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Abstract 
Although the toughening of Calcium phosphate (CaP) scaffold by the addition of fiber has been well recognized, integrated me-

chanical, structural and functional considerations have been neglected in the design and fabrication of CaP scaffold implant. The emerging 
3D printing provides a promising technique to construct CaP scaffold with precise size and elaborate microstructure. However, the most 
challenge is to extrude smoothly the CaP paste containing fibers for frequently-used extrusion-based 3D printing. In this study, frozen 
section and chemical dispersant (Pluronic F127, F127) were employed jointly to prepare non-aggregated polylactic-co-glycolic acid 
(PLGA) fibers. The injectability of CaP pastes with well dispersed PLGA fibers was more than 90% when the content of PLGA fibers was 
no more than 3 wt%. Meanwhile rheological property of CaP pastes with well dispersed fibers showed shear thinning, which were both 
beneficial to extrude CaP paste with well dispersed fibers for 3D printing. Moreover, these CaP scaffolds showed ductile fracture behavior 
due to the pullout and bridging effect of PLGA fibers. The cell proliferation and alkaline phosphatase (ALP) activity indicated that 3D 
printed CaP scaffold containing PLGA fibers possesses excellent biocompatibility and facilitate osteogenic differentiation ability. Thus, it 
was feasible to print CaP pastes with well dispersed PLGA fibers to construct toughening CaP scaffolds with the higher shape fidelity and 
complex structures, which had significant clinical potentials in osteoanagenesis due to their higher toughness and excellent biocompati-
bility. 
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1  Introduction 

Calcium phosphate (CaP) scaffold has been widely 
used in the field of bone defect repair owing to its si-
milarity to the inorganic components of bone tissue, 
which resulted in the favorable biocompatibility and 
osteoconductivity[1]. However, the most significant 
drawback of CaP scaffold is brittle and low mechanical 
strength, which results in its limited utilization as bone 
graft only for un-loaded site. Extensive studies on fiber 
reinforced or toughened CaP scaffold have been per-
formed to enhance its mechanical properties inspired by 
the hierarchical structure of native bone tissue[2–4], 
which consist of CaP and mineralized collagen fibrils[5]. 
Especially, electrospun fibers are used to improve the 

mechanical properties of CaP scaffold dramatically due 
to their analogous architecture to the structure of extra-
cellular matrix[6–9]. In general, the electrospinning 
process yields nonwoven fabric or oriented fiber via 
rotational drum[6]. It is difficult to get the 
non-aggregated fibers for electrospun nonwoven fabric 
and oriented fiber due to the large ratio of length to 
diameter, which results in the intertwinement of fibers in 
CaP matrix. Some studies show that the mechanical 
properties of CaP scaffold can be influenced by the 
length and content of fibers, the dispersion of fiber in 
matrix, and interface between fiber and matrix[3,9–12]. 
Maenz et al. confirm that the mechanical properties of 
CaP scaffold, particularly for its Work of Fracture 
(WOF), increase significantly with the increasing length 
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of fiber[12]. Additionally, partial mechanical properties of 
CaP scaffold are affected by the content of fiber[12]. Petre 
et al. demonstrate that the fiber dispersion is a predo-
minantly impact factor for the efficacy of fiber rein-
forcement due to the heterogeneous dispersion with a 
higher fiber amount[10]. It is reported that fibers with a 
shorter length are favorable for improving the fiber 
dispersity in composite[9]. 

Additionally, CaP scaffold is generally fabricated 
via a variety of methods, including direct foaming[13], 
gel-casting[14], phase separation[15], etc. However, these 
methods are elusive to produce the precise shape and 
size for CaP scaffold to match various bone defects 
which vary greatly in different cases. Moreover, these 
methods are also difficult to control the porous structure, 
e. g. the size, shape and distribution of pore, to mimic the 
structure of host bone[16]. Fortunately, 3D printing 
technology is a promising approach to resolve the 
aforementioned issue due to its unique capabilities to 
produce the precise bone repair scaffolds to match var-
ious bone defects and simulate the structure of natural 
bone[17,18]. There are two major ways to generate CaP 
scaffolds using 3D printing technology, powder-based 
3D printing and extrusion-based 3D printing[19–22]. By 
reason of simplicity, flexibility and cost performance, 
extrusion-based 3D printing technology has been fre-
quently used to fabricate CaP scaffold[20,23–26], in which 
the CaP pastes with certain viscosity could be extruded 
through a nozzle and deposited layer by layer. The in-
jectability and formability of CaP paste are key perfor-
mances for extrusion-based 3D printing. However, the 
nozzle blockage occurred frequently during the 3D 
printing process because of the severe filter-pressing 
effect due to the solid-liquid separation of the mixture of 
CaP particles and liquid phase[27]. Previous study has 
shown that the filling of electrospun fibers would com-
promise the fluidity and injectability of the CaP paste 
due to the heterogeneous dispersion of fibers[15]. The 
addition of fibers into CaP paste may further aggravate 
its filter-pressing effect. Therefore, it is still a challeng-
ing task for 3D printing of CaP paste loaded with fibers 
based on extrusion way to get toughen CaP scaffold. 

In this study, non-aggregated polylactic-co-glycolic 
acid (PLGA) fibers were prepared by combination with 
frozen section technique and pluronic F127 (F127) 

chemical dispersant. CaP pastes containing well dis-
persed PLGA fibers were prepared and characterized. 
Furthermore, CaP pastes containing well dispersed 
PLGA fibers were utilized in extrusion-based 3D print-
ing. The compressive testing was performed for 3D 
printing CaP scaffolds. 

