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Abstract

This paper examines a new technique for the preparation of porous scaffolds by combining selective polymer leaching in a co-continuous blend

and salt particulate leaching. In the first step of this technique, a co-continuous blend of two biodegradable polymers, poly(3-caprolactone) (PCL)

and polyethylene oxide (PEO), and a certain amount of sodium chloride salt particles are melt blended using a twin screw extruder. Subsequently,

extraction of the continuous PEO and mineral salts using water as a selective solvent yields a highly porous PCL scaffold with fully interconnected

pores. Since, the salt particles and the co-continuous polymer blend morphology lead to very different pore sizes, a particular feature of this

technique is the creation of a bimodal pore size distribution. Scanning electron microscopy, mercury intrusion porosimetry and laser diffraction

particle size analysis were carried out to characterize the pore morphology. The prepared scaffolds have relatively homogeneous pore structure

throughout the matrix and the porosity can be controlled between 75% and about 88% by altering the initial volume fraction of salt particles and to

a lesser extent by changing the PCL/PEO composition ratio. Compared to the conventional salt leaching technique and to its different variants, the

proposed process allows a better interconnection between the large pores left by the salt leaching and a fully interconnected porous structure

resulting from the selective polymer leaching. The average compressive modulus of the different porous scaffolds was found to decrease from

5.2 MPa to about 1 MPa with increasing porosity, according to a power–law relationship. Since, the blending and molding of the scaffold (prior to

leaching) can be made using conventional polymer processing equipment, this process seems very promising for a large scale production of porous

scaffold of many sizes and in an economic way.
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1. Introduction

In the last few decades, cell transplantation using a highly

porous artificial extracellular matrix, or scaffold, as supporting

material has been explored as a route to repair damaged tissues.

Indeed, it is known that isolated cells cannot form new tissues

by themselves. Rather, they need a specific environment to

guide their growth and allow tissue regeneration in three-

dimensions. Ideally, the polymeric material should be

biocompatible, biodegradable and bioresorbable with a

controlled degradation rate to match tissue ingrowth. Surpris-

ingly, the success of such therapy greatly depends on the

microstructure and the morphology of the porous structure,

which is governed by the fabrication method. The regeneration
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of specific tissues aided by synthetic materials mostly depends

on the porosity (void volume fraction), pore size, pore shape,

pore distribution (interconnection between the pores), archi-

tecture (overall shape of the object), as well as to the

mechanical properties of the scaffolds. In general, a high

porosity and a high interconnectivity between the pores are

necessary to allow cell growth and flow transport of nutrients

and metabolic waste. Thus, beside the choice of the suitable

material, the first stage of tissue engineering begins with the

fabrication of a porous three-dimensional scaffold.

A number of processing techniques based on textile

technologies, particulate leaching, phase separation process,

gas foaming, particle aggregation and solid freeform fabrica-

tion have already been developed with more or less success to

produce porous biodegradable polymeric scaffolds for tissue

engineering applications [1–3]. Some of the first scaffolds used

to demonstrate the feasibility of tissue regeneration involved

the use of non-woven fibers in the form of tassels and felts
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consisting in individual fibers placed into a three-dimensional

pattern [4–6]. A second family of techniques involves phase

separation processes (liquid–liquid or solid–liquid) of polymer/

solvent mixture. These techniques have been explored to

produce scaffolds with porosity up to 95% [7–10]. Basically,

the polymer is dissolved in a solvent and a phase separation is

induced by lowering the solution temperature or adding a non-

solvent to the solution. In practice this method is so sensitive to

process variations that precise control of scaffold morphology

is difficult. For this reason, these techniques do not lend well to

reproducible production of scaffolds. The presence of polymer

solvent or non-solvent residual in the scaffolds can also

represent an additional limitation of phase separation

techniques.

Foaming is another path to the fabrication of porous

polymer scaffolds. It was carried out by dissolving a gas at

elevated pressure (physical blowing agent) [11–13] or by

incorporated a chemical that yields gaseous decomposition

products (chemical blowing agent) [14–16]. The foaming

technique generally leads to pore structures that are not as fully

interconnected as the previously mentioned ones. Another

feature is the ‘skin–core’ structure where the core is porous

while the external skin of the sample is solid. In some cases, the

resulting scaffolds can have well interconnected macroporous

structure with limited core/skin effect [15]. Other techniques

include the use of particle aggregation to create macroporous

three-dimensional structures with porosity up to 35% [17–19]

and solid freeform fabrication technique (SFF) such as

3D-printing [20], selective laser sintering [21], 3D-plotting

[22], fused deposition modeling [2,23]. These techniques are

time consuming and are limited to pore sizes greater than

50 mm and to porosity lower than 70%.

