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ABSTRACT: A series of nanocomposite scaffolds of poly(E-caprolactone) (PCL) and starch with a range of porosity from 50 to 90%

were fabricated with a solvent-casting/salt-leaching technique, and their physical and mechanical properties were investigated. X-ray

diffraction patterns and Fourier transform infrared spectra confirmed the presence of the characteristic peaks of PCL in the fabricated

scaffolds. Microstructure studies of the scaffolds revealed a uniform pore morphology and structure in all of the samples. The experi-

mental measurements showed that the average contact angle of the PCL/starch composite was 88.05 6 1.778. All of the samples exhib-

ited compressive stress/strain curves similar to those of polymeric foams. The samples with 50, 60, 70, and 80 wt % salt showed

compressive-load-resisting capabilities in the range of human cancellous bone. With increasing porosity, a significant decrease in the

mechanical properties of the scaffolds was observed. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43523.
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INTRODUCTION

Bone tissue engineering is a main research area of regenerative

medicine field. Although the self-healing of a critical size bone

defect is difficult, a foreign porous material used to support

and promote cellular activity is very helpful.1 One of the major

challenges now facing bone tissue engineering is the need for

three-dimensional scaffolds that offer a local microenvironment

for cell migration and proliferation.2–4 In addition to adequate

physical and biological properties, these scaffolds should present

appropriate mechanical behavior in a highly porous structure.5

Biodegradable synthetic polymers, such as polyesters, are now

being used as promising materials for bone tissue engineering

scaffolds.6–8 In addition to their great mechanical properties,

polyesters offer a number of advantages over other materials.

For example, they have the ability to be fabricated into various

shapes with desired pore architectures and morphologies.

Among the aliphatic polyester family, poly(E-caprolactone)

(PCL) is one of the most excellent biocompatible and biode-

gradable polymers; it has outstanding processability because of

its low melting point and good solubility in organic solvents.9

PCL dissolves in acetone, tetrahydrofuran, chloroform, methyl-

ene chloride, dimethylformamide (DMF), acetic acid, and for-

mic acid.10–14

A number of processing techniques, including salt/particulate

leaching, gas foaming, electrospinning, freeze drying, and solid

freeform, have been used to fabricate PCL scaffolds with

adequate mechanical properties.12,14–17 One of the most conven-

tional techniques used to fabricate porous three-dimensional

scaffolds of PCL is solvent casting/salt leaching. This technique

has shown great capability for controlling the porosity, pore

size, and pore morphology of scaffolds. These parameters are

directly dependent on the proportion, size, and shape, respec-

tively, of the porogen particles.18 Other advantages of the sol-

vent-casting/salt-leaching technique include its simplicity and

low cost compared to other conventional techniques.

The solvent-casting/salt-leaching technique consists of four

steps: (1) the homogeneous dispersion of porogen particles in a

polymer solution, (2) the pouring of the obtained mixture into

the mold, (3) the removal of the solvent from solution via evap-

oration, and (4) the immersion of the polymer/salt composite

in water or a proper solvent to leach out the porogen par-

ticles.12 Various kind of salts, such as sodium chloride (NaCl),

sodium bicarbonate, sodium acetate, and saccharose, have been

used as porogen agents.12,13,19–21

In addition to its simplicity, the solvent-casting/salt-leaching

method is associated with some challenges. For example, the
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mechanism of removing the solvent from the polymeric solu-

tion may lead to dimensional shrinkage or the trapping of the

solvent inside the samples. Previous publications have men-

tioned that solvent casting/salt leaching is a suitable technique

for producing membranes, wafers, or thin scaffolds up to 3 mm

only.22

As mentioned previously, the porosity and mechanical strength

are two main properties that are required for the successful pro-

duction of bone scaffolds for use in in load-bearing applica-

tions. Bulk PCL presents compression moduli in the range 330–

360 MPa.23 Some previous studies were performed to prepare

porous PCL scaffolds with a microstructure and mechanical

properties close to those of human cancellous bone (pore

size 5 100–500 lm, porosity 5 50–90%, compressive

strength 5 1.5–9.3 MPa, Young’s modulus 5 100–400 MPa).24

Results show that the compression modulus of the porous PCL

scaffolds decreased from 8.15 MPa the scaffolds with a 60%

porosity to less than 0.l MPa for scaffolds with a 90%

porosity.13,25,26

In this study, we aimed to design and fabricate a three-

dimensional architecture of PCL with a microstructure and

mechanical properties close to those of human cancellous bone.