2  Materials and methods 

2.1  Non-aggregated PLGA fibers 
2.1.1  Fabrication of non-aggregated PLGA fibers 

PLGA (LA (lactic acid): GA (glycolic acid) = 75: 
25, Mw (molecular weight) = 95000 Da) was obtained 
from Foliaplast Biological Technology Company 
(Changchun, China). The non-aggregated PLGA fibers 
were prepared via electrospinning combined with frozen 
section technology[28]. In brief, PLGA (10 wt%) was 
dissolved overnight in a dichloromethane/DMF (N,N- 
Dimethylformamide) mixture (3: 1, v/v) by stirring to 
obtain a homogeneous solution. The solution was placed 
into a 10 mL syringes to be fitted with a 21-gauge needle. 
Electrospinning parameters were as follows: the applied 
electric voltage to be 12 kV, the distance between the 
syringe needle and the grounded drum to be 15 cm, and 
the solution feed rate to be 10 mL·h−1. All as-prepared 
PLGA electrospun fibers were dried at ambient temper-
ature under vacuum for 24 h. Subsequently, the PLGA 
electrospun fibers were immersed in the 5 wt% F127 
(Sigma Aldrich, USA) solution for 3 h, and folded in a 
direction perpendicular to the fiber orientation. After-
ward, the folded electrospun fibers were placed at  
−20 ˚C for freezing and then 100 μm of successive sec-
tions were carried out with freezing microtome (cm1860, 
Leica, Germany). Finally, the electrospun fibers slices 
were ultrasonically dispersed in ethanol, collected by 
centrifugation and vacuum desiccation to obtain 
non-aggregated PLGA fibers. 
 
2.1.2  Characterization of non-aggregated PLGA fibers 

Scanning Electron Microscopy (SEM, JSM 7800F, 
Jeol, Japan) was performed to observe the morphology 
of PLGA electrospun fibers and non-aggregated PLGA 
fibers. They were fixed on copper stubs with conductive 
adhesive and coated with a layer of gold prior to sub-
sequent observation. The diameter and the length dis-
tribution of non-aggregated PLGA fiber were measured 
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by image pro plus 6.0 software based on SEM images. 
The static contact angles were measured for the 

PLGA electrospun fiber membrane treated with and 
without F127 by the Contact Angle analyzer (DSA100, 
Kruss Gmbh, Germany) with deionized water. 
 
2.2  CaP pastes load with well dispersed PLGA fibers 
2.2.1 Preparation of CaP pastes loaded with well dis-
persed PLGA fibers 

The CaP powder was mixed with 58% α-TCP, 25% 
CaHPO4·2H2O, 8.5% CaCO3 and 8.5% hydroxyapatite 
(HA)[29]. Then, the mixture milled in absolute ethanol 
using Planetary ball mill (QM-1SP4, Qixin, China) at 
400 r·min−1 with polyamides jars (500 mL) for 10 h. 
Finally, the mixture was dried and grinded to get the final 
CaP powder. Non-aggregated PLGA fibers of different 
weight content were added into liquid phase of K2HPO4 
solution (0.1 M) to prepare fiber dispersion solution by 
ultrasonic vibration. Then, the CaP powder and the fiber 
dispersion solution was mixed at a solid-liquid ratio of 
0.9 to develop CaP pastes load with different weight 
contents of PLGA fiber, which were noted as CaP-X%F 
(X represented as the weight content of fiber in CaP 
pastes, X = 0 wt%, 1 wt%, 2 wt%, 3 wt% and 5 wt%). 

 
2.2.2 Characterization of CaP pastes loaded with well 
dispersed PLGA fibers 

The injectability of CaP-X%F pastes was characte-
rized by a Universal material testing machine (5567, 
Instron, USA). The tested CaP-X%F pastes consisted of 
2 g of CaP powder and 1.8 mL of fiber dispersion solu-
tion (0 wt%, 1 wt%, 3 wt% and 5 wt%), which were 
mixed into homogeneous paste and add to the 5 mL 
syringe, respectively. The vertical pressure was applied 
to the syringe using the universal testing machine at a 
compression rate of 15 mm·min−1, and the testing was 
stopped when the applied pressure was greater than  
100 N[30]. The average extrusion force was determined 
by calculating the mean value of the extrusion force 
curve in the plateau zone as described in previous re-
port[31]. Then the extruded percentage of CaP-X%F 
pastes was calculated by: 

Extruded percentage =  0 1

0

100%,
w w

w w





       (1) 

where w0 and w1 are the weight of syringe before and 
after injection testing, respectively. w indicates the 
weight of the empty syringe. 

The rheological behaviors of CaP-X%F pastes were 
measured on Rotational rheometer (DHR-1, TA, USA) 
fitted with a parallel plate configuration (diameter  
20 mm, gap 1 mm) at a constant temperature. The shear 
rate sweep testing was implemented to determine the 
effect of shear rate on viscosity with shear rate change 
from 0.001 s−1 to 50 s−1. 