One of the most common and straightforward technique to

prepare porous scaffolds is the particulate leaching method,

which involves the selective leaching of a mineral, usually

NaCl salt or of an organic compound such as saccharose to

generate the pores. Solvent casting/particulate leaching

involves the casting of a polymer solution and dispersed

calibrated porogen particulates in a mold, removal of the

polymer solvent, followed by leaching out of the porogen

[24,25]. Because of casting and solvent evaporation step, this

technique is suitable for thin scaffolds only. One drawback in

this technique is the presence of organic solvent, which may be

hard to completely remove from the scaffolds during the drying

process. Residual organic solvent may be harmful to adherent

cells or nearby tissues. To circumvent this problem, several

authors proposed to replace solvent casting by melt-molding

resulting in the melt-molding/particulate leaching method.

Briefly, the melt-molding step consists in premixing polymer

powder and solid porogen particulates and hot-pressing them

together. The samples are then subjected to the same solid

porogen leaching step as for the solvent-cast samples [26–29].

In a general manner, the major advantage of particulate

leaching methods is the effective control of porosity and pore

size. Materials with porosity levels up to 90% and pore size

varying between 100 and 700 mm have been reported using the

particulate leaching technique. The porosity (or void volume
fraction) is given by the amount of leachable particles, whereas

the pore size and pore shape of the porous structure can be

modified independently of the porosity by varying the

leachable particles characteristics (size and shape). One

potential deficiency of the technique, especially for scaffolds

requiring lower porosity levels is the lack of interconnectivity

between the pores. Indeed, the spatial organization of the

porous structure—including the interconnectivity between

the pores—is directly dictated by the spatial arrangement of

the porogen particles in the polymer/particulate composite.

Therefore, decreasing the volume fraction of porogen particles

decreases the number of contact point between particles and

thus decreases interconnection between the pores after leaching

of the porogen particles. Thus, it can lead to the entrapment in

the polymer matrix of porogen particles that are not in direct

contact with other particles. This phenomenon is particularly

important at low volume fraction of porogen particles,

typically less than 65% for rigid spheres. In that case, a

completely open-cell structure cannot be manufactured due to

the isolated particles in the polymer matrix [24,29]. Another

feature that is noteworthy for the scaffold application is that the

interconnection between the pores is smaller than the size of

the pores. This may limit the propagation of cells from one pore

to the other in certain applications. Therefore, even if the pore

interconnection can be obtained using high porogen volume

fraction, it cannot accurately be controlled. Recognizing this

limitation, it has been proposed to partially bond the porogen

particles by working in a humid environment in the case of

NaCl porogen or by heat treatment in the case of paraffin

spheres or sugar particles [24,30,31].

To improve the interconnectivity between the pores, other

novel scaffolds preparation methods have been proposed by

combining particulate leaching with other fabrication tech-

niques, such as phase separation, emulsion freeze-drying, gas

foaming or rapid prototyping [13,32–36]. However, combi-

nation of particulate leaching with phase separation technique

or combination with gas foaming techniques does not ensure

complete interconnectivity of the porous structure. Rather, it

results in the creation of a multi-porous structure characterized

by different pore sizes and/or pore morphologies, the larger

pores typically resulting from the extraction of the porogen

particles whereas the smaller pores are characteristic of the

combinatory method. In another approach, solvent casting/

particulate leaching was coupled with solid freeform manu-

facturing. This lead to scaffolds containing huge channels

created by the computer aided system dispersed in small

randomly distributed local pores generated by leaching of

porogen particles [34]. In spite of the increase in porosity due

to addition of porogen particles, none of these methods allowed

a complete control over the interconnected pore structure.

More recently, a new methodology for the preparation of

porous scaffolds for tissue engineering has emerged from the

melt blending of two immiscible polymers [37,38]. The

strategy used consists in melt blending the two polymers in

the judicious composition required to create the so-called co-

continuous blend morphology, an interconnected structure in

which each phase is fully continuous. At dispersed phase
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content beyond the percolation point (y15 vol%), the minor

phase starts to form elongated structures that can touch to

create an interconnected network. The full continuity of both

immiscible phases however, is only possible in the concen-

tration range close to the phase inversion point. Clearly, at that

point, it is not possible to distinguish between a matrix and a

disposed phase. This co-continuous morphology generally

occurs in the 40:60–60:40 (vol%) composition range. After

melt mixing, the size scale of the blend is generally in the order

of 1–10 mm but can be greatly increased to 100–200 mm by

annealing above the melting temperature (semi-crystalline

polymer) or glass transition temperature (amorphous polymer)

