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The scaffolds of poly(ε-caprolactone)/poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PCL/PHBV) blends were fabricated from
fused deposition modeling. From indirect cytotoxicity testing based on mouse fibroblasts, all scaffolds with various blend ratios
were nontoxic to cells. The surface-treated scaffold with a blend ratio of 25/75 PCL/PHBV exhibited the highest proliferation of
porcine chondrocytes and total glycosaminoglycans (GAGs) after 21 days of culture. The scaffolds with a blend ratio of 25/75
with local pores (LP) were prepared from FDM along with a salt leaching technique using NaCl as porogens. The effect of
NaOH in surface treatment on the biological property of scaffolds was investigated. The scaffolds with LP and with 1M NaOH
surface treatment exhibited the highest proliferation of cells and total GAGs after 28 days of culture. The degradation behaviors
of the scaffolds were studied. The nonsurface treated, surface treated without LP, and surface treated with LP scaffolds were
degraded in phosphate buffer (pH 7.4) for 30 days at 37°C and 50°C for nonenzymatic condition and at 37°C for enzymatic
condition. The surface treated with LP scaffold showed the highest amount of weight loss, followed by the surface treated
without LP, and the nonsurface-treated scaffolds without LP, respectively. The results from Fourier-transform infrared
spectroscopy indicated degradation of PCL and PHBV through hydrolysis of the ester functional group. The compressive
strengths of all scaffolds were sufficiently high. The results suggested that the scaffolds with the existence of LP and with surface
treatment showed the highest potential for use as cartilage scaffolds.

1. Introduction

The cartilage is one of the tissues existing in the human and
animal bodies that are subjected to large mechanical loads.
Therefore, cartilage tissues are easily injured. In cartilage
tissue engineering, the challenge goals are to support and
accelerate the healing and repairing process of cartilage
tissues until the restoration of tissues to normal structure
and function is achieved [1, 2]. Scaffolds can mimic the
three-dimensional structure of cartilage tissues which sup-
port cell adhesion and proliferation. The ideal scaffolds
should have acceptable mechanical properties that can bare
loads at the injured tissues. Moreover, in terms of biochemi-
cal property, the scaffolds should be nontoxic to cells, be able

to support adhesion of cells, proliferation, can mediate cell-
to-cell signaling, and maintain phenotype of cells [3, 4].

Various biodegradable polymers including poly(lactide)
(PLA) [5], poly (glycolic acid) (PGA) [6], poly-L-lactide
(PLLA) [7], poly(ε-caprolactone) (PCL) [5, 8, 9], poly (lac-
tic-co-glycolic acid) (PLGA) [10], poly(ethylene glycol)
(PEG) [11, 12], poly(hydroxybutyrate) (PHB) [6, 13], and
its copolymer poly(hydroxybutyrate-co-hydroxyvalerate)
(PHBV) [9, 14] are frequently used to fabricate into scaffolds
for tissue engineering. The thermogel of stereocomplex of
PLA and PEG modified with cholesterol were fabricated as
cartilage scaffolds which exhibited high mechanical strength
and preserved gene expression of chondrocytes [11]. The
hydrogel fabricated from the copolymer of PEG and
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poly(L-alanine-co-L-phenylalanine) exhibited the great
potential for use in cartilage repair as observed from high
mechanical properties and in vivo regeneration of hyaline-
like cartilage [12]. The nanofiber membrane of PCL and
lignin copolymer was reported as a good candidate for use
in osteoarthritis treatment because of its biocompatibility,
biodegradability, and antioxidant activity [15]. In the present
work, the blends of PCL and PHBV were chosen to fabricate
into the cartilage scaffolds. PCL and PHBV are aliphatic
semicrystalline polymers. They are biodegradable, biocom-
patible, and environmental friendly polymer. Their degrada-
tion was due to the hydrolysis of the aliphatic ester linkage
under physiological conditions [16, 17]. PCL exhibited slow
degradation rate because of its crystallinity and the long
hydrophobic –CH2 moieties in repeating units. PHBV is
more fragile and has lower rate of hydrolytic degradation
due to its higher degree of crystallinity. The blends of PCL
and PHBV could provide the compromise properties that
suitable for use as scaffolds [9, 18].

Many techniques are utilized to fabricate the scaffolds in
tissue engineering. The solvent-free techniques, for example,
injection [19], extrusion [20], thermoforming [21], selective
laser sintering [22–24], and fused deposition modeling
(FDM) [7, 9, 25, 26], have drawn attention in the field of scaf-
folding. FDM can produce three-dimensional objects directly
from the filaments of melted polymer or resin assisted by the
computer-aided design program. FDM has no limit on the
use of thermoplastic polymers as raw materials and can
produce the scaffolds with interconnected pores that mimic
the structure of the natural extracellular matrix. Various
kinds of polymer scaffolds were successfully fabricated by
using FDM. The porous scaffolds of PCL with alkaline
treatment and supplemented with chondroitin sulfate fab-
ricated from FDM were found to enhance chondrogenic
differentiation [26]. Poly(3-hydroxybutyrate-co-3-hydroxy-
hexanoate) (PHBH), PHB, and PHBV were fabricated into
scaffolds using FDM [25]. However, PHB and PHBV
showed the great decrease in their viscosities and molecu-
lar weight after the FDM process. The scaffolds of
PCL/PHBV blends with plasma-treated surface were suc-
cessfully fabricated by FDM and were investigated for use
as cartilage scaffolds [9]. The plasma-treated scaffolds with
higher PHBV content exhibited higher hydrophilicity and
higher proliferation of porcine chondrocytes.

In the present work, FDM was utilized to fabricate the
three-dimensional scaffolds of PCL/PHBV blends. Effects of
processing parameters of FDM on filament size and pore size
were investigated. The scaffolds with local pores were pre-
pared by using salt leaching technique. The alkaline treat-
ment was performed to improve wettability of scaffold
surfaces. The proliferation of porcine chondrocytes and
amounts of glycosaminoglycans (GAGs) after cell cultures
were evaluated. Lastly, the degradation behaviors of the scaf-
folds were studied.

