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Abstract In this study, poly(e-caprolactone) (PCL)/

poly(ethylene oxide) (PEO) (50:50 wt%) immiscible blend

was used as a model system to investigate the feasibility of

a novel solventless fabrication approach that combines

cryomilling, compression molding and porogen leaching

techniques to prepare interconnected porous scaffolds for

tissue engineering. PCL was cryomilled with PEO to form

blend powders. Compression molding was used to con-

solidate and anneal the cryomilled powders. Selective

dissolution of the PEO with water resulted in intercon-

nected porous scaffolds. Sodium chloride salt (NaCl) was

subsequently added to cryomilled powder to increase the

porosity of scaffolds. The prepared scaffolds had homo-

geneous pore structures, a porosity of *50% which was

increased by mixing salt with the blend (*70% for 60%

wt% NaCl), and a compressive modulus and strength

(e = 10%) of 60 and 2.8 MPa, respectively. The results of

the study confirm that this novel approach offers a viable

alternative to fabricate scaffolds.

1 Introduction

Tissue engineering/regenerative medicine has been a topic

of extensive research over the last few decades. It is an

emerging multidisciplinary field that applies principles and

methods of life sciences and engineering towards the

understanding of structure–function relationships in normal

and pathological mammalian tissues; in addition to the

development of biological substitutes, typically composed

of biological and synthetic components, for restoring,

maintaining, or enhancing tissue and organ function [1, 2].

In tissue engineering, cell populations that are usually

expanded by culturing and bioactive factors (e.g. growth

factors, cytokines, and DNA fragments) are seeded onto a

biodegradable scaffold or matrix that supports and guides

the proliferation of new cells in three dimensions (3D).

Material selection and fabrication techniques provide two

important cornerstones for tissue engineering practices. A

biocompatible, biodegradable, bioresorbable, and inter-

connected porous scaffold or matrix is designed as a carrier

for cells and growth factors to be implanted to repair

damaged tissue; as a template to define new tissue growth

in 3D; and as a temporary substitute providing normal

tissue functional properties and degrading at the appropri-

ate rate to allow tissue regeneration [3, 4]. Scaffolds have

been fabricated from natural biomaterials, synthetic bio-

compatible materials, blends or composites using a number

of processing techniques such as solvent casting combined

with particulate leaching [5], freeze drying [6], super-crit-

ical fluid technology [7], phase separation [8], fiber bond-

ing [9], melt molding combined with particulate leaching

[10, 11], solid freeform fabrication [12, 13], and combi-

nations of these techniques, especially with particulate

leaching to increase porosity and pore interconnectivity.

Recently, a new porogen methodology for the prepara-

tion of porous scaffolds has emerged from the melt blend-

ing, typically in an extruder or mixer, of two immiscible

polymers in the composition range, close to the phase

inversion point, that is required to create co-continuous

blend morphologies [14–19]. This co-continuous morphol-

ogy, a biphasic structure in which each phase is fully con-

tinuous (interconnected), generally occurs in the

40:60–60:40 (vol.%) composition range [14]. Subsequently,

leaching one of the polymer phases using a selective
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solvent, this is feasible due to the full continuity of the two

phases, results in a porous structure with fully intercon-

nected pores [14, 15]. This polymer porogen leaching

method results in a cylindrical pore interconnection struc-

ture that is completely different from that observed with the

other scaffold fabrication techniques where the larger pores

are generally interconnected through smaller gates [14].

This pore network structure results in scaffolds that are

particularly suitable for load bearing applications such as

bone or cartilage regeneration [14]. The size-scale of the

blend phase domains, hence the pore size, can generally be

greatly increased by annealing above the melting temper-

ature (semi-crystalline polymer) or glass transition tem-

perature (amorphous polymer) of the two components

[14–16, 18]. The pore size can be controlled from fraction

of microns to hundreds of microns. The upper limit of pore

size is in the range required for scaffolds for tissue engi-

neering (5–400 lm) [18]. However, one drawback of the

technique is that it yields maximum porosity of 50–60%.