of the two components. Subsequently, complete extraction of

one of the polymer phases using a selective solvent is possible

due to the full continuity of the two phases. The leaching,

therefore, leads to a porous structure with fully interconnected

pores. It is noteworthy that in the scaffolds prepared by

polymer leaching, the pore structure is characterized by the

interconnection of cylinders and thus is completely different

than those observed with the others techniques where the larger

pores are generally interconnected through smaller gates. Due

to that specific pore network structure, the polymer leached

scaffolds are particularly suitable for load bearing applications

such as bone or cartilage regeneration. Another important

advantage from a manufacturing point of view is that melt

processing techniques such as extrusion and injection molding

can be used to make porous scaffolds with complex geometries

in an economic way. One drawback of the technique is that it

yields maximum porosity of 50–60%. To increase this limit,

the polymer leaching technique will be combined in the current

study with a particulate leaching technique. In order to

maintain the advantages related to melt processing techniques,

the particulate loading will be kept in a range where the

material can still flow in the molten state.

The purpose of this study is to evaluate the feasibility of a

preparation method combining polymer and particulate

leaching techniques for the preparation of highly intercon-

nected three-dimensional polymeric porous scaffolds. More

specifically, sodium chloride salt and polyethylene oxide will

be used as water soluble porogens to form porous poly-

caprolactone scaffolds. The polycaprolactone and polyethylene

oxide are known to be immiscible and, therefore, form a fully

phase-segregated blend [39]. The maximum amount of salt

particles that can be added to the polymer blend while keeping

flow conditions will first be determined. Then, a detailed study

of the pore size and NaCl particle size will be addressed to

measure the influence of the intensive mixing which is
Table 1

Characteristics of the pure materials used in this study

Materials Mn!10K3

(g/mol)a

Tg (8C)a Tm (8C)a

PCL y80 K69 60

PEO y100 K70 65

NaCl n/a n/a 801

a Obtained from suppliers.
b Estimated from PVT equations.
generated inside the extruder on the integrity of salt particles.

The results will be correlated with the morphology of the

porous samples observed by scanning electron microscopy.

2. Experimental

2.1. Materials

Poly(3-caprolactone) (PCL tone P-787) and polyethylene

oxide (PEO WSR N-10) were obtained from Dow Chemicals.

Some of their characteristics are reported in Table 1. Analytical

grade chloroform was purchased from Aldrich Chemical Co.

Ltd. Table salt was used as the particulate porogen. The salt

was dried under vacuum at 100 8C prior to blending. The PCL

and PEO were received in sealed containers that minimize

moisture absorption and were further dried at 50 8C under

vacuum for a minimum of 24 h prior to extrusion.

Rheological characterization of the different polymers was

carried out by oscillatory shear rheometry using a Rheometric

Scientific rheometer (Ares). The experiments were performed

in parallel-plate geometry with a gap of 1.2 mm at a

temperature of 100 8C and under a nitrogen atmosphere to

avoid degradation of the polymers. The dynamic mode was

used to measure the complex viscosity (h*) as a function of

frequency. The stability of the neat materials at 100 8C was

monitored for 5 h using an oscillation frequency of 0.1 Hz. All

the measurements were performed at low strain amplitudes

(about 0.5–1%). The complex viscosity of the neat materials at

100 8C is shown in Fig. 1 as a function of frequency. At low

frequency, the PCL is characterized by a well defined

Newtonian plateau. The PEO is more shear-thinning in the

probed frequency range. The PEO is less viscous at low

frequency but the viscosity curves cross each other at

around 20 sK1 and at this point, the PEO becomes the most

viscous component. The PCL/PEO viscosity ratio is around 3.8

at 100 sK1.

2.2. Preparation of porous PCL

The compounding of polymers and salt particles was carried

out on a 30 mm twin-screw extruder (ZSK-30) operating at

100 8C and at a rotation speed of 150 rpm. The salt particles

and the polymers were added together in the primary feed port.

