was evaluated by

the mass remaining percentage of scaffolds according to the equa-

tion of Mr, t% ¼ Wt/W0 � 100%, where Mr, t% represented for

the mass remaining percentage of scaffolds at the time of t, and

Wt was for the residue weight of scaffolds at the time of t and W0

was for the original weight of scaffolds before degradation.

Protein Adsorption. Scaffolds of 8 mm � 1 mm (diameter �
height) were cut for the protein adsorption studies. Samples were

prewetted with ethanol/PBS mixture (1 : 1, v/v), followed by

thoroughly washed with PBS. The wetted scaffolds were soaked in

a 5 mgmL�1 BSA solution in PBS at 37�C with a gentle shaking

of 25 rpm for 4 h, followed by thrice washed in PBS to remove

the free and loosely adsorbed proteins. The amount of protein

adsorbed to the scaffolds was quantified by MicroBCA assay.22

Cells Culture. The viability of bone mesenchymal stem cell

(BMSC) on the scaffolds was characterized by MTT (3-[4,5-dime-

thylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide) assay. Briefly,

various PLLA-based scaffolds were cut into 5 mm � 2 mm (di-

ameter � height) and placed into a 96-well plate after sterilization

with 75% alcohol and thoroughly rinsed with PBS. Confluent
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BMSC (Passage 3) were dissociated with 0.25% trypsin–EDTA

(GIBCO) and resuspended in the L-DMEM (GIBCO) at a con-

centration of �5 � 105 cells mL�1. A 100 lL cells suspension was

injected to each well and incubated at 37�C under 5% CO2 for 4

h. Subsequently, the scaffolds were transferred to another 96-well

plate with fresh 100 lL L-DMED supplemented with 10% fetal

bovine serum (FBS, GIBCO). After culturing for additional peri-

ods of 1, 3, 5, 7 days, 20 lL MTT solutions (5 mgmL�1) were

added to each well and incubated for another 4 h. The superna-

tant was discarded and the formazan crystals were dissolved by

adding 100 lL of DMSO solution. The plates were kept at room

temperature for 10 min, and then the optical density of each well

was recorded at 490 nm using an automatic enzyme scanner

(MK3, Labsystem Company, Finland).

The cells’ morphology in the scaffolds at 7 days was also observed

by SEM. Briefly, the PLLA-based scaffolds loaded with cells were

gently rinsed with PBS thrice (10 min each), fixed in 2.5% (v/v)

glutaraldehyde/PBS solution for 1 h at 4�C, and rinsed with PBS

for another three times. After being dehydrated by incubation in

a series of alcohol concentration (50, 60, 70, 80, 90, 95, and

100%) for 15 min, respectively, samples were mounted and coated

with gold layer for SEM observation.

Statistical Analysis. All experimental data were expressed at

means 6 standard deviation (S.D.) by three tests. To test the sig-

nificance of observed differences between the studies between the

study groups, Student’s t test was applied. A value of P < 0.05

was considered to be statistically significant.

RESULTS AND DISCUSSION

Morphology Observation

The surface morphologies of different PLLA-based scaffolds

were observed by SEM, as shown in Figure 1. All the scaffolds

exhibited interconnected porous structure with a macropore di-

ameter of 300–450 lm that was generated from the paraffin

porogens. A platelet structure was observed on the macropore

wall of PLLA scaffold [Figure 1(a)], as opposed to the nanofi-

brous network ranging from 50 to 500 nm in bundle diameter

for NF-PLLA scaffold [Figure 1(b)]. After incorporating nHA

into NF-PLLA scaffold, the macropore surface became more

compact, as shown in the images in low magnitude of Figure

1(c–e). From the images with higher magnification, it was

observed that the nHA particles embedded among the nanofib-

ers bundles. At a lower nHA content of 30%, the nHA particles

uniformly deposit on the surface of the nanofibers bundles

without visible aggregation phenomenon [Figure 1(c)]. With

the increase of nHA content, especially for NF-PLLA/nHA-80,

the nHA particles slightly aggregated to be larger particles and

embedded in the gap of the nanofibers except the surface depo-

sition because nanoparticles tended to spontaneously agglomer-

ate at a high concentration for their large ratio surface energy.23

Figure 1. SEM micrographs of various PLLA-based porous scaffolds. (a) PLLA; (b) NF-PLLA; (c) NF-PLLA/nHA-30; (d) NF-PLLA/nHA-50; (e) NF-

PLLA/nHA-80.