The Gilmore needle test was used to characterize 
the setting time of CaP-X%F pastes[32]. The initial setting 
time (IT) and the final setting time (FT) were determined 
by applying the light needle (110 g) with a bigger di-
ameter (5 mm) and the heavy needle (300 g) with a small 
diameter (1.1 mm), respectively. The mixed CaP-X%F 
paste was then filled into a mold, and the light needle 
was pressed vertically into the paste surface. Then the 
measurement was performed every 15 s until the surface 
of paste had no obvious traces, which the corresponding 
time was as the IT. Subsequently, the FT was measured 
by using the similar method with a heavy needle. 

 
2.3  3D printing of CaP pastes loaded with well dis-

persed PLGA fibers 
The CaP-X%F scaffolds were fabricated by a cus-

tom-built extrusion-based 3D printer in the same manner 
as previously[33]. The general procedure for the prepara-
tion of 3D printing CaP-X%F scaffolds was depicted in 
Fig. 1. In terms of injection test, pure CaP pastes and 
CaP-(1%, 2%, 3%)F pastes were chosen to be used in 
extrusion-based 3D printing. The nozzle inner diameter 
was 500 μm and the moving speed of the printing head 
was 4 mm·s−1. Finally, the CaP-X%F scaffolds were 
cured in a 100% relative humidity at 37 ˚C for 24 h. 

The 3D print model was designed by Soildworks 
2014 software, then imported into the Simplify 3D 
software and saved as a stereolitography (.stl) file after 
slicing, and finally imported into the extruded 3D 
printing system. 

 
2.4  Characterization of 3D printing of toughened 

CaP scaffold 
The shape fidelity of CaP-X%F scaffolds was 
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Fig. 1  Schematic diagram of the fabrication process of CaP pastes containing PLGA fiber and 3D printing. 

 
characterized by measuring the height and diameter of 
the scaffold with different printed layers. The surface 
morphology of CaP-X%F scaffolds was characterized by 
a stereo microscope (SZX16, Olympus, Japan). The 
diameter of print line was measured by Image pro plus 
6.0 software based on stereoscopic images. The phase 
compositions of CaP-X%F scaffolds and pure HA were 
analyzed by X-ray diffraction (XRD, Empyrean, Philips, 
Netherlands). Diffraction patterns were scanned at 2θ 
ranges from 4˚ to 80˚ in stepscan intervals of 0.02˚, and 
Cu Kα radiations were 40 kV and 40 mA. The content of 
HA and crystallinity of the CaP-X%F scaffolds were 
calculated by Jade 6.0 software based on XRD patterns. 
The content of HA was calculated by[34]: 

HA content % =   HA

SUM

100%,
I

I
                (2) 

where IHA is the intensity of diffraction primary maxi-
mum of the HA phase, ISUM is the sum of the diffraction 
primary maximum of other phases. 

Cylindrical CaP-X%F scaffolds with 10 mm in 
diameter and 15 mm in height were prepared by extru-
sion-based 3D printer for compressive testing. A Uni-
versal testing machine (5567, Instron, USA) was em-
ployed for compressive testing at the loading rate of  
0.5 mm·min−1. The compressive toughness was deter-

mined by calculating the integration area of the com-
pressive stress-strain curve at the peak stress[35]. 

The compressive fractured sections of CaP-X%F 
scaffolds were characterized by SEM (SU4800, 
HITACHI, Japan) after being coated by a layer of gold. 
The surfaces roughness of CaP-X%F scaffolds were 
characterized by white light interferometer (Contour 
GT-X, Bruker, Germany). 

 
2.5  Characterization of cell proliferation and alka-

line phosphatase (ALP) activity 
The biocompatibility was investigated by culturing 

human osteoblastic cells (MG-63) on the CaP-X%F 
scaffold. The cells were kindly provided by the National 
Engineering Center for Biomaterials, Sichuan Univer-
sity, Chengdu, China. Sterilized 3D printed CaP-X%F 
scaffold were co-cultured with MG-63 cells at the cell 
density of 2 × 104 cells·mL−1 in a 24-well plate with 
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, 
USA) supplemented with 10% Fetal Bovine Serum 
(FBS, ExCell, China), 1% penicillin (Sigma-Aldrich, 
USA) and streptomycin (Sigma-Aldrich, USA) at 37 ˚C 
and 5% CO2. The viability of MG-63 cells in different 
scaffold was examined by Alamar-blue reagent (Invi-
trogen, USA). After 1 d, 3 d, 5 d and 7 d of culture, 1 mL 
of working solution of 10% Alamar-blue reagent was 
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added to each well. Then, the 24-well plate was incu-
bated at 37 ˚C and removes 200 μL of solution into 
96-well plate after 4 h. The absorbance value of each 
well was measured at 570 nm and 600 nm  
respectively with a microplate reader (μQuant, Bio-Tek, 
USA). 

The ALP activity was assessed to characterize the 
effect of CaP-X%F scaffold on osteogenic differentia-
tion ability of MG-63 cells. At day 14, the medium were 
removed and each well was washed with Phosphate 
Buffer Solution (PBS) followed by the addition of ly-
sate, and then subjected the 24-well plate to a temper-
ature of 4 ˚C for 30 min. Subsequently, the cell lysate 
was centrifuged for 15 min at 12000 rpm. According to 
the protocol of the protein assay kit (Boster, China), a 
volume of 25 μL supernatant was removed and mixed 
with the 200 μL working solution in 96-well plate to 
incubate for 30 min at 37 ˚C. The absorbance value of 
each well was measured at 625 nm with a microplate 
reader to obtain the total protein content. According to 
the protocol of the ALP assay kit (Najing Jiancheng 
Bioengineering Institute, China), 50 μL supernatant was 
mixed with 100 μL working solution and then add 30 μL 
coloration liquid into each well after incubated for  
15 min at 37 ˚C. Then, the absorbance value of each 
well was measured at 520 nm to calculate the total ALP 
content. Finally, the ALP activity was calculated by 
dividing the total ALP content by the total protein 
content[20]. 