2. Experimental Part

2.1. Materials. PCL (Mn 80,000 g/mol, Sigma-Aldrich, USA)
and PHBV (MW 180,000 g/mol, TianAn Biopolymer, China)

were used to prepare polymer scaffolds. Sodium chloride
(NaCl, particle size = 106-250μm) and sodium hydroxide
(NaOH) were purchased from Ajax Finechem (Australia).
Candida antarctica lipase B (Novozyme 435) was purchased
from Sigma-Aldrich (USA). Anhydrous disodium hydrogen
orthophosphate (Na2HPO4), sodium dihydrogen orthophos-
phate (NaH2PO4.H2O), and sodium azide (NaN3) were pur-
chased from Carlo Erba (Italy).

2.2. Fabrication of Polymer Filaments before FDM. PCL and
PHBV pellets were ground to obtain a particle size of
500μm by using Ultra Centrifugal Mill ZM 200 (Retsch).
The obtained PCL and PHBV powders were mixed at various
weight ratio including 100/0, 75/25, 50/50, and 25/75 and
were milled with alumina balls at 180 rpm for 16h at room
temperature (25°C). The mixed polymers with the specified
ratios were then extruded through a twin screw extruder
(HAAKE MiniLab) with a diameter of nozzle of 1.64mm at
a rotational speed of 80 rpm at 80, 140, 150, and 150°C,
respectively. It should be noted that the pristine PHBV was
too fragile and unable to prepare into a continuous filament
for further use in the fabrication process; therefore, it was
not used in this research work.

The fabrication of dual-pore scaffolds was carried out
using FDM accompanied with salt leaching method. The
global pore (GP) was obtained from the process of FDM.
The local pore (LP) which is much smaller than GP was
obtained from the salt leaching method by using NaCl as
leaching salt. The definition of GP and LP is presented in
Figure 1(a). The blend of 50/50 PCL/PHBV powders was
mixed with NaCl at 50/50%w/w of polymer/salt. The particle
size of NaCl was in a range of 106-250μm. Similar to the
polymer blends without salt, the mixture of polymer and
NaCl was ground using a ball mill under the same condition
and extruded through twin screw extruder with the same
rotational speed at 150°C.

2.3. Fabrication of Polymer Scaffolds through FDM. The sche-
matic diagram of FDM is illustrated in Figure 1(b). The
obtained filament of the polymer blend with a diameter of
1.64mm was fed into in-house FDM machine and extruded
at 160-170°C using the angles of nozzle of 0, 45, 90, and
135° (see Figure 1(c)) which were designed using a
computer-aided design (CAD) software (SolidWorks, Das-
sault Systémes S.A.). The fiber diameter (FD) and spacing
distance (SP) were set at 200 and 400μm, respectively (see
Figure 1(d)). The filament feeding speed was controlled at
0.5mm/sec. The hatch speed was varied at 8, 10, 12, and
14mm/sec. The diameter and the thickness of scaffold were
8 and 2.5mm, respectively. The obtained scaffolds without
LP were as follows and designated as 100/0 PCL/PHBV,
75/25 PCL/PHBV, 50/50 PCL/PHBV, and 25/75 PCL/PHBV.
The scaffold with LP was designated as 50NaCl_50/50
PCL/PHBV. The extrusion temperature for all samples was
160°C, except for 25/75 PCL/PHBV which was 170°C.

2.4. Surface Modification of Polymer Scaffolds. The
PCL/PHBV scaffolds without LP were immersed in 1.0M
NaOH solution at 50°C for 60min in order to improve the
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hydrophilicity of their surfaces. After that, they were
washed 3 times with deionized water for 30min at room
temperature (25°C) under shaking at 100 rpm using orbital
shaker. The scaffolds were lastly washed with deionized
water overnight (15 h) and freeze-dried. The obtained
scaffolds were as follows and designated as 1H100/0
PCL/PHBV, 1H75/25 PCL/PHBV, 1H50/50 PCL/PHBV,
and 1H25/75 PCL/PHBV. The effect of the concentration
of NaOH solution on the hydrophilicity and degradation
behaviors of scaffolds was also investigated. The
PCL/PHBV scaffolds with 50% NaCl were immersed in
0.5, 1.0, or 3.0M NaOH solution at 50°C for 60min in
order to remove salt particles and also to improve hydro-
philicity of scaffolds. The scaffolds were than washed with
deionized water in a same manner. The obtained scaffolds
were as follows and designated as 50NaCl_0.5H50/50
PCL/PHBV, 50NaCl_1H50/50 PCL/PHBV, and 50NaCl_
3H50/50 PCL/PHBV.

2.5. Morphology of Polymer Scaffold. Morphological appear-
ance of the scaffolds before and after degradation was
observed by a Hitachi S-3400N scanning electron micro-

scope (SEM). Prior to observation by SEM, the sample was
doubly coated with gold using a JEOL JFC-1200 sputter-
coater under 15mA for 60 sec.

2.6. Hydrophilicity of Polymer Scaffolds. Surface hydrophilic-
ity of the scaffolds was determined at 25°C by using an optical
bench-type contact angle goniometer at each time points in a
range of 0-60 sec.