Figure 2. Compressive modulus of various PLLA-based scaffolds. Error

bars represent means 6 S.D., n ¼ 5. Significant difference between NF-

PLLA scaffold and PLLA scaffold (*P < 0.05); Significant difference

between NF-PLLA/nHA scaffolds and NF-PLLA scaffold (**P < 0.05).
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However, the introduced nHA showed no obvious effect on the

nanofibrous structure of NF-PLLA, which might act as the me-

chanical supporting points for improving the mechanical prop-

erty of the composite scaffold.24 To further illustrate the differ-

ent surface morphologies for these PLLA-based scaffolds, their

specific surface areas were measured to be 2.79, 34.06, 38.15,

44.38, and 53.19 m2 g�1 for PLLA, NF-PLLA, NF-PLLA/nHA-

30, NF-PLLA/nHA-50, and NF-PLLA/nHA-80 scaffolds, respec-

tively. It showed that fabricating nanofibrous structure or incor-

porating nHA could increase the specific surface area of PLLA

scaffold. Furthermore, the specific surface area increased with

the increase of nHA content in the composite scaffold, due to

the small particle size (55–60 nm in diameter) of nHA.

Mechanical Property

The compressive moduli of various PLLA-based scaffolds were

shown in Figure 2. PLLA scaffold with platelet walls exhibited a

compressive modulus of 70 6 21 kPa, which was lower than

the reported value from references ascribing to the high porosity

(>90%, data not shown) and the relative lower matrix concen-

tration (4%, w/v).25 In contrast, NF-PLLA scaffold with nanofi-

brous network presented an even lower value of 39 6 5 KPa.

That was because nanofibrous scaffold lacked of mechanical

supporting points between the nanofibers and would be likely

to collapse by force.20 However, the mechanical property was

significantly improved by incorporating nHA into NF-PLLA

scaffold. Furthermore, the compressive modulus of NF-PLLA/

nHA scaffold increased by enhancing the nHA content. At a

weight percentage of 80% for nHA, the compressive modulus of

the composite scaffold reached 419 6 110 KPa, which was

about 10 times as that of NF-PLLA scaffold. It might be the rea-

son that nHA, deposited on the nanofibers, acted as the me-

chanical support points under compression and could consume

some external force, such that the compression performance of

the composite scaffold was improved.26 In particular, for NF-

PLLA/nHA-80, besides the contribution of nHA depositing on

the nanofibers surface, the formation of nHA aggregates that

were wrapped by the PLLA nanofibers would make the matrix

more robust. These results showed that the introduction of

nHA could effectively improve the mechanical property of NF-

PLLA scaffold, which was proportional to the nHA content in

the composite scaffold.

DSC Analysis

Figure 3 shows the first heating DSC patterns of various PLLA-

based scaffolds. The corresponding thermal properties data were

summarized in Table I. NF-PLLA scaffold showed a glass transi-

tion temperature (Tg) of 46.0�C, a melting point (Tm) of

179.8�C, and a crystallinity (Xc) of 64.2% respectively, which

were lower than those of 66.0�C (Tg), 182.8
�C (Tm), and 69.0%

(Xc) for PLLA scaffold. These differences between PLLA and

NF-PLLA scaffolds might be attributed to their different phase

separation process. For NF-PLLA scaffold, PLLA molecules dis-

solved in a mixture solvent of dioxane and pyridine was more

likely to be separated out by cooling, leading to the formation

of imperfect crystals that was responsible for the lower Tg, Tm,

and Xc as well as the broader melting peak.27

After blending nHA, with increasing the nHA content, the Xc of

the composite scaffold was getting smaller and smaller, i.e.,

60.3, 58.3, and 56.4% for NF-PLLA/nHA-30, NF-PLLA/nHA-50,

and NF-PLLA/nHA-80, respectively. The melting peak also

became broader and broader, which almost disappeared when

the nHA content was raised to 80% (wt). The decrease of Xc

should be owed to the increasing defects of PLLA crystals by

raising the content of nHA that might act as the nucleating

agent during the phase separation.22 However, the Tm value dis-

played no regular changes with the nHA content, but presented

a broader melting peak at higher nHA content. The broadening

of the melting peak for NF-PLLA/nHA scaffolds with increasing

the nHA content should be resulted from the decreasing crystal-

linity of NF-PLLA in this composite. Generally, for crystalline

polymers, a low crystallinity would lead to a broad melting

Figure 3. First-heating DSC curves of various PLLA based scaffolds. (a)