Reignier and Huneault [14] combined polymer leaching

with particulate leaching in order to overcome this limita-

tion achieving porosities between 75 and 88% in a bimodal

pore size distribution. Poly(ethylene oxide) (PEO) [14, 15],

polystyrene (PS) [16, 17, 19], poly(e-caprolactone) (PCL)

[18], and poly-L-lactic acid (PLLA) [18] polymer porogens

have been used to make porous PCL, PLLA, and polygly-

colic acid (PGA) structures from model blends of PCL/

PEO, PLLA/PS, PLLA/PCL, and PGA/PLLA, respectively.

Melt blending becomes inefficient in achieving homo-

geneous blending when the polymer melts are highly viscous

[20], a polymer does not melt at all [21], or when adding a

filler to the blend with a high loading [20]. Furthermore,

other disadvantages of melt blending include degradation of

polymers at high temperatures, undesirable chemical reac-

tions, and unstable morphologies [22]. Solid state blending

provides an attractive alternative to melt blending to produce

blends and composites. Solid state processing methods uti-

lize high amounts of shear and/or compressive forces below

the melt and/or glass transition temperatures of the polymer

and the filler to produce intimate mixtures or alloys. A

number of solid-state processing methods have been inves-

tigated for the production of polymer blends and composites,

including mechanical alloying [22, 23], pan-milling mixing

[24], and solid-state shear pulverization [25, 26].

Mechanical alloying is a high energy ball milling pro-

cess in which powders placed in a vial with balls are

repeatedly fractured, deformed, and welded due to high

energy impacts between balls, powders, and vial walls;

thus, enabling alloy powders to be formed from mixtures of

elemental powders [27]. To embrittle the polymer and

overcome its viscoelasticity, milling can be performed at

cryogenic temperatures usually in liquid nitrogen

(approximately -196�C); this adapted technology is

known as cryogenic mechanical alloying or cryomilling

[20]. Cryomilling has proven to improve the blending

intimacy, enhance compatibility between the different

blend components, and increase the degree of dispersion in

polymer composites [20, 28], in addition to reducing and

narrowing overall particle size distributions [29] and pro-

moting a physical reduction in the scale of mixing [30].

The present study is designed to explore the efficacy of

homogeneous blending of PCL and PEO by cryomilling and

to devise a viable and economical route through which

highly interconnected 3D porous scaffolds can be molded. In

this study, homogeneity of blending is established by the

uniformity of the interconnected morphology, and hence the

resulting mechanical properties. The PCL/PEO system is

ideally suited for the present study, which seeks to produce

scaffolds for tissue engineering using biodegradable poly-

mers through the integration of cryomilling, compression

molding, and porogen leaching techniques. PCL is a biode-

gradable, soft- and hard-tissue biocompatible material with

easy processability [31]. It is a highly crystallizable aliphatic

polyester, where crystals reinforce the PCL enhancing its

mechanical properties [32]. PCL can be degraded by

hydrolysis of the ester linkages in its chains under physio-

logical conditions; it has shown remarkable long in vivo

degradation [33], which is very well-suited with cartilage

tissue limited healing ability. Furthermore, cryomilling is

intended to blend PCL with other polymers to manipulate its

properties and degradability.

PEO is a biodegradable water soluble polymer known to

be immiscible with PCL and to form co-continuous PCL/

PEO structures by melt blending in the 30:70–60:40 (vol%)

composition range [14, 15]. Therefore, PEO is a suitable

polymer porogen for the PCL scaffold. PEO provides two

advantages: first, as a water soluble polymer, potentially

toxic organic solvents are not necessary to dissolve PEO.

Second, being biocompatible and biodegradable, small

amounts of residual PEO can be endured in the final porous

scaffold.

Results from this study aim to establish a scaffold

structure suitable for load bearing application. In addition,

this approach will lead to a scaffold fabrication procedure

which can eventually be used to produce homogeneous

fully interconnected porous composite scaffolds with well-

dispersed fillers and tunable properties, without the use of

the potentially harmful organic solvents.