2.7. Indirect Cytotoxicity of Polymer Scaffolds. The indirect
cytotoxicity determination of the scaffolds was carried out
in adaptation from the ISO 10993-5 standard test method.
Dulbecco’s modified Eagle’s medium (DMEM; Sigma-
Aldrich, USA), supplemented by 10% fetal bovine serum
(FBS; Biochrom AG, Germany), 1% L-glutamine (Invitrogen
Corp., USA), and 1% antibiotic and antimycotic formulation
(Invitrogen Corp., USA), was used as a medium for cell cul-
ture. The scaffolds were sterilized by immersion in 70% eth-
anol for 30min. They were later incubated in the culture
media for 24 h at 37°C before the extraction medium was col-
lected. The surface area-to-volume extraction ratio of
3 cm2/mL was used. In the same time, the mouse fibroblast
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Figure 1: Schematic pictures of (a) global pores and local pores of scaffold, (b) FDMmachine, (c) polymer scaffold fabricated from FDM, and
(d) fiber diameter and spacing distance of the obtained scaffold.
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cells (L929, ATCC CCL1, NCTC 929, of Strain L) were sepa-
rately cultured in wells of tissue culture polystyrene plate
(TCPS) for 16 h. The culture medium was then removed
and replaced with an extraction medium. The cells were then
further incubated for 24h. Finally, the viability of cells was
measured by using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyl-tetrazolium bromide (MTT) assay. The indirect cytotox-
icity was tested for both the fresh scaffold (Day 0) and the
degraded scaffolds which were immersed in phosphate buffer
(pH7.4) at 37°C for 30 and 150 days (Day 30 and Day 150).

2.8. Proliferation of Cells. Porcine chondrocytes were har-
vested from knee joints of new born pigs and cultured until
passage 3. The scaffolds were sterilized by immersion in
70% ethanol for 30min before placing in 24-well tissue-
cultured polystyrene plate. Porcine chondrocytes (passage
3) were seeded onto each scaffold at a density of 1 × 106
cells/well and cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma Aldrich, USA) in an incubator at
37°C under humidified atmosphere of 5%CO2. The culture
medium was changed every 3 days. The number of viable
cells was quantified by Alamar blue assay based on the redox
reaction between metabolite substances from active cells with
resazurin (Sigma Aldrich, USA) redox indicator. The cell-
scaffold samples were incubated with resazurin for 4 h in
darkness. Color of resazurin was changed from blue to red
which corresponded to colors of the oxidized, nonfluores-
cent form and the reduced, fluorescent form, respectively.
Fluorescence intensity of each sample was determined at
excitation/emission wavelength of 530/590 nm using a fluo-
rescence microplate reader. The experiments were per-
formed in triplicate.

2.9. Total Glycosaminoglycans (GAGs). Porcine chondrocytes
(passage 3) were cultured on scaffolds for either 21 or 28 days
to observe the total amounts of glycosaminoglycans (GAGs).
At a specified cultured time, the cell-scaffold samples were
freeze-dried. Subsequently, proteins synthesized from cul-
tured cells were digested with 5mg/mL papain (crude pow-
der from papaya latex, Sigma Aldrich, USA) solution
followed by incubation at 60°C for 16 h. Aliquot of 100μL
sample was mixed with 100μL of 0.032mg/mL 1,9-dimethyl-
methyleneblue (DMMB) (Sigma Aldrich, USA) solution in
96-well tissue-cultured polystyrene plate. The absorbances
of the resulting solutions were measured using a microplate
spectrophotometer at 525 nm. The experiments were carried
out in triplicate. The total amount of GAGs of each sample
was calculated from its absorbance. Bovine chondroitin sul-
fate (Sigma Aldrich, USA) was used as a standard substance.

2.10. Degradation of Polymer Scaffolds

2.10.1. Preparation of Phosphate Buffer. In the degradation
study, phosphate buffer was used instead of phosphate buffer
saline in order to avoid the precipitation of salt on scaffolds.
For the preparation of the phosphate buffer, 28.66 g of
Na2HPO4, 5.59 g of NaH2PO4.H2O, and 0.2 g of NaN3 as an
antibacterial and antimicrobial agent were dissolved in dis-
tilled water. The final volume was adjusted to 1,000mL.
The pH of the as-prepared phosphate buffer was 7.4.

2.10.2. Degradation of Polymer Scaffolds without Enzyme.
Each scaffold sample was put in a plastic tube containing
phosphate buffer solution at a ratio of 10mg/2mL of scaf-
fold/phosphate buffer. The tube was shaken at 100 rpm using
an orbital shaker at 37 and 50°C. The scaffolds were collected
at 30 days of degradation. The medium, phosphate buffer
solution, was changed once at Day 15.

2.10.3. Degradation of Polymer Scaffolds with Enzyme. For
the enzymatic degradation, each scaffold sample was placed
in a plastic tube containing phosphate buffer solution at a
ratio of 10mg/2mL of scaffold/phosphate buffer. Candida
Antarctica lipase (Novozyme 435) was added into the
medium at 10wt.% based on the weight of scaffold. The tube
was shaken at 100 rpm using an orbital shaker at 37°C for 30
days. The medium was changed once at Day 15.

2.10.4. Weight Loss of Polymer Scaffold. Weight loss behav-
iors of the scaffolds were examined for both nonenzymatic
and enzymatic conditions. The scaffolds were immersed in
phosphate buffer medium without enzyme at either 37°C or
50°C and at 37°C with enzyme for 30 days. The samples were
then dried in an oven at 80°C for 5 h. The degree of weight
loss of sample was calculated according to Equation (1):

Weightloss %ð Þ = Mi −Mt

Mi
× 100, ð1Þ

whereMi is the initial weight of the sample andMt is the dry
weight of the sample after degradation for 30 days.

2.10.5. Chemical Composition of Polymer Scaffolds. A Perki-
nElmer Spectrum Spotlight 300 Fourier-transformed infra-
red spectroscope (FT-IR) was used to characterize the
important functional groups of the polymer scaffolds. Trans-
mittance was recorded in a range of 600–4000 cm-1 wave
number.