PLLA; (b) NF-PLLA; (c) NF-PLLA/nHA-30; (d) NF-PLLA/nHA-50; (e)

NF-PLLA/nHA-80.

Table I. Thermal Properties of Various PLLA-Based Porous Scaffolds

Scaffold Tg (�C) Tm (�C) DHm (J g�1) Xc (%) Y *
1/2 (�C)

PLLA 66.0 182.8 64.6 69.0 8.6

NF-PLLA 46.0 179.8 60.1 64.2 9.9

NF-PLLA/nHA-30 – 180.7 60.3 64.4 13.5

NF-PLLA/nHA-50 – 182.0 58.3 62.3 13.6

NF-PLLA/nHA-80 – 178.8 56.4 60.3 19.7

Y *
1/2: peak width at half height.
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peak.28 These results suggested that the presence and amount of

nHA in the composite matrix had a significant effect on the

thermal properties of NF-PLLA scaffold.

In Vitro Degradation

The total mass remaining percentage of various PLLA-based

scaffolds during the in vitro degradation was shown in Figure 4.

During the whole incubation period, NF-PLLA and NF-PLLA/

nHA-50 scaffolds showed a faster degradation rate than PLLA

scaffold. At 42 days, there were 80.0 and 80.4% in mass remain-

ing for NF-PLLA and NF-PLLA/nHA-50 scaffolds, respectively

in comparison to 91.3% for PLLA scaffold. It should be owed

to the higher specific surface area and lower crystallinity for

NF-PLLA and NF-PLLA/nHA-50 scaffolds that provided more

opportunities for water molecules attacking the ester bonds on

PLLA molecule chains, and hereby induced to the faster hydro-

lysis of the matrix.29 NF-PLLA/nHA-50 scaffolds showed a simi-

lar degradation rate with NF-PLLA scaffold in spite of the pres-

ence of hydrophilic nHA and a lower crystallinity. It implied

that the specific surface area was the predominant factor con-

tributing to the rapid degradation of PLLA-based matrix.

Protein Adsorption

The interaction between cells and matrix was mediated by the

proteins that adsorbed on the surface of the matrix; hence, the

protein adsorption behavior is an important parameter to eval-

uate the tissue engineering scaffolds.30 Figure 5 illustrates the

adsorption of BSA on the surface of various PLLA-based scaf-

folds. NF-PLLA scaffold showed a BSA adsorption ability of

2237 6 188 lg cm�3 that was over twice as that of 1077 6 332

lg cm�3 for PLLA scaffold due to the much larger specific sur-

face area than PLLA scaffold. After incorporating nHA, the

amount of BSA adsorbed on the surface of NF-PLLA/nHA scaf-

fold was further enhanced by increasing the nHA content. It

was possible that the blended nHA was in favor of the BSA

adsorption because of its hydrophilicity and the increasing spe-

cific surface area with the nHA content for NF-PLLA/nHA

scaffolds since the protein adsorption can be influenced by to-

pology and chemical composition of the incorporated bone-like

mineral component.31,32

Cells Viability

The BMSC viability in different PLLA-based scaffolds for in

vitro culture up to 7 days were evaluated by MTT analysis, as

shown in Figure 6. It is known that the cell number was posi-

tively relevant to the absorbance optical density value that can

indirectly represent cells viability.33 With the increase of cultiva-

tion time, the amount of cells on all kinds of scaffolds

increased, indicating that BMSC could grow on all these PLLA-

based scaffolds. However, the cell proliferation rate on NF-PLLA

Figure 4. Changes in total mass remaining percentage of various PLLA-

based scaffolds during the in vitro degradation in PBS at 37�C. Error bars
represent means 6 S.D., n ¼ 3. All samples are different from one

another at P < 0.05.