2 Materials and methods

2.1 Materials

Poly(e-caprolactone) powder (Perstorp UK Limited, only

2% above 600 lm) with a number average molecular
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weight (Mn) of 47500, a density of 1.1 g/cm3 (at 60�C), a

melt flow index of 5.20–11.3 g/10 min (100 PVC die,

160�C, 2.16 kg), and a melting temperature range of

58–60�C was used in this study. Poly(ethylene oxide) fine

powder (Sigma-Aldrich, Mesh -20, 96–100%) with a

viscosity average molecular weight (Mv) of 100000, a

density of 1.13 g/cm3 (at 25�C), a viscosity of 12–50 cP

(at 25�C, C = 5%, H2O), a glass transition temperature of

-67�C, and a melting temperature of 65�C was utilized as

a biodegradable polymer porogen. Non-medical polymer

grades were used in this study since no in vivo studies were

planned at this stage. Table salt (NaCl) was also used as a

particulate porogen in the study.

2.2 Powder milling

To establish the effectiveness of cryomilling in producing

co-continuous blends, a series of 50:50 wt% PCL/PEO

blends have been milled. The PCL/PEO composition ratio

was chosen at 50:50 to ensure a co-continuous morphology

of the polymer components [14]. Blending was performed

using a SPEX 6770 SamplePrep Freezer mill (SPEX Cer-

tiPrep Group, Inc., USA), which cools samples to cryo-

genic temperatures using liquid nitrogen, and pulverizes

them by magnetically shuttling a steel impactor back and

forth in a polycarbonate vial against two stationary steel

end plugs. PCL and PEO powders were first manually

mixed in a 50:50 wt% ratio to obtain 1.5 g samples.

Subsequently, the 1.5 g powder samples were cryogeni-

cally milled for 30 min of actual milling, using the fol-

lowing parameters: 15 min of pre-cooling, 2 min of

cooling between every 3 min of continuous milling, and a

frequency of 10 cycles per second (cps). Parameters were

selected based on SPEX recommendations and Terife and

Narh study [34] which also used 30 min of cryomilling to

produce PEO nanocomposites. Furthermore, 30 min were

also adequate to disperse Mg–Al hydrotalcite in a PCL

matrix enhancing its mechanical properties despite a small

reduction in its molecular weight [35]. Therefore, 30 min

of cryomilling was chosen to examine the production of

homogeneous blends without much degradation.

NaCl was later manually mixed with a cryomilled PCL/

PEO sample in a 60:40 wt% ratio to investigate the ability

to increase scaffold porosity by adding salt to the blend.

Furthermore, the NaCl concentration was selected at 60

wt%, which is lower than the value reported for complete

salt extraction in PCL/NaCl mixtures (*74 wt%) [14], to

explore enhanced scaffold pore interconnectivity at a low

volume fraction of NaCl porogen particles using this fab-

rication approach.

Scanning electron microscopy (SEM) micrographs of

preground PCL, PEO, and NaCl particles and PCL/PEO

cryomilled blends are shown in Figs. 1 and 2, respec-

tively. Resultant cryomilled PCL/PEO flake size ranged

from *32 lm to *944 lm, with an average size of

*214 lm.

Fig. 1 SEM micrographs of a preground PCL, b preground PEO, and c NaCl particles

Fig. 2 SEM micrographs of

PCL/PEO powders cryomilled

for 30 min. Two magnifications

are shown
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2.3 Compression molding

Cryomilled powders were consolidated in a Carver bench

top laboratory press (Carver, Inc., Wabash, IN) at two

different temperatures: 60 and 100�C to investigate the

effect of compression temperature on the products’ prop-

erties. These temperatures were chosen at and above the

polymers’ melting temperatures to promote consolidation

of powders, motion of polymer chains, segregation of

phases, and then coarsening. Powder samples were loaded

in a mold and compression molded into 9 mm diameter

cylinders with 13 mm height. The mass loadings of the

different compositions were calculated to fill the mold

cavity so that a constant volume of 827 mm3 was achieved

for each sample, assuming homogeneous powder compo-

sition and using the following polymer densities:

qPCL = 1.14 g/mm3 and qPEO = 1.13 g/mm3.

The compression molding cycle is described as follows:

during the initial 15–20 min period of the cycle, a 226.8

kgf was applied and stabilized to compact the powders and

remove the entrapped air. Heat was then applied while still

maintaining the pressure and the powders were left at the

molding temperature for 30 min, after which the heat was

turned off and the powders were allowed to cool down for

1 h before the pressure was released. Subsequently, the

mold was cooled to room temperature in a water bath and

samples were then removed from the mold. Four samples

were compressed in each molding cycle.