 
2.6 Characterization of morphology of cell on 

CaP-X%F scaffolds 
The CaP-X%F scaffolds were washed with PBS 

and fixed in 2.5% glutaraldehyde solution for 24 h after 
co-cultured with cells for 3 d. Then, the scaffolds were 
dehydrated using graded ethanol (30%, 50%, 70%, 80%, 
90% and 100%). Finally, the CaP-X%F scaffolds were 
dried by critical point drying and coated with a layer of 
gold for SEM observation. 

CaP-X%F scaffolds were washed with PBS, and 
dyed by 2 mM calcein-AM (US Everbright Inc, China) 
at 37 ˚C for 30 min after co-cultured with cell for 3 d. 
Immediately, cell on CaP-X%F scaffolds was observed 
by fluorescence microscope (BX63, Olympus, Japan) 
prior to washing with PBS. 

2.7  Statistical analysis 
All quantitative data were tested triple and ex-

pressed as mean ± Standard Deviation (SD). Statistical 
analysis was performed using student’s paired t-test and 
ANOVA. Significant differences were assumed at p < 
0.05. 

3  Results and discussion 

3.1  Characterization of non-aggregated PLGA fibers 
The main purpose of this study was to develop a 

CaP paste comprising well dispersed fibers for  
extrusion-based 3D printing to construct toughened CaP 
scaffolds. Therefore, it was necessary to prepare 
non-aggregated PLGA fibers firstly to ensure their well 
dispersion in CaP paste. As a result, the injectability of 
this paste could be maintained to match the requirement 
of extrusion-based 3D printing. 

In this study, non-aggregated PLGA fibers were 
obtained by frozen sections combined with F127 
chemical dispersants (Fig. 2). The surface of PLGA 
electrospun fibers was smooth, indicating that the PLGA 
solution had good fluidity during the electrospinning 
process. The average diameter of the PLGA electrospun 
fibers was 4.2 μm ± 1.3 μm (Fig. 2a). Fig. 2b shows the 
micromorphology of the non-aggregated PLGA fibers, 
in which no intertwinement was observed among the 
PLGA fibers. The lengths of the PLGA fibers were in the 
range of 48.7 μm – 229.4 μm. Most PLGA fibers were 
curved, and a few fiber ends were crimped. 

The surfactant F127 with good biocompatibility 
has been used as the chemical dispersant to improve the 
surface wettability of the PLGA fiber[36,37]. The change 
in contact angle of PLGA electrospun fiber membrane is 
shown in Fig. 2c. The surface of the PLGA electrospun 
fiber membrane was hydrophobic, while the contact 
angle was reduced from 120.3˚ ± 3.8˚ to 94.1˚ ± 10.3˚ 
after treatment with F127, indicating that F127 signifi-
cantly reduced its hydrophobicity. F127 comprises hy-
drophobic group polypropylene oxide (PPO) and hy-
drophilic group polyethylene oxide (PEO). As shown in 
Fig. 2d, it was hypothesized that the hydrophilic group, 
PEO, was prone to exposing to the outside when F127 
was adsorbed on the hydrophobic surface of PLGA fi-
bers than PPO did, which dramatically decreased the 
hydrophobicity of the PLGA electrospun fibers, similar 
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Fig. 2  SEM micrographs of directional PLGA electrospun fibers (a) and non-aggregated PLGA fibers obtained by frozen section (b). 
Variation in the contact angle of PLGA electrospun fiber membranes before and after treatment with F127 (c). Photographs and schematic 
diagrams of PLGA fibers dispersed in the liquid phase before and after treatment with F127 (d), d1 and d2 show the dispersion profiles of 
PLGA fibers in the liquid phase before and after infiltration treatment with F127, respectively (*p < 0.05, **p < 0.01, n = 3). 
 
to that observed in previous report[38]. The increased 
surface wettability of PLGA fibers significantly im-
proved the dispersion of PLGA fibers in the liquid phase 
(Fig. 2d2). In contrast, PLGA fibers without F127 
treatment tended to agglomerate in liquid phase, thus 
failing to form a homogeneous PLGA fiber dispersion 
solution (Fig. 2d1). The similar chemical dispersant 
studies also have been employed to improve the disper-
sion of nanoparticles with a hydrophobic surface in the 
liquid phase[39,40]. Maenz et al. found that the generally 
decreased contact angles of the PLGA fibers after oxy-
gen plasma treatment may allow a better wetting of the 
fibers with Calcium Phosphate Cement (CPC) paste, 
which was beneficial for improving of the mechanical 
properties of fiber toughened CaP[11]. 