The screw configuration, reported on Fig. 2, was specially

designed to minimize shear and viscous heating in the highly

filled compounds that are produced. It is noteworthy that no

reverse screw elements, typically used to build pressurized
Melt flow index

(g/10 min)a

Density (g/cm3)b at

23 8C 100 8C

0.5 1.14 1.036

– 1.21 1.07

n/a 2.17 –
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Fig. 1. Complex viscosity of pure PCL (black symbol) and PEO (white symbol)

at 100 8C as a function of frequency.
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areas in the twin-screw extruder, were used in the configur-

ation. In addition, a non-restrictive extrusion die was used to

minimize the pressure buildup at the end of the screw. The

resulting polymer/salt composites were cut from the exit of the

extruder and dropped directly into a bath of liquid nitrogen, in

order to freeze in the morphology. Different polymer-salt

compositions were used. In a first approach, the PCL/PEO

composition ratio was kept constant at 50/50 to ensure a

co-continuous morphology of the polymer components while

changing the concentration of NaCl. In a second part, the

PCL/PEO composition ratio was decreased to maximize

porosity of the scaffold while keeping the mechanical integrity

of the samples. In both cases, the resulting polymer/salt

composites were immersed in deionnized water to leach out the

salt and PEO. The water was changed every 12 h up to a

constant weight of the wet sample was obtained.
2.3. Morphology observation

A scanning electron microscope (SEM), Hitachi SR-4700,

operated at 1 kV voltage, was used to examine the scaffold

morphology. The PCL/PEO/NaCl composites were fractured

in liquid nitrogen and etched with deionized water for 48 h at

ambient temperature to selectively extract the water soluble
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Fig. 2. Schematic of screw configuration in the twin-screws compounding process. Th

0.4 mm.
components (PEO and NaCl salt particles). The cross-sections

were coated with platinum using a sputter coater (Emitech

K575X) operating at 10 mA for about 15 s under argon

atmosphere.

2.4. Solvent extraction and continuity of the PEO phase

Selective solvent extractions of PEO in deionnized water

were performed for one week at room temperature over the

whole composition range in order to determine the phase

inversion point for the PCL/PEO system. Weight-loss measure-

ments were carried out to evaluate the extent of continuity of

PEO using the following equation:

% Continuity Z
weight PEOinitialKweight PEOfinal

weight PEOinitial

� �
!100

(1)

The maximum error is estimated at G2% continuity units.

2.5. Porosity measurement

Assuming that both porogen agents are completely

extracted out due to the co-continuous morphology of the

PCL/PEO blends (see 3.4 for a demonstration), the porosity or

void volume fraction Vf (%) of the PCL scaffolds was

calculated using the following equation

Vf Z 1K
r�

rs

� �
!100 (2)

where r* is the apparent density of the porous scaffold and rs is

the density of the non-porous material.

For comparison purpose, porosity measurements were also

investigated on PCL/NaCl binary blends. In that case, the

porosity was calculated using the following equation

Vf Z
ðrsKr�Þ

rNaCl

!100 (3)

where rNaCl is the density of salt (Table 1). This calculation

allows us to take into account of the possible incomplete

dissolution of the salt crystals. Note that in both cases the

estimation of porosity is done on disk shaped samples with
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slight irregularities on the plane surface due to the cutting

stage.

2.6. Mercury intrusion porosimetry

A Micromeritics Poresizer 9320 was used to determine pore

size distribution and pore volume of the PCL scaffolds. This

technique is based on the non-wetting behavior of mercury

with respect to most solids, which then opposes its entrance

into the porous structure. After evacuation of all the gas from

the volume containing the samples, mercury is introduced into

the sample container and then forced into the pores by applying

an external pressure. The direct relationship between this

pressure and the intruded volume of mercury is provided by the

Washburn equation

DPZ
2s cos q

R
(4)

where DP is the applied pressure, R is the pore radius, s the

surface tension and q is the contact angle. A mercury contact

angle of 1408 and an interfacial tension of mercury of

485 mN/m were used. This technique allows to investigate

pore size in the range of a few tens of nanometre to about

500 mm.

2.7. NaCl particle size

The size distribution of NaCl particles was estimated using a

Beckman Coulter laser diffraction particle size analyzer (model

LS 13 320). This single wavelength system counts and sizes

particles in powder form with a size range from 0.4 to

2000 mm. The PCL/PEO/NaCl composites were plunged into

chloroform to selectively extract both polymers. The polymer

solution was changed several times until a clear solution was

obtained. The NaCl crystals were then collected and dried

under vacuum for 24 h before analysis.

2.8. NaCl residues

The concentration of NaCl residues into the PCL porous

scaffolds. i.e. after dissolution of the two porogen agents, was

estimated by measurement of the chlorides. The following

procedure was used. The PCL scaffolds were washed several

times in deionnized water until the water was free of chloride.

This step is essential to ensure a complete dissolution of the

NaCl, which is not entrapped into the PCL phase. Then the

samples were plunged into chloroform, which only dissolves

the polymers but not the NaCl residues. The NaCl residues

were then extracted in deionnized water five times to obtain a

100 mL solution, which was further analyzed using a calibrated

electrode. The measurement of the voltage allows determining

chloride concentrations as low as 10K2 ppm.