2.4 Scaffold leaching and drying

After cooling, the samples were immersed in water in

15 ml vials in a water bath, at room temperature, in order

to dissolve the water soluble porogen(s). The water was

changed every day until the wet sample achieved con-

stant weight. After porogen extraction, the samples were

removed from water, blotted dry, and placed in a vacuum

oven at 45�C for 4 days until no change in dry sample

weight was detected. The mass and dimensions of each

sample were measured after the molding, leaching, and

drying processes. Five measurements of the samples’

diameters and heights were taken with an electronic

caliper and were then averaged for the volume calcula-

tions. Figure 3 summarizes the scaffold fabrication

approach.

2.5 Scaffold characterization

2.5.1 Porosity, PEO continuity, and morphology

The porosity was measured using a gravimetric method.

The method is based on the assumption that only poro-

gens are completely extracted out due to the co-contin-

uous structure of the PCL/PEO blends confirmed via

scanning electron microscopy (SEM) imaging. Thus

porosity was calculated using the following equation

[6, 14]:

Fig. 3 Photographs showing

complete scaffold fabrication

approach
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Porosityð%Þ ¼ 1� VPCL

Vscaffold

� �
� 100%

¼ 1� qscaffold

qPCL

� �
� 100% ð1Þ

where qscaffold (g/mm3) is the apparent density of the

scaffold measured by dividing the weight by the volume of

the scaffold and qPCL (g/mm3) is the density of the non

porous PCL material from which the scaffold was made

(qPCL = 1.14 g/mm3).

Weight-loss measurements were carried out to evaluate

the extent of continuity of PEO using the following equa-

tion [14, 18]:

% Continuity of PEO ¼ weight PEOinitial � weight PEOfinal

weight PEOinitial

� 100%

ð2Þ

where weight PEOinitial corresponds to the weight of PEO

in the sample before the extraction step, and weight

PEOfinal corresponds to weight of PEO remaining in the

sample after extraction, both calculated from the weight

fraction of PEO in the blend assuming homogeneous

blends.

The morphologies of scaffolds were examined with a

Hitachi S-4300 SE/N high-resolution field emission scan-

ning electron microscope (FESEM, Hitachi, Japan) oper-

ated at accelerating voltages of 2, 10 and 15 kV (aperture

2) in secondary and environmental modes. Samples were

fractured in liquid nitrogen to observe the cross sectional

morphologies. Specimens were mounted on the SEM

holder using an aluminum stub with double-sided carbon

tape. Image analysis was carried out using SIMAGIS

software (Smart Imaging Technologies, USA) in order to

obtain quantitative information on scaffold morphology.

SEM micrographs were analyzed to estimate average pore

diameter. On average, about 30 pores were measured for

each image, taking two diameters per pore to account for

elliptical pores.

2.5.2 Compressive mechanical testing

Uniaxial unconfined compression mechanical testing was

performed using a TestResources universal testing machine

(TestResources Inc., Shakopee, MN, USA) at room tem-

perature with a 453.6 kgf load cell. Cylindrical samples

were compressed at a cross-head speed of 1 mm/min for

10 mm from sample’s initial height. The change in height

and the force applied to the sample were measured as well

as the sample’s non-deformed length and cross sectional

area. Elastic compressive modulus and compression

strength of the sample were determined using calculated

stress–strain diagrams. The modulus (E) was determined

by linear regression analysis as the slope of the first linear

region of the stress–strain curve and the compressive

strength (re=0.1) was measured at *10% strain in the pla-

teau region [19] after toe region correction for the zero-

strain point (Fig. 4).