 

3.2  Characterization of CaP pastes loaded with well 
dispersed PLGA fibers 
The injectability of CaP pastes containing PLGA 

fibers is shown in Fig. 3. The extruded percentage of 
CaP pastes containing PLGA fibers were still more than 
90% when the contents of PLGA fiber were no more 
than 3 wt%, whereas the extruded percentage was de-
creased significantly to 47% when the content of PLGA 
fiber was 5 wt%. The average extrusion forces of four 

types of CaP pastes were 3.47 N ± 0.19 N, 5.81 N ±  
0.73 N, 7.42 N ± 0.96 N, and 18.17 N ± 10.74 N for pure 
CaP pastes and CaP pastes with fiber contents of 1 wt%,  
3 wt%, and 5 wt%, respectively. Moreover, the typical 
extrusion force curve revealed that the relatively low and 
stable extrusion forces for the pure CaP paste and CaP 
pastes with fiber contents of 1 wt% and 3 wt% (Fig. 3a). 
On the contrary, the extrusion force curve of CaP-5%F 
shows fluctuated accompanying with the sharply in-
creased extrusion force, which corresponded to the se-
vere blockage of syringe. As the extrusion force in-
creased, the blocked CaP paste in syringe exit was 
squeezed out, which resulted in the decreasing of extru-
sion force. This cycle repeated eventually leading to 
blockage of syringe. The average extrusion force of CaP 
pastes increased with the increasing of the content of 
PLGA fibers, which indicated the more aggravated fil-
ter-pressing effect of CaP paste with more content of 
fibers. Generally, the length of PLGA fibers was much 
larger than that of CaP particle size, which might in-
tertwine and reduce the injectability of CaP paste[41]. 
Maenz et al. reported that the injectability of CPC with 
fiber decreased significantly with increasing of length 
and the content of PLGA fibers[12]. However, the dis-
persion of fiber in matrix also affects the injectability of  
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Fig. 3 Injectability of CaP pastes with different fiber contents. 
Extruded percentage, average extrusion force (a) and typical 
extrusion force curves (b) of CaP pastes with different fiber con-
tents. The average extrusion force is the mean value of the extru-
sion force curve in dotted line area. (*p < 0.05, **p < 0.01, n = 3) . 
 
CaP paste. The appropriate length and content of fibers 
still might sustain the higher injectability, which is ow-
ing to the well dispersion of PLGA fibers in CPC[12]. 
Similarly, CaP-1%F and CaP-3%F showed the relatively 
higher extruded percentage, which showed the lower 
average extrusion forces and indicated the well disper-
sion of PLGA fiber. Thus CaP-5%F was not suitable for 
extrusion-based 3D printing due to its poor injectability. 
Consequently, CaP pastes with fiber contents of 1 wt%, 
2 wt%, and 3 wt% were used to in follow-up experi-
ments. 

The rheological properties of CaP pastes containing 
PLGA fibers are shown in Fig. 4a. Previous research 
confirmed that CaP pastes is a kind of pseudoplastic 
fluid with shear thinning behavior[42]. The reduced ten-
dency of viscosity was observed with the increasing of 
shear rate for four CaP pastes in Fig. 4a. However, it 
appeared a distinct erratic viscosity value in the middle 
of rheological curves, which was hypothesized to be 
associated with self-setting reaction. As described in the 

insert diagram in Fig. 4a, the initial viscosities of CaP 
pastes with different fiber contents were in the following 
order: CaP-3%F > CaP > CaP-2%F > CaP-1%F. It re-
vealed that the viscosity and shear thinning behavior of 
CaP pastes did not be altered significantly with the in-
creasing of fiber content. This was different from the 
previous study, which the viscosity of the fresh compo-
site pastes would increase with the increasing fiber 
content[43]. It was conjectured to be due to the effect of 
PLGA fibers treated with F127 as the description of 
Parveen et al.[44]. F127 has PEO side chains, which are 
responsible for the improvement of the fluidity and 
dispersion of cement particles similar to the polycar-
boxylate-based plasticizers[44]. Therefore, the initial 
viscosity of the CaP pastes with fibers was depended on 
the impact of fiber and F127. Nevertheless, this shear 
thinning feature of CaP paste with PLGA fibers might be 
conducive to extrusion-based 3D printing. 

The setting time of CaP pastes containing PLGA 
fibers is shown in Fig. 4b. The initial and final setting 
times of CaP pastes containing PLGA fibers both de-
creased significantly with the addition of PLGA fibers 
compared to those of pure CaP paste. Moreover, the 
setting time of CaP pastes gradually decreased with an 
increasing content of PLGA fiber, which might be ex-
plained by the good surface wettability of the PLGA 
fibers treated with F127. Similarly, previous study also 
found that the setting time of CPC decreased with the 
addition of fiber fillers[7,45]. The initial setting time of 
CaP pastes containing PLGA fibers was approximately 
6 min, which indicated the loss of flow and plasticity for 
CaP paste. The final setting time of CaP pastes con-
taining PLGA fibers was approximately 10 min, which 
exhibited the completely solidified with a certain me-
chanical properties to tolerate the pressure exerted by a 
heavy Gillmore needle[32]. In fact, the setting time re-
flected the solidification reaction among constituents of 
CaP paste. The CaP powder formulation used in this 
study was derived from Biocement D of calcium phos-
phate bone cement[29]. A series of dissolution and preci-
pitation reactions occurred among α-TCP, CaHPO4·H2O, 
and CaCO3 with higher solubility, which resulted in the 
formation of thermodynamic stable HA and solidifica-
tion of the CaP paste when liquid phase containing 
PLGA fibers were mixed with CaP powder[29]. In addi-
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tion, the setting time plays an important key for the 
formability of CaP pastes containing PLGA fibers in 
extrusion-based 3D printing. The present setting time of 
PLGA toughened CaP pastes is a bit short for extrusion 
printing process, in particular, for printing CaP scaffold 
with large size and requiring more than 10 minutes of 
printing time. It is found the lower ambient temperature 
could prolong the setting time of CaP paste in our and 
the other previous studies[46]. Hence, it is possible to get 
the longer printing time by decreasing the ambient 
temperature when printing. In addition, it is feasible to 
add biocompatible retarder, e.g. thinning citric acid, into 
CaP paste to extend the setting time of CaP paste and 
increase the printing time. Moreover, the shear thinning 
property of CaP pastes is favor of increasing the printing 
time of CaP paste due to the shearing force during ex-
trusion process. 