2.9. Mechanical properties

Compressive properties were carried out on an Instron

testing machine (model 5500R) with a 1 kN load cell. Tensile
test were performed on cylindrical samples (6 mm in diameter

and 3.7 mm thick) directly punched in a porous PCL sheet.

The crosshead speed was kept at a value of 1 mm minK1.

The reported values are the average of five tests for each

sample composition. All these tests were carried out at ambient

temperature (23 8C). The compressive modulus was evaluated

from the entire linear elastic region of the stress–strain curve.
3. Results and discussion

3.1. Co-continuous blend morphologies

The co-continuous blend morphology can be found in a

concentration range that depends on the viscosity ratio between

the polymeric blend components. The vast majority of the

theoretical models for the prediction of phase inversion point

assume that the phase morphology of binary polymer blends is

a function of the viscosity ratio between the blend components.

In all cases, a viscosity ratio equal to 1 leads to a phase

inversion point at the 50:50 composition. When the two

components have different viscosity, the less viscous com-

ponent tends to encapsulate the more viscous one thus pushing

the phase inversion point toward a blend that is richer in the

most viscous component. In our study, the viscosity differences

between the blend components are relatively modest and a

phase inversion point close to the 50/50 (%vol) may be

expected.

In the current fabrication technique, the PEO phase has to be

extracted out in order to yield the desired porous PCL structure.

It is, therefore, important to determine the concentration range

in which the PEO phase can be assumed continuous. In turn,

this concentration will correspond to the potential porosity

level that can be reached after leaching. As a first step, the

relation between the composition of the blend and the degree of

continuity of the PEO phase has been explored for the binary

polymer blend (i.e. without the NaCl salt particles) and is given

in Fig. 3. The full continuity of the PEO phase is reached at



Fig. 4. SEM photomicrographs at two different magnifications of the surface of

PCL/PEO 50/50 (%vol) sample after dissolution of the PEO phase. The white

bar denotes 10 mm in both images. The presence of small droplets of PEO,

which are entrapped inside the PCL phase is clearly shown in part (b).
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a concentration slightly higher than 40% PEO. This represents

the lower PEO concentration limit required for complete

removal of the PEO during the leaching step. The higher

concentration limit will be given by the point when the PCL

scaffold looses its integrity corresponding to the continuous to

dispersed morphology transition of the PCL phase. Further

increase of the PEO concentration was possible up to about

70 vol% PEO while keeping the mechanical integrity of the

sample. At this point, the samples began to show visible loss of

material (white circle in Fig. 3) during extraction due to surface

erosion. Further increase of the PEO concentration beyond

70% led to the complete disintegration of the sample into

a powder (as indicated by a black arrow in Fig. 3), indicating

that phase inversion occurred and thus the PCL became the

dispersed phase.

3.2. PCL scaffold morphology

The morphology obtained in absence of the salt particulates

was first explored. In this case, the pore size obtained using the

polymer leaching technique is dictated solely by the scale of

segregation in the co-continuous polymer blend. To determine

this pore size, microtomed surfaces of 50/50 PCL/PEO blends

have been observed by SEM after extraction of the PEO phase,

as illustrated in Fig. 4. As expected from the gravimetric

results, the PCL porous scaffold possesses fully interconnected

pores. The presence of PEO subinclusions into the PCL

phase—clearly visible in Fig. 4(b)—could possibly explain

that the plateau value in gravimetric curve is lower than 100%.

A few authors reported the presence of subinclusions in binary

blends such as PLLA/PS [38]. Even if it is not the purpose of

this work to discuss the issue of subinclusion formation in co-

continuous blend morphology, their presence into the PCL

phase even in small amount is of critical interest since it

implies that part of the porogen will not be extracted out, rather

staying into the PCL phase as dispersed droplets of submicron

size. It is, therefore, important when using this technique to use

a porogen phase that is biocompatible (such as PEO).

With the addition of salt particulates, the scaffold porosity

can be tuned by modifying the salt concentration giving an

additional degree of freedom in the scaffold design. In this case,

an immediate concern which arises has to be the maximum salt

concentration that can be attained while maintaining sufficient

fluidity for processing the material in extrusion or injection

molding equipments. The viscosity of suspensions is known to

increase with solid particulate concentration and to become

infinite when the solid content reaches the maximum packing

concentration [40]. The maximum packing for monodisperse

dense sphere is theoretically around 68 vol%. At that point,

particles contact each other and there is no longer sufficient

liquid phase to lubricate the motion of particles. In our case,

starting from 10% with step of 10%, the maximum salt

concentration that was attained was 70 vol% and thus was in

the range of the expected maximum packing concentration.