2.5.3 Differential scanning calorimetry

The thermal properties of scaffolds were evaluated by

differential scanning calorimetry (DSC). Samples

(6–10 mg) were cut from scaffolds, placed in 40 ll

aluminum pans, and analyzed with a Mettler Toledo 823e

differential scanning calorimeter (Mettler-Toledo Inc.,

Columbus, OH, USA) equipped with an intracooler under

a nitrogen purge at a heating rate of 10�C/min. The

instrument was calibrated with indium for melting point

and heat of fusion. Samples were heated from -20 to

100�C, held at 100�C for 3 min, then subsequently cooled

to -20�C at -10�C/min and after 3 min a second heating

scan was applied. The resulting DSC curves were ana-

lyzed to determine transition temperatures and degree of

crystallinity. The degree of crystallinity (Xc) was deter-

mined by the fusion enthalpy method using the following

equation [18]:

Xcð%Þ ¼ DHm

DH�m
� 100% ð3Þ

where DHm and DHm� designate the measured melting

enthalpy and the melting enthalpy of 100% crystalline

PCL, using DHm� = 139.5 J/g [11], respectively.

Fig. 4 Methodology for determining the elastic modulus (E) and the

compressive strength (re=0.1) of scaffolds from the stress–strain

diagram
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3 Results

3.1 Porosity, PEO continuity, and morphology

3.1.1 Effect of compression temperature

The results of porosity calculations showed that porosities

achieved at 60 and 100�C were 45.9% ± 1.3% and

49.8% ± 1.4%, respectively. Furthermore, continuity

evaluations showed that PEO continuity achieved at 60 and

100�C were 97.0% ± 0.6% and 97.6% ± 0.5%, respec-

tively; equivalently stated as 48.6% ± 0.3% reduction in

scaffold weight. However, morphological observations

(Fig. 5) showed that the pore morphology obtained varied

significantly between the two different compression tem-

peratures. Scaffolds molded at 60�C exhibited small pores

along with a rough flaky lamellar texture (Fig. 5a–c);

whereas those molded at 100�C demonstrated an appar-

ently homogeneous, interconnected pore structure with an

average pore size of *140 lm (Fig. 5d–f). In other words,

the scaffolds structure is characterized by the coexistence

of an interconnected network of cylindrical pores and an

interconnected network of PCL cylinders. This co-contin-

uous morphology is confirmed by the porosity and conti-

nuity results which showed that the PEO phase was almost

completely extracted out while still maintaining the

integrity of the porous PCL phase (PCL scaffold is self

supporting). It is also obvious that the PCL walls exhibited

a smooth texture.

3.1.2 Effect of salt addition

Addition of salt to the PCL/PEO cryomilled powder sam-

ple, which was subsequently molded at 60�C, resulted in an

increase of porosity from 45.9 to 69.3%, with a PEO

continuity evaluated at 91.8%. Morphological observations

(Fig. 6) showed that the pore morphology obtained pri-

marily resembled the NaCl particles size and shape, with

an average pore size of *320 lm and all NaCl dissolved.

Pores of smaller sizes were also observed, which may have

been created by contact between salt particles before

leaching. Higher magnification images (Fig. 6c) revealed

that the pore wall surface had the same rough flaky lamellar

texture as the PCL scaffold (Fig. 5c) fabricated from the

PCL/PEO blend molded at the same temperature (60�C).

For comparison purposes, porosity measurements were

also investigated on PCL/NaCl binary blends compression

molded using the same molding process. In that case, the

porosity achieved for a scaffold molded at 60�C was 13.6%

(expected porosity from complete NaCl extraction was

50%), which is clearly explained by the SEM image

(Fig. 7) that shows salt particles still entrapped in the

scaffold after leaching.

3.2 Compressive mechanical properties

The results of the compression tests were interpreted in

terms of stress–strain curves. Typical curves are shown in

Fig. 8 for the various fabricated scaffolds. These curves

Fig. 5 SEM micrographs of PCL/PEO powders cryomilled for

30 min and compression molded at a, b, c 60�C and d, e, f 100�C.

Three magnifications are shown. The low magnifications (a, b, d,

e) reveal the pore morphology and the higher magnifications

(c, f) show the texture in the pore walls
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show typical behavior of polymeric foams under com-

pression. Values of elastic modulus and compressive

strength at 10% strain derived from the stress–strain curves

are listed in Table 1.