Several studies have confirmed calcium phosphate 
bone cement with good injectability and formability in 
extrusion-based 3D printing research[47–49]. The advan-
tage of calcium phosphate bone cement used as 3D 
printed paste was the mild printing and cured conditions, 
e.g. avoiding of high temperature sintering. Therefore, it 
was adapted to loading drugs and biological factors in 
CaP paste to avoid inactivated. Based on the present 
results, CaP pastes with PLGA fibers no more than  
3 wt% might had the good injectability, appropriate 
rheological properties and setting time for extru-
sion-based 3D printing, which was owing to the well 
dispersion of PLGA fibers in CaP pastes. 

 
3.3  3D printing of toughened CaP scaffold 

Fig. 5 shows the 3D printing performance of CaP 
pastes with different contents of PLGA fibers. All four 
CaP pastes could be extruded continuously over a long 
time through needles of 500 μm diameters owing to the 
good injectability and appropriate rheological property 
(Fig. 5a). Moreover, complex structures, e. g. hemis-
pherical, hollow cylindrical, solid cylindrical, and 
square scaffolds, could be printed by extrusion-based 3D 
printer (Fig. 5b). 

Shape fidelity is an important index for evaluating 
the formability of CaP pastes. The shape fidelity of 3D 
printed CaP scaffolds was assessed as the height  
(Fig. 5c1) and diameter (Fig. 5c2) compared to the de-

signed size. The heights and diameters of 3D printing 
scaffolds were close to the designed size labelled as the 
line in Figs. 5c1 and 5c2 when was printed at various 
layers. Moreover, there was no collapse occurrence 
during printing process owing to the appropriate vis-
cosity and setting time of CaP pastes with different fiber 
contents. Fig. 6 shows the 3D printing cylindrical 
structure (10 mm × 15 mm) with clear lines and pore 
structures. The average widths of the printed lines were 
713.2 μm ± 14.7 μm, 742.5 μm ± 45.8 μm, 726.73 μm ± 
16.7 μm, and 737.8 μm ± 26.1 μm for CaP, CaP-1%F, 
CaP-2%F, and CaP-3%F, respectively. However, the 
diameter of printing line becomes wider than that of 
syringe needle, in which is 500 μm. As a result, the size 
and shape of pores in scaffolds changed compared to that 
of designed 3D model. Moreover, the pore deformation 
in different positions of CaP scaffolds is various as 
shown in Fig. 6. In addition, the line  widths  of  the four  
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Fig. 4  Apparent viscosity as a function of shear rate for CaP 
pastes with different fiber contents. (a) Inset shows the initial 
viscosity change in the paste. Initial setting time and final setting 
time of CaP pastes with different fiber contents (b) (*p < 0.05, **p 
< 0.01, n = 3) . 
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Fig. 5  3D printing of CaP pastes with different fiber contents. Photographs showing CaP pastes with different fiber contents continuously 
extruded from the needle with a nozzle diameter of 500 μm (a). CaP-X%F scaffolds of different shapes produced by 3D printing (b). The 
shape fidelity of CaP pastes with different fiber contents was assessed as the height (c1) and diameter (c2) of the CaP-X%F scaffolds when 
printing different layers (red line in the figure indicates the designed size). 
 

 
Fig. 6  The cylindrical structure and corresponding stereomicroscopic images of CaP scaffolds with different fiber contents which were 
printed using an extrusion-based 3D printer (inner needle diameter 500 μm, flow rate 0.006 mL·s−1). 
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scaffolds did not change obviously, which indicated the 
addition of PLGA fibers did not affect the printing ac-
curacy of CaP pastes. 
 

3.4  Phase composition of toughened CaP scaffold 
The phase compositions of CaP-X%F scaffolds and 

pure HA are determined by XRD as shown in Fig. 7. 
High-intensity diffraction peaks XRD pattern appeared 
near 25.9˚, 31.7˚, 32.9˚, 34.0˚, 39.8˚, 46.7˚, 49.5˚, and 
50.5˚ for four types of CaP scaffolds, which were con-
sistent with the diffraction peaks of HA according to the 
standard card (PDF#09-0432). It confirmed that the 
main component of the final hydration product was HA 
for CaP scaffolds. The contents of HA were 99.74%, 
99.77%, 99.63%, and 99.67% in the CaP, CaP-1%F, 
CaP-2%F, and CaP-3%F scaffolds, which were calcu-
lated as our previous study[34], respectively. Additionally, 
the broad diffraction peak appeared at 31.7˚, which in-
dicated the final hydration product to be the poorly 
crystallized HA. The crystallinity values of the CaP, 
CaP-1%F, CaP-2%F, and CaP-3%F scaffolds were cal-
culated as 71.24%, 74.15%, 73.69%, and 71.65%, re-
spectively. Previous studies found that the crystallinity 
of CaP in natural bone was relatively low, and HA with 
poor crystallinity showed higher biological activity and 
degradability[50]. 