The solvent-casting/salt-leaching technique was applied to pre-

pare a series of PCL scaffolds with different porosities. NaCl

with various particle size distributions was used as a porogen

agent. To improve the biodegradability and hydrophilicity of the

scaffolds and to create nanopores, starch nanopowder was

added to the polymeric solution. Finally, the physical and

mechanical properties of the obtained scaffolds were

investigated.

EXPERIMENTAL

Materials

PCL, with a molecular weight in the range 70,000–80,000 Da,

was purchased from Sigma Aldrich. NaCl was used as the poro-

gen agent to create a highly porous structure with an intercon-

nected pore network. Because the optimum pore size for

promoting bone ingrowth is in the range 100–500 lm,24 the

particle size distribution of salt was considered to be in this

range. Extrapure salt was milled and passed through 40-, 50-,

60-, and 170-mesh standard sieves in sequence. The weight per-

centages of the powder salt in each mesh size were 20, 20, 30,

and 30, respectively. Starch nanopowder and all organic solvents

were purchased from Merck Chemical Co.

Preparation of the PCL/Starch Nanocomposite Scaffolds

The preparation of the PCL/starch nanocomposite scaffolds

with the solvent-casting/salt-leaching technique can be summed

up as follows: PCL was dissolved in a chloroform/DMF binary

solvent system. The starch nanopowder was dispersed in a small

amount of solvent with the aid of an ultrasonic bath. The

obtained mixture was added to the polymeric solution, and the

whole system was stirred for 1 h. The total volume of solvent

used for dissolving PCL and dispersing the starch nanopowder

was 12 cm3. The weight ratio of starch to PCL was set at 1:9.

The total amount of solid materials including PCL and starch

was 2 g. Sieved NaCl was added to the solution, and the suspen-

sion was continuously stirred until the viscosity increased. The

final mixture was cast into cylindrical Teflon molds. To control

the rate of solvent evaporation, the molds were covered with a

perforated aluminum sheet. The samples were left for 72 h until

the solvent was completely removed. Finally, the salt was

washed out through the immersion of the samples in deionized

water for 2 days. We obtained a constant weight of the wet

samples after 2 days, and this confirmed that the salt was com-

pletely leached out from the samples. The salt-removed samples

were then dried in an incubator at 37 8C.

Five series of polymeric scaffolds with different porosities and a

densities (without porosity) were prepared through changes in

the percentage of salt, as reported in Table I.

Characterization of the PCL/Starch Nanocomposite Scaffolds

The surface morphology and microstructure of the polymeric

scaffolds were investigated with a Philips XL30 scanning elec-

tron microscope. To determine the structural analysis of the

samples, X-ray diffraction (XRD) analysis was performed with

an Inel X-ray diffractometer (model Equinox 2000). For qualita-

tive analysis, XRD diagrams were recorded in the interval

108� 2h� 908 at a scan speed of 28/min. The samples were also

characterized by Fourier transform infrared (FTIR) spectroscopy

with a Bruker Alpha spectrophotometer.

The hydrophilicity of the samples was evaluated by water con-

tact angle measurements performed on a contact angle system

(Dataphysics OCA 15 plus). A water droplet was poured on the

surface of samples, and the water contact angle was measured

after 3 s. Three measurements were recorded, and the results

were expressed as averages and standard deviations.

The apparent porosities of the samples were measured according

to ASTM C134.27 The dry samples were weighed and immersed

in deionized water for 2 h. After we measured the suspended

weight, the samples were taken out and wiped with moistened

cotton until all drops of water were removed from the surface.

Then the saturated weights of the samples were determined.

The apparent porosity (Pa) was calculated with the following

equation:

Pað%Þ5ðS2DÞ=ðS2IÞ3100

where S is the saturated weight of the sample, D is the dried

weight of the sample, and I is the immersed weight of the

sample.

Table I. Sample Compositions and Percentages of NaCl Used as a Porogen

Agent

Sample PCL (wt %) Starch (wt %) NaCl (wt %)

S0 90 10 0

S50 45 5 50

S60 36 4 60

S70 27 3 70

S80 18 2 80

S90 9 1 90
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The compressive mechanical properties of the samples were

measured according to ASTM D695-02a28 by a dynamic testing

machine (HCT 400/25, Zwick/Roell, Germany). For each sam-

ple, three cubic specimens (5 3 5 3 5 mm3) were compressed at

a rate of 1 mm/min until the thickness decreased to 10% of its

initial height. The modulus of elasticity, or Young’s modulus,

was determined as the slope of the elastic region, and the com-

pressive strength was defined by the maximum on the curve

just after the elastic region. The results are presented as the

average values of three measurements and standard deviations.