Beyond that concentration, the particulates were not totally

wetted and the mixture lost its ability to flow condition. The

SEM micrographs shown in Fig. 5 illustrate the morphology of
the PCL porous scaffolds for NaCl concentration of 50, 60 and

70%. Note that in all cases the PCL/PEO concentration ratio is

kept constant to 50:50. The nominal porosity level expected for

the 50, 60 and 70 vol% salt blends is thus 75, 80 and 85%.

From a macroscopic point of view, the morphological structure

does not change significantly with NaCl composition varying

from 50 to 70% (Fig. 5(a), (c) and (e)). All scaffolds are

characterized by a multimodal pore structure with distinct pore

sizes and pore architectures. The macropores associated with

the salt particles are roughly cubic in shape and seems to be

homogeneously distributed in the melt polymer matrix. These

macropores are most easily seen at low magnification and at the

50 and 60 vol% salt levels (Fig. 5(a) and (c)) where the

rectangular pores span over several hundred mm. The size of

these macropores varies considerably throughout the scaffold

from a few tens to hundreds of micrometers and should depend

on the size distribution of the salt particles. The surface of the

macropores—corresponding to the surface of the NaCl salt

particles—demonstrates good pore interconnection with the

porous matrix, indicating that no particular skin layer was

formed on the surface of the salt particle (Fig. 5(b), (d) and (f)).



Fig. 5. SEM photomicrographs of PCL porous scaffolds generated after selective extraction of (a) and (b) 50% NaCl; (c) and (d) 60% NaCl; (e) and (f) 70% NaCl

after dissolution of PEO and NaCl. In all blends the PCL/PEO composition ratio is kept constant to 50/50.
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Also, the absence of remaining salt crystals suggests that the

dissolution of the salt crystals is completed and that the pores

are well interconnected. The micropore network created by the

extraction of the PEO porogen polymer is characterized by

cylindrical pores with a maximum size of approximately 5 mm,

as shown in Fig. 6(a). On the other hand, inspection of the SEM

micrographs also reveals the presence of pores of intermediate

size, which may be created by contact between salt particles

before leaching. Occasionally found in the 50% salt scaffold,

the number of these intermediate size pores increases with salt
concentration as expected from the higher contact probability

between salt particles. The size of these pores, much smaller

than the size of the macropores, is typically in the 5–50 mm

range. Compared with commonly used particulate leaching

methods, the current scaffold fabrication process allows for a

better connectivity between the pores since the cell walls—

between the NaCl salt particles—are themselves porous (due to

the removal of the continuous PEO phase). As a result, the

porosity is entirely interconnected throughout the whole

scaffold, even at low salt concentration. This was confirmed



Fig. 6. SEM photomicrographs of PCL porous scaffolds after selective

extraction of PEO and NaCl. The PCL/PEO composition ratio is changed while

keeping the NaCl concentration at 50 vol%. (a) PCL/PEOZ50/50; (b)

PCL/PEOZ40/60; (c) PCL/PEOZ30/70.
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by similar morphological results obtained at lower salt

concentrations.

A few comments can be made on the pore morphology with

respect to the tissue engineering application. It clearly appears

that the prepared scaffolds possess a very good interconnecti-

vity between the pores, and that is strongly desired in tissue

engineering, as the exchange of nutrients and cell waste would
be improved. However, it may be desirable to increase the size

of the pore opening due to the extraction of the PEO phase in

order to improve the cell seeding throughout the whole sample

and not only on its surface. This issue has already been

discussed for more than 20 years in polymer blends (without

filler of macroscopic size) and it appears that the segregation

scale in co-continuous blends mostly depends on the interfacial

tension between the two phases. Unfortunately, in our case,

there is a good affinity between the PCL and PEO phase,

resulting in a low interfacial tension [39] and thus in fairly

small pores. As mentioned in the introduction, the phase size in

co-continuous blends can be increased by annealing the blend

above the melting temperature of the two components [37,38].

In the current ternary blend however, the effect of the high salt

content on the coarsening of the structure must be assessed.

In comparing Figs. 4(b) and 6(a) (same magnification), it is

clearly seen that the size of the micropores given by PEO

leaching are significantly smaller in the presence of NaCl

particles. A possible explanation is that the elapsed time before

the sample was cooled below the crystallization temperature

after extrusion (around 5–10 s) is sufficient to initiate the

coarsening of the co-continuous PCL/PEO structure in absence

of NaCl particles. This coarsening process may be slowed

down or even prevented in a constrained geometry as the flow

of the polymer is hindered by the presence of rigid particles.