3.3 Thermal properties

The DSC thermal analysis was conducted between -20�C

and 100�C in three scans, 1st heating, cooling, and 2nd

heating, to enable the collection of information about the

physical structure developed during processing due to the

thermal and mechanical histories in addition to material

properties. The DSC thermograms for the heating scans are

shown in Fig. 9. Table 2 summarizes the main information

derived from the DSC heating and cooling scans. From the

first heating scans, the onset and peak melting temperatures

(Tmonset and Tmpeak) of PCL after molding at 60�C were

51.6 and 57.3�C, respectively; whereas after molding at

100�C, they were 57.9 and 65.8�C, respectively. Further-

more, crystallinities (Xc) achieved at 60 and 100�C were

63.3 and 83.2%, respectively. PCL from scaffolds fabri-

cated with salt addition showed an onset and peak melting

temperatures of 57.6 and 67.6�C, respectively, in addition

to a crystallinity of 73.1%. Second heating and cooling

scans showed more comparable values associated with

PCL material properties. Those values were also similar to

those obtained for PCL after molding at 60�C (1st scan).

4 Discussion

In the current fabrication protocol, scaffolds were prepared

by cryomilling mixtures of PCL/PEO (50:50 wt%) for

30 min followed by compression molding at two different

temperatures (60 and 100�C), and then porogen leaching to

investigate the feasibility of the suggested approach at

producing interconnected porous scaffolds. The tempera-

ture was set at and over the polymers melting temperature

to promote consolidation of powders and segregation of

phases. Pressure was applied before and during heating to

compact the powders and remove entrapped air porosity.

Fig. 6 SEM micrographs of PCL/PEO/NaCl powders cryomilled for 30 min and compression molded at 60�C. Three magnifications are shown.

The low magnifications (a, b) reveal the pore morphology and the higher magnification (c) shows the texture in the pore walls

Fig. 7 SEM micrographs of PCL/NaCl (35:65 wt%) powders man-

ually mixed and compression molded at 60�C Fig. 8 Compression stress strain curves for PCL scaffolds made from

(a) PCL/PEO (50:50) compression molded at 60�C, (b) PCL/PEO

(50:50) powders compression molded at 100�C, (c) PCL/PEO (50:50)

powders cryomilled for 30 min, mixed with NaCl (40:60) and

compression molded at 60�C
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Scaffolds were fabricated with different structures and

mechanical properties. The morphology of scaffolds fab-

ricated at 60�C exhibited a rough flaky lamellar texture and

random small pores. Scaffolds fabricated at 100�C clearly

showed a typical co-continuous porous structure with

cylindrical interconnected pores. In polymer leaching

techniques, pore size obtained is dictated by the scale of

segregation in the co-continuous polymer blend [14]. This

will depend on the size and scale of mixing of the cryo-

milled powders, and the degree of coarsening that occurs

during molding, which in turn are governed by cryomilling

time and molding temperature and pressure, respectively.

Molding at the melting temperature of PCL (60�C) was not

enough to induce phase segregation and coarsening. As the

blend was pressed and annealed at a higher temperature

(100�C), the inherent immiscibility of PCL and PEO was

manifested, phase coarsening proceeded, and thus pore size

increased. These results further demonstrate the high

degree of mixing in these blends obtained by cryogenic

milling. The presence of PEO small droplets in the PCL

matrix (Fig. 5f) could clarify why the PEO interconnec-

tivity is lower than 100%.

Well interconnected structures such as those shown in

Fig. 5d-f are indispensable in tissue engineering to allow

cell migration and proliferation, and extracellular matrix

production [14], as well as to supply nutrients for cell

growth and transport of metabolic waste products [14, 36].

Interconnection between pores is also important for com-

plete porogen extraction during leaching [14]. Pore size

and pore throats are also important for cell survival, since

they govern permeability and diffusivity throughout the

scaffold, in addition to mechanical integrity. Increased pore

opening size is desirable to improve cell seeding through-

out the whole scaffold and not only on its surface [14],

since cells or cell aggregates larger than the pore openings

cannot penetrate deeply into the scaffold. The average pore

size obtained in this study is within the optimum pore size

values (5–400 lm) reported in the tissue engineering lit-

erature [18]. Additionally, pore shape and wall roughness

are important factors for better cell spreading [36].