RESULTS AND DISCUSSION

Despite its simplicity, the solvent-casting method involves the

consideration of several critical factors, such as the type of sol-

vent, rate of solvent evaporation, concentration and viscosity of

the polymer solution, porogen type and size, and casting

parameters.29 These factors can strongly affect the physical and

mechanical behavior of scaffolds. For example, the evaporation

of the solvent plays an important role in the shape and strength

of the obtained specimens. High solvent evaporation rates may

cause dimensional shrinkage and body deformation.

In this study, to determine an optimum solvent system for the

solvent casting of PCL, different single-solvent and binary sol-

vent systems, including chloroform, DMF, acetone, acetic acid,

and formic acid, were studied. The experiments were performed

several times with various amounts of solvents. In all experi-

ments, the weight ratio of starch to PCL was constant at 1:9.

For better comparison, the experiments were repeated with and

without salt. Figure 1 shows photos of the samples prepared

with different solvent systems. Although acetic acid and formic

acid are the most commonly used solvents for electrospinning

PCL,14,30 the samples prepared with these suffered from poor

solidity [Figure 1(a)], so they were easily broken or crushed

during handling. In the samples dissolved by acetone (boiling

point 5 56 8C), the rapid evaporation of the solvent induced

shrinkage and three-dimensional deformation [Figure 1(b)].

In the samples dissolved by chloroform (boiling point 5 61 8C),

the evaporation of solvent from the surface resulted in trapped

vapor under the solidified surfaces and the creation of holes

[Figure 1(c)], although the samples prepared by chloroform

showed a higher mechanical strength than the others did.

The use of DMF (boiling point 5 153 8C) as a solvent caused

less body deformation in the specimens; however, some residual

solvent remained in the samples because of the low evaporation

rate of DMF.

We determined experimentally that the use of a combination of

chloroform and DMF led to a better result. The best result was

obtained when a mix of chloroform and DMF at a volume ratio

of 6:1 was used. When two solvents are mixed, their combined

boiling point is somewhere between the two separate boiling

points and is usually correlated with the partial molar fraction

of each.31 Therefore, mixture with chloroform increased the

chance for DMF to be removed from the samples. Furthermore,

the use of DMF as a cosolvent led to the suppression of the

Figure 1. Photographs of specimens prepared via the solvent-casting method with (a) acetic acid/formic acid, (b) acetone, (c) chloroform, and (d) chlo-

roform/DMF. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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rapid evaporation of chloroform. When we controlled the evap-

oration rate of the solvent, the samples presented the minimum

defects in their shape and body [Figure 1(d)].

The pore size distribution, porosity, and pore interconnectivity of

scaffolds should be adequate for cell migration, matrix deposition,

vascularization, and mass transport of nutrients from and to

cells.32 Scanning electron microscopy (SEM) of the cross sections

of five three-dimensional scaffolds revealed uniform pore mor-

phologies and structures in all of the samples (Figure 2). As

expected, when the salt amount was increased, the porosity of the

samples increased considerably, whereas the wall thickness, defined

as the distance between neighboring pores, decreased. The samples

exhibited a sponge structure with interconnected pores.

The SEM micrograph also confirmed that the pores size of the

scaffolds differed from 50 to 500 lm. The pore size distribution

was in accordance with the size of the salt that was used to

provide pore sizes in the range 88–420 lm, although the salt

was not the only origin of the pores. Removal of the remaining

Figure 2. SEM micrographs of the samples: (a) Sr0, (b) Sr50, (c) Sr60, (d) Sr70, (e) Sr80, (e) Sr90 at low magnification (253), and (f) Sr90 at a high

magnification (1003). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. XRD pattern of the PCL/starch nanocomposite.
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solvent and/or dissolution of the starch in water created addi-

tional pores.

The high-magnification (1003) SEM image clearly demon-

strated a hierarchical pore structure with interconnected pores

of different dimensions in the sample S90 (the sample within

90% salt), which is shown in the selected area in the yellow

square frame [Figure 2(f)].

Figure 3 shows the XRD pattern of the PCL/starch nanocompo-

site. The composite exhibited two strong diffraction peaks at

21.42 and 23.618; these were related to the (110) and (200)