2.10.6. Mechanical Property of Polymer Scaffolds. The com-
pressive strength of the polymer scaffolds was analyzed by
the NRI Narin Instrument (Thailand) Universal Testing
Machine. The sample size was 6:0 × 6:0 × 6:0mm3. The
strain rate of 0.5mm/min with a 1 kN load cell was applied
to the sample at 25°C. For each type of sample, at least five
measurements were carried out.

3. Results and Discussion

3.1. Fabrication of PCL/PHBV Blend Scaffolds through FDM.
The polymer blend scaffolds were prepared with various
ratios of PCL and PHBV through FDM. The diameter and
the thickness of scaffolds were 8 and 2.5mm, respectively.
The FD and SP which were designed by using CAD software
were set at 200 and 400μm, respectively. However, there are
many parameters affected to the FD and SP of the obtained
scaffolds. The FD of sample is normally larger than the size
of nozzle (a preset FD) due to the die swell effect and subse-
quently resulted in the smaller SP value than that of the pre-
set one. The value of SP can be simply called as the pore size
of scaffold.

4 International Journal of Polymer Science



One of the processing parameters in FDM is an extrusion
temperature. The filaments of all types of polymer blends
were fed into an extrusion part and extruded at 160°C to pre-
pare the scaffolds. The 25/75 PCL/PHBV was the only sam-
ple that was extruded at 170°C. According to the higher Tm
of PHBV (165-175°C) than that of PCL (60°C), the 25/75
PCL/PHBV blend composed of a high fraction of PHBV
could not be completely melted at 160°C. It should be noted
that the use of temperature lower than 160°C provided
incompletely melting of polymer blends and the use of tem-
perature up to 200°C resulted in degradation of polymers.

3.1.1. Filament Feeding Speed. The first step of FDM started
with feeding the filaments of polymer blends into the heated
extrusion chamber. The filament feeding speed is an impor-
tant parameter affected to the obtained FD and pore size of
the scaffolds. The filament of 50/50 PCL/PHBV was fed into
the extrusion part with various feeding speed including 0.25,
0.5, and 1.0mm/s and subsequently extruded with the hatch
speed of 10mm/s. The printed 3D polymer scaffolds are
shown in Figure 2. It was observed that the obtained FD
was increased, and the pore sizes were decreased with
increasing feeding speed (see Table 1). There was no data
for the FD and pore size for the scaffold obtained from extru-
sion with the feeding speed of 1.0mm/sec because all fila-
ments fused together and there was no any pore. It is
obvious that the feeding speed of 1.0mm/s could not be used

to fabricate the scaffolds. From these results, the filament
feeding speed of 0.5mm/s was chosen for further study
because the obtained scaffold had the pore size in a range of
200-400μm which suitable for use as either cartilage or bone
scaffolds [27].

3.1.2. Hatch Speed. The effect of hatch speed on the FD and
pore size of the polymer scaffolds was also investigated. The
filament of 50/50 PCL/PHBV was fed into the FDMmachine
at 0.5mm/s and printed with various hatch speeds including
8, 10, 12, and 14mm/s. Figure 3 shows the polymer scaffolds

1.0 mm

(a)

1.0 mm

(b)

1.0 mm

(c)

Figure 2: The 50/50 PCL/PHBV scaffolds fabricated using the filament feeding speeds of (a) 0.25, (b) 0.5, and (c) 1.0mm/s under a constant
hatch speed of 10mm/s.

Table 1: Filament diameters and pore sizes of 50/50 PCL/PHBV
from FDM with different filament feeding speed and hatch speed.

Filament feeding
speed (mm/s)

Hatch speed
(mm/s)

Filament
diameter (μm)

Pore size
(μm)

0.25 10 268:8 ± 24:5 446:2 ± 21:2
0.5 410:6 ± 27:4 235:9 ± 27:9
1.0 n/a n/a

0.5

8 604:6 ± 23:2 109:3 ± 22:6
10 410:6 ± 27:4 235:9 ± 27:9
12 343:4 ± 28:5 355:8 ± 32:4
14 323:0 ± 14:8 365:9 ± 27:3
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Figure 3: The 50/50 PCL/PHBV scaffolds fabricated using the hatch speeds of (a) 8, (b) 10, (c) 12, and (d) 14mm/s under a constant filament
feeding speed of 0.5mm/s.

(a) (b)

1.0 mm

(c) (d)

Figure 4: Scaffolds fabricated from the ratios of blending at (a) 100/0, (b) 75/25, (c) 50/50, and (d) 25/75 PCL/PHBV using a filament feeding
speed of 0.5mm/s and a hatch speed of 12mm/s.
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fabricated from FDM by using different hatch speeds. The
FD and pore sizes are presented in Table 1. The FD was
decreased, and the pore sizes were increased with increasing

hatch speed. The obtained FD and pore sizes of polymer scaf-
folds were in a range of 323–605μm and 109–366μm,
respectively. Evidently, the hatch speed of 8mm/s was not

Table 2: SEM images of surfaces of PCL/PHBV scaffolds with different ratios of blending before and after surface modification with NaOH.

Ratio of PCL/PHBV Before surface modification After surface modification

100/0

100/0 PCL/PHBV 1H100/0 PCL/PHBV

75/25

75/25 PCL/PHBV 1H75/25 PCL/PHBV

50/50

50/50 PCL/PHBV 1H50/50 PCL/PHBV

25/75

25/75 PCL/PHBV 1H25/75 PCL/PHBV
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suitable to be used because the pore size of the polymer scaf-
fold was too small. For further study, the hatch speed of
12mm/s was used to fabricate the scaffolds because it gave
the suitable pore size for cartilage or bone scaffolds [28].
Collagen-hyaluronic acid scaffolds with the mean pore size
of 300μm exhibited the highest cell proliferation, chondro-
genic gene expression, and cartilage-like matrix deposition
comparing with those with smaller pore sizes of 94 and
130μm [28].