This would result in the blends comprising the NaCl particles

in lower phase size as noted above. Similar changes in

coarsening dynamics were observed in different polymer/

polymer/particulate blends. For example, addition of a small

amount of fillers (typically, 3 wt%) such as nano-clays, carbon

black and calcium carbonate prevented the de-mixing or

coalescence of the PS/PMMA polymer blend in presence of

carbon dioxide [41]. In another investigation, the addition of

black carbon in PE/PS blends—selectively localized into the

PE phase—increases the stability of the co-continuous

morphology during thermal treatment [42]. These authors

explained the reduction in the coarsening rate during annealing

by the viscosity increase in the filled-PE phase. In the current

study, the size of the NaCl particles is much larger than those

reported in these studies with respect to the size of the polymer

phases. However, the particulate concentration is much higher

possibly resulting in similar confinement effects, which could

explain the increased stability of the PCL/PEO co-continuous

structure. It has also been reported that adsorption of polymer

chains on filler surfaces can lead to the reduction of the average

segmental mobility of those chains and can thus shift a portion

of the polymer relaxation spectrum to longer times, just as

entanglements, partial cross-linking or crystallization do to a

lesser degree [43]. As a result, this adsorption phenomenon

may tend to slow down the mechanisms of coarsening which

occurs in quiescent conditions. This effect will be directly

related to the strength of the interaction between the chains

and the filler surface and would also contribute to slow down

the coarsening phenomenon in presence of the salt particulates.

The salt concentration was modified above to change the

scaffold porosity level. Another way to modify the final

porosity is to change the PCL/PEO composition ratio within
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the co-continuous concentration range. Samples were prepared

at different composition ratios, while keeping the amount of

NaCl particles at a constant value of 50%. Fig. 6(a)–(c)

illustrate the evolution of the pore structure for PEO

concentrations (within the total 50% polymer content) of 50,

60 and 70 vol%. As in Fig. 5, the nominal porosity of these

scaffold are also 75, 80 and 85%, respectively. The co-

continuous structure is clearly present in Fig. 6(a) for the PEO

concentration of 50%. However, increasing the proportion of

PEO phase to higher concentrations in Fig. 6(b) and (c) leads to

a drastic effect on the morphology of the PCL scaffold. At the

PCL/PEO concentration ratio of 40/60, the PCL phase is still

continuous but the PCL phase presents a fibrilar structure. The

space between the PCL struts seems to increase while the PCL

phase thickness remains relatively constant. The micrograph

for the 30/70 PCL/PEO blend in Fig. 6(c) shows PCL isolated

nodules indicating the loss of the PCL phase continuity. This

blend morphology evolution with composition ratio clearly

supports the continuity-composition curve of the PEO phase

presented in Fig. 3 and explains the sample fragility and

surface erosion observed during porogen leaching. Samples

corresponding to PCL/PEO concentration ratio of 20/80 totally

collapsed during leaching (not shown), clearly indicating that

phase inversion occurred and that PEO became the matrix

while the PCL was only present as dispersed droplets.
3.3. Overall porosity

The apparent porosity associated with the micrographs of

Figs. 5 and 6 are those expected from the complete removal of

the polymer and salt porogen. It is very important to

quantitatively verify if this assumption is realistic. To further

investigate this point, final weight of the samples after drying

and exact dimensions were used to evaluated the density and

the porosity of the PCL scaffolds as a function of the salt

concentration. Fig. 7 shows the measured porosity as a function

of the porosity expected from complete removal of the porogen
NaCl Salt Concentration (vol.% relative to polymer)
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Fig. 7. Porosity of PCL scaffolds as a function of NaCl concentration. The solid,
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fraction. For the PCL/PEO/NaCl blends, the measured

porosities of the scaffolds correspond well with the predicted

ones. As expected, increasing the amount of porogen and/or

reducing the PCL/PEO composition ratio induced an increase

in porosity. The highest porosity level, 88%, was obtained with

the 12/18/70 PCL/PEO/NaCl. All these results imply that both

the salt and the PEO are fully extracted, that the pores are well

interconnected, and more importantly, that adding NaCl as a

second porogen into PCL/PEO blends allows to greatly extend

the maximum porosity value.

For comparison purpose, PCL/NaCl binary blends with the

same NaCl concentrations were also prepared. As shown in

Fig. 7, the porosity measurements obtained for these blends

(without PEO) are lower than the values expected for complete

extraction (solid line), except for the 70% salt blend

concentration. These lower porosity values indicate that part

of the salt crystals are entrapped into the PCL phase at low salt

concentration and thus cannot be leached out with water. This

phenomenon has also been observed by several authors [29] on

PLGA scaffolds made by using gelatin microspheres as

porogen agent. They reported that their PLGA scaffolds still

contain between 3 and 9 wt% of residual gelatin—the porogen

phase they used—at the end of the dissolution process, and that

this fraction tended to decrease with increasing initial fraction

of gelatin. Similarly, other researchers reported that it was not

possible to leach out the salt component from compression

molded samples at salt contents below 60% [24].