Addition of salt to the PCL/PEO cryomilled sample

resulted in an increase of porosity in a rough macro-porous

topography. This rough texture could play an important

role in regulating cell-scaffold interactions. The properties

of scaffold surface micro-topography are thought to influ-

ence the localization and structure of receptors, such as

Table 1 Compressive property of various PCL porous scaffolds

Composition and molding temperature Compressive modulus (MPa) Compressive strength (e = 0.1) (MPa)

PCL/PEO (50:50); 60�C 19a 2.1a

PCL/PEO (50:50); 100�C 60 ± 0.3b 2.8 ± 0.01b

PCL/PEO (50:50)/NaCl (40:60); 60�C 8 ± 0.2b 0.6 ± 0.01b

a Single replicate
b Standard error of mean

Fig. 9 DSC (a) first heating and (b) second heating scans for PCL

scaffold samples recorded at 10�C/min

Table 2 DSC melting and crystallization data for PCL scaffold

samples

Composition and molding temperature

PCL/PEO

(50:50); 60�C

PCL/PEO

(50:50);

100�C

PCL/PEO (50:50)/

NaCl (40:60); 60�C

1st heating scan

Tmpeak (�C) 57.3 65.8 67.6

Tmonset (�C) 51.6 57.9 57.8

DHm (J/g) -88.32 -116.07 -101.93

Xc (%) 63.3 83.2 73.1

2nd heating scan

Tmpeak (�C) 57.3 55.9 58.4

Tmonset (�C) 51.9 52.1 51.2

DHm (J/g) -85.8 -83.05 -83.68

Xc (%) 61.5 59.5 60.0

Cooling scan

Tcpeak (�C) 30.8 29.4 29.5

Tconset (�C) 34.1 33.0 33.3

DHc (J/g) 79.32 78.20 75.22
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integrins, which are responsible for cell attachment,

migration, and signaling [37]. Furthermore, the absence of

remaining salt crystals in the SEM figures suggests that the

dissolution of the salt was completed and that the pores

were well interconnected. Compared to the various con-

ventional and combinatory salt leaching techniques, the

combination of a homogeneous (co-continuous) blend and

salt particulate leaching will allow better interconnection

between the pores made by the salt leaching and the

interconnected porous structure resulting from the selective

polymer leaching, since the pore walls, between the lea-

ched NaCl particles pores, are porous (due to PEO leach-

ing) [14]. Compression molded PCL/NaCl binary blends

lack pore interconnectivity as evidenced by the entrapped

salt particles remaining after scaffold leaching (Fig. 7);

thus clearly showing the effect of PEO on complete salt

extraction and pore interconnectivity in the present mold-

ing approach. It is worthwhile mentioning here that the co-

continuous polymer blend structure also speeds up the salt

release process [14]. These results clearly confirm that the

addition of a continuous polymer porogen overcomes one

of the main disadvantages of conventional salt leaching

techniques, which is the lack of interconnection between

the porogen particles that leads to incomplete extraction of

the porogen phase particularly at low salt concentrations.

The fabricated scaffolds showed typical stress–strain

behavior of porous polymeric foams under compression

consisting of four zones: toe, linear elastic, plateau, and

densification [38]. Factors affecting the shape of the curves

obtained from the scaffolds include the amount of porosity,

pore size and morphology, and type and composition of

scaffold material [38]. The three different investigated

structures display different curves due to differences in

pore morphology, porosity, and pore size. The co-contin-

uous scaffolds with cylindrical walls represent the stiffest

and strongest scaffolds due to thicker pore walls; whereas

the scaffolds produced using the additional salt particles

show the lowest modulus and strength due to thinner walls

and higher porosity. In addition to that, densification begins

at larger strains in the scaffolds with higher porosity. The

co-continuous scaffolds molded at 100�C have much

higher modulus and strength than the scaffolds molded at

the lower temperature, despite the fact that they did not

have significant difference in porosity. Results from this

research are in agreement with results from previous

studies [18] where higher compressive modulus and

strength were reported with increase in pore diameter at

equal porosities for co-continuous PLLA scaffolds

annealed for 1 h.