3.2. Polymer Blend Scaffolds without LP. The polymer scaf-
folds without LP were fabricated by using FDM with various
ratios of polymer blends including 100/0, 75/25, 50/50, and
25/75 PCL/PHBV. Figure 4 shows photographs of the
obtained scaffolds in which the 0/100 PCL/PHBV blend
was not fabricated in this work because it was unable to be
extruded into a continuous filament. The filament feeding
speed and the hatch speed were 0.5 and 12mm/s, respec-
tively. Color of the 25/75 PCL/PHBV scaffold was yellow
whereas others were white. Surface modification was carried
out by immersing the scaffolds in 1.0M NaOH solution at

50°C for 60min. Table 2 shows photographs and SEM images
of the scaffolds with different blend ratios before and after
surface modification. From macroscopic observation, the
25/75 PCL/PHBV scaffold had the least elasticity and showed
yellow color.

3.2.1. Contact Angles of Scaffolds. From the SEM images in
Table 2, the surface morphology of each scaffold before and
after surface modifications by using NaOH was not much
different. However, the contact angles of the scaffolds after
surface modification were significantly changed. Table 3 pre-
sents the contact angles of the polymer scaffolds before and
after surface modifications. The experiments were done in
triplicate. For the scaffold after treatment with NaOH solu-
tion, the water droplet was immediately absorbed on the sur-
face of scaffolds (θ = 0°). Obviously, the scaffolds had higher
hydrophilicity after surface modification as observed by the
decreasing of the contact angles. The ester functional group
of PCL and PHBV could be hydrolyzed by NaOH to be more
hydrophilic (i.e., carboxylic and hydroxyl) groups [16]. The
results suggested that the surface modification by using

Table 3: Water contact angles as function of time of PCL/PHBV scaffolds before and after surface modifications with NaOH.

Sample
Contact angle (θ) (degree)

0 s 15 s 30 s 60 s

100/0 PCL/PHBV 91:35 ± 1:91 88:80 ± 0:71 80:45 ± 0:92 80:20 ± 0:57
75/25 PCL/PHBV 95:00 ± 6:93 95:15 ± 6:58 95:10 ± 6:65 94:60 ± 6:51
50/50 PCL/PHBV 86:30 ± 6:22 85:30 ± 5:94 85:00 ± 5:66 84:45 ± 5:44
25/75 PCL/PHBV 102:60 ± 3:96 100:65 ± 2:19 100:35 ± 2:47 100:20 ± 2:69
1H100/0 PCL/PHBV 0 — — —

1H75/25 PCL/PHBV 0 — — —

1H50/50 PCL/PHBV 0 — — —

1H25/75 PCL/PHBV 0 — — —

0

20

40

80

60

100

Day 0
Day 30
Day 150

%
 V

ia
bi

lit
y

1H100/0 1H75/25 1H50/50 1H25/75

Figure 5: Indirect cytotoxicity of scaffolds with different blending ratios with surface modification with 1M NaOH as evaluated by the
viability of mouse fibroblast (L929) cells.
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NaOH solution could improve the hydrophilicity of the
PCL/PHBV scaffolds and therefore enhance the potential
for use in tissue engineering applications.

3.2.2. Indirect Cytotoxicity of Scaffolds. According to high
hydrophilicity of the surface-modified PCL/PHBV samples

including 1H100/0 PCL/PHBV, 1H75/250 PCL/PHBV,
1H50/50 PCL/PHBV, and 1H25/75 PCL/PHBV, their poten-
tial for use as scaffolds in tissue engineering were examined.
The indirect cytotoxicity of the scaffolds based on the mouse
fibroblast (L929) cells was investigated. Not only the cytotox-
icity of the fresh scaffold (Day 0) was investigated, but also

(a) (b)

(c) (d)

Figure 7: Scaffolds of (a) 50NaCl_25/75 before removing of salt, (b) 50NaCl_0.5H25/75, (c) 50NaCl_1H25/75, and (d) 50NaCl_3H25/75
PCL/PHBV.
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Figure 6: (a) Proliferation of porcine chondrocytes at 7, 14, and 21 days of culture and (b) amounts of extracted glycosaminoglycans after
cultured for 21 days on the surface-modified scaffolds with NaOH at different blending ratios.
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Table 4: SEM images of 25/75 PCL/PHBV scaffolds without local pore and with local pores obtained from different concentrations of NaOH.

Sample Magnification ×100 Magnification ×1000

25/75 PCL/PHBV

50NaCl_25/75 PCL/PHBV before
removing of salt

50NaCl_0.5H25/75 PCL/PHBV

50NaCl_1H25/75 PCL/PHBV
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those for scaffolds after immersion in phosphate buffer at
37 °C for 30 and 150 days were also studied. Figure 5 reveals
the viability of cells for each scaffold tested on Day 0, Day 30,
and Day 150 of degradation. For each scaffold, the viability of
cell at Day 30 was not much different from that of Day 0.
However, the viability of cells at Day 150 was significantly
lower than that of Day 0. Comparing among different types
of scaffold, the higher ratio of PCL in scaffold exhibited the
higher viability of cell. The 1H100/0 PCL/PHBV showed
the highest viability of cell (88-94%), whereas those of
1H75/25 PCL/PHBV (79-88%) and 1H50/50 PCL/PHBV
(79-89%) were comparable. Lastly, the viability of cell of
1H25/75 PCL/PHBV was the lowest (74-86%). However, all
of these values were greater than 70% which indicated that
the scaffolds were nontoxic to cells. Even the scaffolds have
been in degradation for 150 days, there was no toxicity to cell.