planes, respectively, of PCL.33

The FTIR spectra of the samples confirmed the presence of

characteristic peaks of PCL in the composite (Figure 4). The

bands appearing at 2941 and 2864 cm21 were assigned to asym-

metric and symmetric CH2 stretching, respectively. The charac-

teristic band of PCL at 1719 cm21 was attributed to the C@O

stretching of the ester carbonyl group. The bands at 1292 and

1159 cm21 were ascribed to CAO and CAC stretching in the

crystalline and amorphous phases, respectively. The bands at

1237, 1105, and 1042 cm21 were attributed to COC

stretching.34–37

Surface wettability is a consequential physicochemical property

of biomaterials and can influence cellular affinity to them. PCL

possesses a hydrophobic nature (caused by five continuous

methyl groups); this results in a lower degradation rate among

other polyesters. Studies have shown that pure PCL takes more

than 2 years to degrade completely.38 This weakness may also

lead to a reduction in the cellular affinity to scaffolds made by

PCL and may discourage cellular activities such as adhesion and

migration. The use of different techniques, such as surface mod-

ification or blending with other polymers, can improve the deg-

radation behavior and biological properties of PCL. Figure 5

displays the water contact angle for the membranes prepared

from the PCL/starch nanocomposites. The average contact angle

for the nanocomposite composed of 90 wt % PCL and 10 wt %

starch was 88.05 6 1.778.

The apparent porosity shows the ratio of the open pore volume

to the specimen volume (Figure 6). The results of the measured

porosity were approximately in accordance with the percentage

of salt that was initially used to create pores. For example, the

measured porosity of S50 (the sample with 50% salt) was

50.58 6 1.46%, and the measured porosity of S70 (the sample

with 70% salt) was 75.40 6 1.75%. However, the experimental

data shows that the porosity of the samples was slightly higher

than what was expected from the complete elimination of the

salt porogen. Removal of the remaining solvent and/or the dis-

solution of the starch in water created additional pores.

The compressive stress/strain curves of the samples are shown

in Figure 7. All of the curves exhibited characteristics similar to

Figure 4. FTIR spectra of the PCL/starch composite.

Figure 6. Apparent porosity of the scaffolds. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Water contact angle (CA) for the three membranes prepared from the PCL/starch nanocomposite. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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those of polymeric foams under compressive loading, which

were defined by the absence of a yield point maximum but

exhibited a plateau in the stress/strain curve. This behavior

often presents a large recoverable strain at low stress levels and

a terminal increase in the stress followed by failure; this leads to

a tear with little permanent deformation in the failure sur-

face.13,39,40 As shown in Figure 7, at the beginning of each

curve, a linear elastic region appeared, and right after that, there

was a region where the stress steeply increased at very small

strain.

To study the mechanical properties of scaffolds, the mechanical

behavior of natural bone, such as its elastic modulus, compres-

sive strength, and tensile strength, must be considered. Human

cancellous bone has a compressive strength in the range 1.5–9.3

MPa and a Young’s modulus in the range 100–400 MPa.24

Table II shows the mean values of Young’s modulus and the

compressive strength of each sample. The dense sample had a

Young’s modulus of 32.06 6 2.74 MPa and a compressive

strength of 19.45 6 1.94 MPa. With increasing porosity, a signif-

icant diminution in the compressive properties of the scaffolds

was observed. S50 (the sample with 50.58 6 1.46% porosity),

S60 (the sample with 63.46 6 2.58% porosity), S70 (the sample

with 75.40 6 1.75% porosity), and S80 (the sample with

83.19 6 3.50% porosity) showed compressive-load-resisting

capabilities in the range of human cancellous bone. The Young’s

moduli of all of the samples were found to be less than that of

human cancellous bone.

Polymers by themselves are generally flexible and exhibit a low

mechanical strength and stiffness, whereas inorganic materials,

such as bioceramics, are known to be stiff and brittle. Because

of the inherently higher stiffness and strength of bioceramics,

their combination with biopolymers leads to composite materi-

als with improved mechanical properties. On the other hand,

the longevity of mechanical properties during the degradation

process has a significant effect on scaffold performance.

Although the polymer matrix is degrading, the three-

dimensional scaffold must provide physical support until the

engineered tissue has adequate mechanical integrity to support

itself. It is mandatory for successful tissue regeneration to con-

trol the degradation time profile of the scaffold at the defect

site.41–43

In this study, we designed and fabricated a three-dimensional

architecture of PCL as a high potential material for bone tissue

engineering scaffolds. Future studies would benefit from the

addition of bioceramics such as bioactive glasses into the poly-

meric matrix to improve the initial mechanical properties and

the mechanical properties during the degradation process.

CONCLUSIONS

A series of nanocomposite scaffolds of PCL and starch with a

range of porosities from 50 to 90% were fabricated with a sol-

vent-casting/salt-leaching technique. The obtained scaffolds

exhibited suitable porosity, pore size, and pore interconnectivity

as well as adequate mechanical properties for bone tissue engi-

neering applications. The results of this study show that PCL

has a great potential to produce highly porous scaffolds with a

solvent-casting/salt-leaching technique.
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