 

3.5  Mechanical properties of 3D printed scaffold and 
morphology analysis 
The compressive mechanical properties of 3D 

printed CaP-X%F scaffolds are shown in Fig. 8. The 
stress of CaP scaffolds with PLGA fibers decreased 
slowly with the increasing of compression displacement 
and maintained a relatively stable stress value whereas 
the stress of pure CaP scaffolds decreased rapidly after 
peak loading as shown in the typical stress-strain curves 
for four types of CaP scaffolds (Fig. 8a). Additionally, 
the post-peak residual strength increased with the in-
creasing of fiber contents. Especially, the CaP-3%F 
scaffolds still kept about 80% of compressive stress after 
peak loading. These results indicated that the incorpo-
ration of PLGA fibers enhanced the load bearing capac-
ity of CaP scaffolds by means of the improvement of 
toughness. Nevertheless, the compressive strength of 
pure CaP and CaP-(1%, 2%, 3%)F scaffolds were  
3.92 MPa ± 1.04 MPa, 4.07 MPa ± 1.01 MPa, 3.97 MPa 

± 0.54 MPa, 4.01 MPa ± 0.47 MPa, respectively, without 
significant differences (Fig. 8b). The compressive 
strength of CaP scaffolds was not improved by the ad-
dition of PLGA fibers as shown in Fig. 8b as similar to 
the compressive strength of 3D printed scaffolds fabri-
cated by self-curing CaP pastes[48,51]. Also the present 
compressive strength was lower than that of 3D printed 
CaP scaffolds after high temperature sintering[52]. Addi-
tionally, the compressive toughness and strain of 
CaP-(1%, 2%, 3%)F scaffolds were higher than those of 
CaP scaffold at maximum compressive strength  
(Figs. 8c and 8d). Fig. 8e shows the images of CaP-X%F 
scaffolds after compressive testing. CaP-(1%, 2%, 3%)F 
scaffolds showed relative structural integrity with 
slightly deformation and some crevices, whereas the 
CaP scaffold was completely crushed into fragments. 
This phenomenon was owned to the crack resistance 
effect of PLGA fibers in the process of compression 
testing as similar results[53–55]. It potentially facilitated 
CaP-X%F scaffolds to be applied in clinic due to its 
ability of maintaining the shape of bone substitute al-
though cracks might occur. 

The major application of CaP scaffold is to fill bone 
defects. However, the limitation in clinical is the inhe-
rent brittleness of CaP scaffolds, particularly at 
load-bearing sites. Thus the toughness of CaP scaffolds 
was improved by incorporating PLGA fibers with high 
flexibility. The compressive strength of cancellous bone 
ranges from 0.1 MPa to 27.3 MPa[56]. The distribution 
range of the compressive strength of CaP scaffolds  
with  PLGA fibers  ranged  from 3.97 MPa to 5.19 MPa, 
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Fig. 7  Phase composition of 3D printed CaP scaffolds with dif-
ferent fiber contents after 24 h hydration at 37 ˚C and 100% hu-
midity. The diffraction pattern of pure HA is used for comparison 
to determine the phase composition of CaP scaffolds. 
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Fig. 8  Mechanical properties of 3D printed CaP scaffolds with different fiber contents. Stress-strain curve (a), compressive strength (b), 
compressive toughness (c), strain at max compressive strength (d), and photographs of CaP-X%F scaffold after compressive testing (e). 
Arrows indicate obvious cracks on the surface of CaP-X%F scaffolds. 
 
which could match the compressive strength of can-
cellous bone[57]. 

Fig. 9 shows the morphology of cross-sections and 
surface of CaP-X%F scaffolds. The cross-sections of 
CaP-X%F scaffolds appeared as the rougher surface 
compared to that of CaP scaffold (Figs. 9a2–9d2). It in-
dicated the former behavior as ductile fracture but the 
latter occurred brittle fracture. In the magnified SEM 
images (Figs. 9a1–9a4), the number of PLGA fibers in-
creased obviously with the increasing of PLGA fiber 
content in cross-section of CaP-X%F scaffolds. More-

over, PLGA fibers were homogeneously dispersed 
without agglomeration or intertwining. The high dis-
persibility of PLGA fibers in CaP scaffolds was mainly 
attributed to the good surface wettability of non- ag-
gregated PLGA fiber, appropriate content of fibers and 
the addition mode of fibers into paste compare to pre-
vious study[7]. Some holes in cross-section were specu-
lated to be left by fiber pull-out in terms of the diameter 
of PLGA fiber and hole. Thus, PLGA fibers could resist 
the external force and prevent the propagation of cracks. 
It   was  speculated  that  the  toughen   mechanism   of 
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Fig. 9  SEM morphology of cross-sections in CaP-X%F scaffolds after compression testing. CaP (a1–a4), CaP-1%F (b1–b4), CaP-2%F 
(c1–c4), and CaP-3%F (d1–d4). Top inset shows the high-magnification morphology of four types of CaP scaffolds. Arrows and circles 
indicate PLGA fibers and holes produced by pulling out fibers on the cross-section in CaP-X%F scaffolds. a4, b4, c4, and d4 show typical 3D 
surface topography of CaP, CaP-1%F, CaP-2%F and CaP-3%F scaffolds, respectively. The arithmetic mean surface roughness (e1) and 
root mean square surface roughness (e2) of the CaP-X%F scaffolds were obtained through quantitative calculations. 
 