3.2.3. Proliferation of Cells and Total GAGs. The surface-
modified PCL/PHBV scaffolds were further studied for the
proliferation of chondrocytes and the amounts of total GAGs
produced from the culture in order to reveal the potential to
be used as cartilage scaffolds. Figure 6(a) showed the prolifer-
ation of chondrocytes after culture on the 1H100/0, 1H75/25,
1H50/50, and 1H25/75 PCL/PHBV scaffolds for 7, 14, and 21
days. Alamar blue assay was conducted to determine the
fluorescence intensity which is directly proportional to the
number of viable cells. Interestingly, the higher ratio of
PHBV in the scaffolds resulted in the higher proliferation of
chondrocytes. Furthermore, the total GAGs extracted from
the culture at Day 21 was also observed (see Figure 6(b)).
Glycosaminoglycans (GAGs) are one of the key roles to indi-

cate cell signaling, cell adhesion, cell proliferation, anticoagu-
lation, and wound repair [29, 30]. Similar to the result of cell
proliferation, total GAGs from the cell culture on 1H25/75
was the greatest (6:4 ± 0:5μg/scaffold), whereas those for
1H100/0, 1H75/25, and 1H50/50 were 4:1 ± 0:3, 2:5 ± 0:5,
and 4:0 ± 0:5μg/scaffold, respectively. The results of cell pro-
liferation and total GAGs suggested that the 1H25/75
PCL/PHBV has the greater potential than others for use as
cartilage scaffolds. Even if the indirect cytotoxicity of the
1H25/75 PCL/PHBV was not as good as others, it will still
be considered a nontoxic material.

3.3. Polymer Blend Scaffolds with LP. The polymer scaffolds
with LP were fabricated by using FDM accompanied with salt
leaching technique. NaCl particles were used as porogen to
produce tiny pores in the scaffolds. According to the good
biological properties in terms of cytotoxicity, cell prolifera-
tion, and total GAGs, the 1H25/75 was chosen for the further
study. NaCl was mixed with the polymer bland at 50% w/w
and was leached out by using NaOH solution at different
concentrations (i.e., 0.5, 1, and 3M) in order to produce
LP and to improve the surface hydrophilicity in the same
time. Photographs of the 50NaCl_25/75 PCL/PHBV before
salt leaching, 50NaCl_0.5H25/75, 50NaCl_1H25/75, and
50NaCl_3H25/75 PCL/PHBV are shown in Figure 7. After
salt leaching and surface modification, the scaffolds became
whiter. Table 4 shows SEM images of 25/75 PCL/PHBV scaf-
folds without LP and with LP obtained from different con-
centrations of NaOH at ×100 and ×1,000 magnifications.
The sizes of LP were in a range of 1-5μm. The higher concen-
tration of NaOH gave higher numbers of LP. However, 3M

Table 4: Continued.

Sample Magnification ×100 Magnification ×1000

50NaCl_3H25/75 PCL/PHBV

Table 5: Water contact angles as function of time of 25/75 PCL/PHBV scaffolds without local pore and with local pores obtained from
different concentrations of NaOH.

Sample
Contact angle (θ) (degree)

0 s 5min 6min 7min 10min 11min

25/75 PCL/PHBV 100:69 ± 7:94 80:98 ± 4:74 N/A 66:65 ± 7:23 46:30 ± 1:89 0

50NaCl_0.5H25/75 PCL/PHBV 0 — — — — —

50NaCl_1H25/75 PCL/PHBV 0 — — — — —

50NaCl_3H25/75 PCL/PHBV 0 — — — — —

50NaCl_DI25/75 PCL/PHBV 92:38 ± 1:88 23:36 ± 5:88 0 — — —
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NaOHwas considered to be a too high concentration because
the obtained scaffold (50NaCl_3H25/75 PCL/PHBV) was a
little disintegrated and broke into small pieces which cannot
be handled further. The 50NaCl_1H25/75 PCL/PHBV was
the best among these samples because it had high numbers
of LP and not disintegrated.

3.3.1. Contact Angles of Scaffolds. Water contact angles of
these scaffolds were also determined. From Table 5, the con-
tact angles of scaffold without LP (25/75 PCL/PHBV)
decreased with time and became zero at 11min. Those scaf-
folds with LP exhibited zero degree of contact angles since

the initial time (t = 0) which indicated the high hydrophilic-
ity of the scaffolds. The scaffolds with LP which use deionized
water as leaching medium were also prepared for being as a
control sample. The sample is designated as 50NaCl_
DI25/75 PCL/PHBV. Its water contact angle decreased with
time and became zero at 6min, which suggested that the
hydrophilicity was better than the scaffold without LP but
poorer than the scaffolds with LP which use NaOH as a
leaching medium.

3.3.2. Proliferation of Cells and Total GAGs. Proliferation of
porcine chondrocytes and the total GAGs extracted from
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Figure 8: (a) Proliferation of porcine chondrocytes after cultured for 1 day and (b) amounts of extracted glycosaminoglycans after cultured
for 28 days on the 25/75 PCL/PHBV scaffolds with and without local pores and with different kinds of leaching medium.

12 International Journal of Polymer Science



T
a
bl
e
6:
SE

M
im

ag
es

of
pr
is
ti
ne

25
/7
5
P
C
L/
P
H
B
V
sc
aff
ol
d
an
d
25
/7
5
P
C
L/
P
H
B
V
w
it
h
su
rf
ac
e
m
od

ifi
ca
ti
on

an
d
w
it
h
lo
ca
lp

or
es

be
fo
re

an
d
af
te
r
30

da
ys

of
de
gr
ad
at
io
n
un

de
r
di
ff
er
en
t

co
nd

it
io
ns
.