Figure 5. Adsorption of BSA on the surface of various PLLA-based scaf-

folds. Error bars represent means 6 S.D., n ¼ 3. Significant difference

between NF-PLLA scaffold and PLLA scaffold (*P < 0.05); Significant dif-

ference between NF-PLLA/nHA scaffolds and NF-PLLA scaffold (**P <

0.05).

Figure 6. MTT assays of BMSCs seeding on various PLLA-based scaffolds

during the observation periods. Error bars represent means 6 S.D., n ¼
3. Significant difference between NF-PLLA scaffold and PLLA scaffold (*P

< 0.05); Significant difference between NF-PLLA/nHA scaffolds and NF-

PLLA scaffold (**P < 0.05).
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scaffold was significantly higher than that on PLLA scaffold due

to the nanofibrous structure and much larger specific surface

area of nanofibrous scaffolds that had been proved to facilitate

cell attachment and growth.14 By incorporating nHA particles,

the BMSC proliferation rate got further increased in comparison

to NF-PLLA scaffold, and NF-PLLA/nHA-50 exhibited the fast-

est cell growth during the whole incubation period among the

three NF-PLLA/nHA samples. It suggested that the presence of

nHA was advantageous to the increase of the BMSC viability. It

had been revealed that the calcium in HA might play a role in

unfolding the adhesion molecules, which in turn expose the cell

adhesive epitopes recognized by specific cell surface integrins.34

The highest cell viability appeared for the composite scaffold

with medium nHA content, i.e., NF-PLLA/nHA-50, suggesting

that both nanofibrous structure and nHA particles could simul-

taneously influence the cell growth, but here an optimal nHA

composition for NF-PLLA/nHA scaffolds was 50% in weight

percentage. Figure 7 shows the BMSC morphologies after cul-

ture for 7 days in PLLA, NF-PLLA, and NF-PLLA/nHA scaf-

folds. The cells loosely adhered on the surface of PLLA scaffold

and showed a spherical shape with a proximate size of 10 lm
in diameter [Figure 7(a)]. By contrast, the cells on NF-PLLA

scaffold presented a much tighter attachment with a stretched

morphology of about 20 lm in length [Figure 7(b)]. After

incorporating nHA particles, especially for NF-PLLA/nHA-50

and NF-PLLA/nHA-80 scaffolds, the cells completely stretched

on the scaffold surface and displayed a much larger size of over

50 lm [Figure 7(d, e)]. The size of cells on NF-PLLA/nHA-50

scaffold even reached about 100 lm, showing the largest

stretched morphology among all the PLLA-based scaffold sam-

ples. It indicated that the nanofibrous structure of PLLA was

beneficial to the BMSC attachment, and the introduction of

nHA could speed up the further growth of BMSC. The best

BMSC viability was obtained on NF-PLLA/nHA-50 scaffold,

which was in consistent with the results from MTT assay.

CONCLUSIONS

NF-PLLA/nHA composite scaffold with interconnected macro-

pore was created by a TIPS technique in the presence of nHA

particles. This scaffold showed 3D nanofibrous structure with a

bundle diameter of 50–500 nm that mimicked the fibrillar colla-

gen in natural ECM. The incorporation of nHA increased the

specific surface area and had no effect on the nanofibrous struc-

ture of NF-PLLA scaffold, but distinctively improved the com-

pressive modulus. The introduced nHA also played a significant

influence on the thermal properties of NF-PLLA scaffold. The

Tm and Xc of NF-PLLA/nHA scaffolds decreased with the

increase of nHA content. Additionally, NF-PLLA and NF-PLLA/

nHA scaffolds exhibited a faster degradation rate and larger

BSA adsorption than PLLA scaffold due to their much larger

specific surface area. Among these PLLA-based scaffolds, NF-

PLLA/nHA-50 showed the highest cell viability ascribing to the

nanofibrous structure of PLLA and optimal nHA composition.

This strengthened NF-PLLA/nHA composite scaffold would be

a promising biomimetic scaffold for bone tissue engineering.
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