3D printed CaP scaffolds was mainly fiber bridging and 
pull-out effect according to the distribution characteris-
tics and pull-out phenomenon of PLGA fibers in the 
cross-section as previous report[58]. 

The surface roughness of CaP scaffolds plays an 
important role in the adhesion of cell. Fig. 9a4–9d4 show 
the 3D surface topographies of CaP scaffolds by white 
light interferometer. Figs. 9e1 and 9e2 show the quantit-
ative roughness of CaP scaffolds, Sa or Sq, there was no 
significantly difference among CaP scaffolds with dif-

ferent fiber contents. No obvious PLGA fibers appeared 
on the surface of CaP scaffolds with different fiber 
contents. Therefore, PLGA fibers did not affect the sur-
face roughness of CaP scaffolds. 

 
3.6  Cell proliferation and alkaline phosphatase ac-

tivity 
The cell viability of MG-63 is shown in Fig. 10a 

after co-cultured on CaP-X%F scaffolds after 1 d, 3 d,  
5 d, and 7 d. The reduction rate of alamar-blue 
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represented the viability of MG-63 cell[59]. The cell 
viability of CaP-X%F scaffolds all increased with cul-
ture time, which demonstrated the biocompatibility of 
all four types of CaP scaffolds. Specifically, the incor-
poration of PLGA fibers did not decrease the activity of 
MG-63 cells. ALP is a key marker of osteoblasts diffe-
rentiation at early stage, which is widely used to cha-
racterize the osteogenic differentiation potential of 
biomaterials in many previous studies[4,60,61]. The ALP 
activities of MG-63 cells cultured on the CaP-X%F 
scaffolds for 14 d are shown in Fig. 10b. The ALP ac-

tivities of MG-63 cells cultured with CaP-X%F scaffolds 
were significantly higher than that of control group. It 
inferred that CaP-X%F scaffolds had the promoted effect 
on the osteogenic differentiation of MG-63 cells. 

 
3.7  Morphology of cell on CaP-X%F scaffolds 

The morphology of cell adhesion and spreading on 
the CaP-X%F scaffolds is shown in Fig. 11. MG-63 cells 
were mostly spread on the surface of CaP-X%F scaffolds 
as irregular and triangular shape (Figs. 11a1–11a4). 
Fluorescence  images  of  MG-63  cells   showed   green 
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Fig. 10  The cell viability (a) and ALP activity (b) of MG-63 cell after co-culturing of MG-63 cell and CaP-X%F scaffold for various time 
points. 
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Fig. 11  SEM images of MG-63 cells attachment on the CaP-X%F scaffolds as indicated as the red arrows, (a) Top view, (b) Cross-section 
view. Images of MG-63 cells stained with calcein-AM after cultured for 3 d on the CaP scaffold (c1) and CaP-3%F scaffold (c2). 
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fluorescence on the surface of 3D printed CaP scaffold 
and CaP-3%F scaffold (Figs. 11c1 and 11c2). Specifi-
cally, the MG-63 cells were also observed on the  
inner surface of 3D printing porous construct  
(Figs. 11 b1–11b4). This result indicated that cell could 
migrated and grew into the inner pore of 3D printing 
scaffolds due to the excellent porous connectivity 
compared to the traditional uncontrollable porous scaf-
fold, which could be conducive for the delivery of nu-
trition and metabolic waste. 

In the present study, the toughness of 3D printed 
CaP scaffolds was effectively improved by the incor-
poration of fibers. However, mechanical properties of 
CaP scaffolds still cannot meet the requirement of 
load-bearing parts. However, it is not feasible to increase 
the content of fibers because excessive PLGA fibers will 
deteriorate the printability of CaP paste. Furthermore, 
increasing of the mechanical strength of fiber, im-
provement of the shear force between fiber and matrix 
need to be investigated for further improving of me-
chanical strength of 3D printing CaP scaffolds rein-
forced with fibers. 

4  Conclusion 

In this study, CaP pastes containing well-dispersed 
PLGA fiber was printed CaP scaffolds by 
extrusion-based 3D printing, which showed the ductile 
fracture behavior. The main conclusions were as 
follows: 

(1) It was feasible to prepare the non-aggregated 
PLGA fibers and the well dispersed PLGA fibers in the 
liquid phase by combining frozen sections with chemical 
dispersants. 

(2) CaP pastes with well dispersed PLGA fibers no 
more than 3 wt% exhibited the good injectability and 
formability. Moreover, CaP paste with well dispersed 
PLGA fibers showed shear thinning behavior. These 
were conducive to extrusion-based 3D printing. The 
addition of PLGA fibers would reduce the setting time of 
CaP paste, which would provide the good formability 
and shape fidelity of the CaP scaffold. This CaP paste 
containing PLGA fibers could be printed various 
complex shape structures by extrusion-based 3D 
printing. 

(3) The well dispersed PLGA fibers significantly 

increased the toughness of CaP scaffolds and exhibited 
the relative superior structural integrity. The main 
mechanism of PLGA fibers to toughen CaP scaffolds 
was the fiber pull-out and bridging effect. 

(4) The cell proliferation and ALP activity indi-
cated that 3D printed CaP scaffold containing PLGA 
fibers possesses excellent biocompatibility and facilitate 
osteogenic differentiation ability. 

This study provided a new strategy for fiber 
toughened CaP scaffold by extrusion-based 3D printing. 
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