Sa
m
pl
e

D
ay

0
D
ay

30
37

° C
50

° C
W
it
h
en
zy
m
e,
37

° C

25
/7
5

P
C
L/
P
H
B
V

1H
25
/7
5

P
C
L/
P
H
B
V

50
N
aC

l_
1H

25
/7
5

P
C
L/
P
H
B
V

13International Journal of Polymer Science



the culture on the 25/75 PCL/PHBV scaffolds with and with-
out LP were studied. Figure 8(a) shows the proliferation of
cells at 1 day of culture. The proliferation of cells on the scaf-
fold with LP which used deionized water as leaching medium
(50NaCl_DI25/75 PCL/PHBV) was close to that of the scaf-
fold without LP (25/75 PCL/PHBV). Interestingly, the scaf-
folds with LP which used NaOH as a leaching medium
(50NaCl_0.5H25/75 and 50NaCl_1H25/75 PCL/PHBV)
provided greater proliferation of cells than the one without
LP. Figure 8(b) revealed the total GAGs extracted from the
culture on these scaffolds for 28 days. The trend of total
GAGs was quite similar to that of the proliferation. The
50NaCl_0.5H25/75 and 50NaCl_1H25/75 PCL/PHBV scaf-
folds exhibited higher amounts of GAGs than the 25/75
and 50NaCl_DI25/75 PCL/PHBV. This result suggested that
both LP structure and hydrophilicity of scaffolds were
important factors to promote the biological activities of
cells which can be observed from the proliferation and
total GAGs. The only LP structure without surface modifi-
cation with NaOH (i.e., 50NaCl_DI25/75 PCL/PHBV)
could not help improve the biological properties of scaf-
folds. Lastly, comparing between 2 types of scaffolds with
LP which use NaOH as a leaching medium, it was found
that the 50NaCl_1H25/75 PCL/PHBV exhibited higher
amount of GAGs (71 ± 6μg/scaffold) than that of the
50NaCl_0.5H25/75 PCL/PHBV (65 ± 3μg/scaffold). Con-
clusively, the 50NaCl_1H25/75 PCL/PHBV revealed the
best properties among these samples.

3.4. Degradation of PCL/PHBV Blend Scaffolds. Degradation
behaviors of the 25/75 PCL/PHBV with and without LP
were studied after immersion of scaffolds in phosphate
buffer (pH7.4). Three types of samples including (1) the
scaffold without LP and without surface treatment
(25/75 PCL/PHBV), (2) the scaffold without LP but with
surface treatment (1H25/75 PCL/PHBV), and (3) the
scaffold with LP and with surface treatment (50NaCl_
1H25/75 PCL/PHBV) were investigated. The experiments
were conducted at 37°C or 50°C. Another experiment was
studied under enzymatic condition at 37°C in which lipase
was added in the immersive medium. Table 6 shows SEM
images of fresh scaffolds (Day 0) and the scaffolds at Day
30 of degradation at 37°C or 50°C without enzyme and
37°C with enzyme. For all types of scaffold, the surface
became coarser after degradation. The higher temperature
of degradation and especially the enzymatic degradation,
the surfaces of scaffolds were rougher. The scaffold with LP
and surface treatment (50NaCl_1H25/75 PCL/PHBV)

revealed remarkably rough and disintegrate surface after
enzymatic degradation.

The amounts of weight loss after degradation were also
determined. For each sample, the degree of weight loss
increased with increasing temperature. With using an
enzyme in degradation, the degree of weight loss was drasti-
cally increased (see Table 7). PCL and PHBV molecules
might be shortened and some small molecules by-products
were removed according to hydrolysis of the ester groups
[16, 17]. Comparing among the different types of scaffolds
at either 37°C or 50°C, the weight loss of each scaffolds was
not much different. However, under enzymatic condition,
the weight loss of the 50NaCl_1H25/75PCL/PHBV was
noticeably higher than others. According to the high hydro-
philicity of surface resulted from surface treatment and the
existence of LP which provided higher surface area, the rate
of degradation of this scaffold was greater than others.

The change of important functional groups of the scaf-
folds after degradation was observed from the FT-IR spectra.
Figure 9 shows the FT-IR spectra of the 25/75 PCL/PHBV,
the 1H25/75 PCL/PHBV, and the 50NaCl_1H25/75
PCL/PHBV after 30 days of degradation in phosphate buffer
at 37°C and 50°C, respectively. The spectra of these scaffolds
after 30 days of enzymatic degradation at 37°C were also
investigated which can be accessed in the Supplementary
Material (see Figure S1). The peaks at 1056, 1177 (peak A),
and 1730 cm-1 (peak B) contributed to Csp3-O, Csp2-O, and
C=O stretching in the ester functional group, respectively
[31]. The chain scission from hydrolysis of ester which
occurs at carbonyl carbon and oxygen atoms (Csp2-O bond)
was confirmed by the lowering of the area under curve of
the peak (A). However, the C=O bond does not involve in
the hydrolysis of ester; therefore, the intensity of peak B
seemed to be constant. The ratio of peak A : B was
determined (see Table 7) to indicate the degree of hydrolysis.
For each type of scaffold, the ratios of peak A : B decreased
with increasing temperature of degradation and further
decreased under enzymatic degradation. Decreasing of ratio
of peak A : B suggested that the degradation through
hydrolysis has occurred. Comparing among different types
of scaffolds, the 50NaCl_1H25/75PCL/PHBV showed lower
ratio of peak A : B than those of 1H25/75 PCL/PHBV and
25/75 PCL/PHBV, respectively. This result revealed that the
scaffold with high surface hydrophilicity and with LP had
higher rate of degradation than those without surface
treatment and without LP.

From the surface morphology observed from SEM images,
the degree of weight loss, and the FT-IR spectra, it was found

Table 7: Amounts of weight loss and ratios of area under peak A : B from IR spectra of pristine 25/75 PCL/PHBV scaffold and 25/75
PCL/PHBV with surface modification and with local pores at 30 days of degradation under different conditions.