The fabricated PCL scaffolds had compressive modulus

values in the same range as those reported in the literature

for human hyaline cartilage (Table 3). Such results confirm

that the scaffolds fabricated through the integration of

cryomilling, compression molding, and porogen leaching

are viable candidates for load bearing applications, such as

cartilage tissue engineering, at least on the mechanical

rigidity point of view. This is an important factor in tissue

engineering to avoid stress shielding (cells not being sub-

jected to any stress) in the case of implants with signifi-

cantly high modulus on one hand, and to avoid implanted

cells and new tissue being squeezed in the case of implants

with very low modulus, on the other hand. Moreover, the

biomechanical environment has a strong influence on cell

metabolism and phenotypic expression; thus, affecting the

regeneration potential of the synthetic tissue [11]. Fur-

thermore, the slow in vivo degradation of PCL [33] is well-

suited with cartilage tissue limited healing ability.

Finally, the DSC results demonstrated that the fabricated

PCL scaffolds were highly crystalline (Xc = 63–83%),

showing higher melting temperatures and crystallinities

after fabrication (1st heating scan) than after cooling from

melt (2nd heating scan), except for the PCL scaffold

molded at 60�C. The former result may be accredited to

slower cooling rates during fabrication and, thus, to the

presence of larger, more perfect crystals [41]. Furthermore,

the melting peaks in the 1st scans consist of multiple peaks

(Fig. 9a) which is attributed to multimodal crystal size

distribution [42], with small size, less perfect crystals

melting at lower temperatures and/or crystal reorganization

(crystal perfection) during melting [41]. On the other hand,

the melting peaks in the 2nd heating scans only show a

low-temperature tail (Fig. 9b), which is ascribed to dis-

persion of crystal sizes [42]. Similar trends have been

reported for PCL porous membranes fabricated by a freeze-

extraction method [42]. The differences between results of

the PCL from scaffolds fabricated at the same temperature

(60�C) but one with salt addition and less PCL content are

harder to explain. One possible explanation is that large

PCL crystals formed on salt interfaces during fabrication

[43], increasing the crystallinity of PCL and its melting

Table 3 Literature values for human articular cartilage compression properties

Reference Method and parameter Articular cartilage Modulus (MPa)

Lebourg et al. [11] Unconfined compression, relaxation Young’s modulus – [8.4–15.3]

Varga et al. [39] Unconfined compression, Impact tangent modulus – [4–87.5] in strain range [0–0.3]

Bayraktar et al. [40] Experimental and finite element modeling Human femoral head 35–86

J Mater Sci: Mater Med (2011) 22:1843–1853 1851

123



temperature. Other experiments are necessary to provide

more insight into the origin of these differences.

5 Conclusions

This study reports on the production and characterization of

scaffolds made from PCL produced via cryomill com-

pounding, compression molding, and porogen leaching. The

motivation of this research was to develop and produce a

new range of scaffolds with appropriate structure and

properties for load bearing applications using a scalable,

economical, and solventless production approach. PCL with

PEO and NaCl porogens was chosen as a model system for

this study. Most of the approaches reported by previous

studies to produce scaffolds from blends or composites

involve the use of solvents or high temperature mixing; this

work is the first reporting on the approach of using solid-

state blending. The methodology described in the study is

very versatile, avoids the drawbacks associated with solvent

use, allows the production of a variety of scaffolds using

different polymers, and permits large scale production of

porous scaffolds of many sizes in an economical way.

Scaffolds were made from PCL in a fully interconnected

porous structure aiming at load bearing tissue engineering

applications. PCL porous scaffolds with porosity levels of

*50% which have been increased by mixing salt with the

blend (*70% for 60% wt% NaCl), and a compressive

modulus and strength (e = 10%) of 60 and 2.8 MPa

respectively have been fabricated. Results confirmed that

the fabricated scaffolds are viable candidates for load

bearing applications, such as cartilage tissue engineering.

Combining polymer and salt particulate leaching in co-

continuous blends allowed better interconnection between

the pores, thus yielding full pore network interconnectivity

in addition to higher porosities while maintaining good

mechanical integrity. From these studies, future modifica-

tions can be determined to optimize the properties of

scaffolds for cartilage tissue engineering.
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