Sample
Weight loss (%) Ratio of area under peak A : B

37 °C 50 °C With enzyme, 37 °C 37 °C 50 °C With enzyme, 37 °C

25/75 PCL/PHBV 0:16 ± 0:05 0:75 ± 0:07 12:61 ± 2:78 8.44 7.93 7.05

1H25/75 PCL/PHBV 0:37 ± 0:10 2:01 ± 0:05 18:89 ± 3:10 7.58 7.48 6.56

50NaCl_1H25/75 PCL/PHBV 0:74 ± 0:08 2:96 ± 0:09 49:18 ± 4:12 6.97 6.47 5.58
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that the scaffold with high surface hydrophilicity and with
existence of LP could help improve the rate of degradation.

Furthermore, the compressive strength of the scaffolds
before and after degradation in phosphate buffer (pH7.4)
was determined and presented in Table 8. The mechanical
properties of the scaffold are important aspects to indicate
whether they match the intended tissue or tolerate physiolog-
ical forces in organs, especially in bone and cartilage scaffold-
ings which are load-bearing applications. For the pristine
scaffolds (Day 0), the compressive strength of 25/75
PCL/PHBV was higher than those of 1H25/75 PCL/PHBV,
and 50NaCl_1H25/75PCL/PHBV, respectively. The results
could be implied that the surface modification and the pres-
ence of LP debilitated mechanical property of the scaffolds.
For all conditions of degradation (i.e., 37°C, 50°C, and 37°C
with enzyme), the same trends were observed. Consider the
effect of degradation temperature, the compressive strength
of the scaffolds was lower with increasing temperature from
37°C to 50°C. These values were further decreased under
the enzymatic degradation. Evidently, this result was consis-
tent with the amount of weight loss and the results from the
FT-IR spectra that the scaffold with high surface hydrophilic-
ity and with presence of LP exhibited more degradation. Even
though, the compressive strengths of all scaffolds were
decreased after 30 days of degradation, these values still were
in a range of the compressive strength of human articular
cartilage i.e., 3-17MPa for the knee and hip cartilage with
the thickness in a range of about 1-2mm [32]. All scaffolds,
especially the scaffold with surface modification and LP
(50NaCl_1H25/75PCL/PHBV), revealed the potential for
use as cartilage scaffolds according to their sufficiently high
mechanical property and good biological property.

4. Conclusions

The polymer blend scaffolds of PCL/PHBV were fabricated
from fused depositionmodeling (FDM). The effects of filament
feeding speed and hatch speed on filament diameters and pore
sizes were studied. Various ratios of PCL : PHBV blending
including 100/0, 75/25, 50/50, and 25/75 were used. The scaf-
folds with NaOH surface treatment had high hydrophilicity
which was observed from their water contact angles. From
indirect cytotoxicity testing, all scaffolds were nontoxic to cells
even if they were immersed in phosphate buffer for 150 days.
For use as cartilage scaffolds, the proliferation of porcine chon-
drocytes and total GAGs extracted from the cultures on the
surface treated scaffolds with different blending ratios were
investigated. The surface-treated scaffold with a blending ratio

of 25/75 (1H25/75 PCL/PHBV) exhibited the highest prolifer-
ation and total GAGs. The effect of local pores (LP) on the scaf-
folds was also studied. The scaffolds with LP were prepared
from FDM along with salt leaching technique using NaCl as
porogens. Sizes of LP were in a range of 1-5μm. The scaffolds
were treated by different concentrations of NaOH including
0.5, 1, and 3M. All scaffolds with LP and with surface treat-
ment had high hydrophilicity. However, it was found that a
3M NaOH was a too high concentration in which the scaffold
was disintegrated. The scaffolds with LP and with 1M NaOH
surface treatment (50NaCl_1H25/75 PCL/PHBV) exhibited
the highest proliferation of cells and total GAGs (71μg/scaffold
at Day 28). The results suggested that this scaffold was a good
candidate for use as a cartilage scaffold. Furthermore, the
degradation behaviors of the scaffolds were studied. The non-
surface treated, surface treated without LP, and surface treated
with LP scaffolds were degraded in phosphate buffer (pH7.4)
for 30 days at 37°C and 50°C for non-enzymatic condition
and at 37°C for enzymatic condition. The surface treated with
LP scaffold (50NaCl_1H25/75 PCL/PHBV) showed the
highest amount of weight loss, followed by the surface treated
without LP (1H25/75 PCL/PHBV), and the nonsurface-
treated scaffolds (25/75 PCL/PHBV), respectively. Supposedly,
the degradation of PCL and PHBV undergoes hydrolysis of the
ester functional group which was confirmed by the disappear-
ance of the Csp2-O bond in the ester group as observed from
the FT-IR spectra. The compressive strengths of the scaffolds
before and after degradation were sufficiently high with regard
to those values of the human articular cartilage. Altogether, the
results demonstrated that the surface treated with LP scaffold
possessed excellent properties and exhibited potential for use
as a cartilage scaffold.
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Table 8: Compressive strength of pristine 25/75 PCL/PHBV scaffold and 25/75 PCL/PHBV with surface modification and with local pores
before and after 30 days of degradation in phosphate buffer under different conditions.

Sample
Compressive strength (MPa)

Day 0
Day 30

37 °C 50 °C With enzyme, 37 °C

25/75 PCL/PHBV 14:25 ± 0:87 10:76 ± 0:57 9:66 ± 0:80 7:79 ± 0:38
1H25/75 PCL/PHBV 11:44 ± 0:59 8:98 ± 0:76 8:07 ± 0:80 6:27 ± 0:35
50NaCl_1H25/75 PCL/PHBV 9:76 ± 0:44 7:63 ± 0:31 6:53 ± 0:30 4:64 ± 0:45
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Supplementary Materials

Figure S1: infrared spectra of (a) 25/75, (b) 1H25/75, and (c)
50NaCl_1H25/75 PCL/PHBV after 30 days of degradation in
phosphate buffer at 37°C and the same scaffolds in (d), (e),
and (f) at 50°C, and (g), (h), and (i) with enzyme at 37°C.
(Supplementary Materials)
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