It is also noteworthy in this study that the co-continuous

polymer blend structure speeds up the salt release process since

it takes only 2–3 days to completely remove the NaCl from the

PCL/PEO/NaCl blends compared to almost 2 weeks for the

PCL/NaCl blends. The above results clearly indicates that

adding a polymer phase as a second continuous porogen

overcomes one of the main disadvantages of the classical salt

leaching method, namely the lack of interconnection between

the porogen particles, particularly at low salt concentration,

which leads to incomplete extraction of the porogen phase.

3.4. Pore network characteristics

In this part of the work, the pore network will be examined

in details by comparing the NaCl particle size and the mercury

intrusion porosimetry analysis. For the particle size analysis,

the NaCl particles were extracted out from the PCL/PEO/NaCl

composites by selective dissolution of the polymeric materials

and decantation. They were then analyzed by laser diffraction.

Clearly, it would be desirable to control and maintain a

specified salt particle size distribution prior to leaching, since

the macropores described above are the fingerprints of the

volume occupied by the NaCl particles. Thus, studying the

effect of mixing on the salt particles size and shape is of critical

interest. Fig. 8 depicts the particle size distribution of NaCl

particles before and after mixing. The size distribution by

number of particles reflects the number fraction of the particle

population in different size categories. On the other side, the

size distribution by volume represents the volume fraction of

the particles in different size categories. Because small
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particles necessarily occupy less volume than large ones, the

peak in the number distribution always occurs at a smaller size

that the peak in the volume distribution (unless the particles are

monodisperse). Before mixing (solid line and dashed line), the

NaCl powder is mainly composed of uniformly distributed

large particles—typically between 100 and 700 mm in

diameter—as demonstrated by the similar volume (DV) and

number (DN) size distribution curves. However, after going

through the extruder, the number and volume particle size

distributions move apart, indicating that a large number of

small particles appeared during mixing. The cumulative

number and volume size distributions given in Table 2

indicates that the vast majority of particles—more than 80%

in population—have a particle diameter smaller than 1 mm but

they represent as less as 0.2% of the total volume of NaCl

particles. It is worth noting that this volume fraction may be

slightly increased by the lost of the smallest particles—the

lightest particles—in suspension into the solvent during

extraction of the polymeric phases. However, this proportion

should not significantly affect the results. Table 2 also indicates

that about 70 and 90% of the volume is given by particles larger

than 100 and 10 mm, respectively. Similar distribution curves,

were found using the different NaCl concentrations indicating

that particle size distribution is independent of the salt

concentration in the 50–70% salt range. Because of the
Table 2

Cumulative number and volume size distributions of NaCl salt particles before and

Particle size

(mm)

Cumulative%!

Before mixing 50% NaCl

Num% Vol% Num% Vol%

1 0 0 86.0 0.16

10 0 0 99.8 1.6

100 3.2 0.1 99.99 30.9

1000 100 100 100 100

In all cases the PCL/PEO composition ratio is kept constant at 50/50.
occurrence of a huge population of small particles, the

distribution in number—traditionally given in particle size

analysis—does not yield a representative image of the NaCl

particle size after mixing. From a processing point of view,

using a relative wide range of particles sizes can decrease the

viscosity of the blend for a given filler concentration compare

with monodispersed systems [40]. This phenomenon simply

results from the increase in the maximum packing fraction as

smaller particles can occupy the space in the interstices

between larger ones.

SEM micrographs of the NaCl powder before and after

mixing are given in Fig. 9 to illustrate the effect of mixing on

salt particles. Before mixing, the salt particles have a cubic

shape with relatively sharp edges. However, after mixing, the

vast majority of salt particles has been fractured in various

shapes and look more round in shape. In addition, a large

number of very small salt particles are present on the

micrograph, as expected from the particle size analysis given

in Fig. 8. All the above results demonstrate that erosion and

fracture—by cleavage—are taking place during intensive

mixing into the extruder. Different screw configurations or

mixing equipment should be investigated in the future to solve

this issue.

In the second approach, the porous structure obtained after

extraction of the porogen phases was directly characterized by

mercury intrusion porosimetry (MIP), which is a reliable

method to determine pore size distribution. Fig. 10 shows the

evolution of the pore volume—reported as an incremental

intrusion volume—as a function of pore diameter or pore size,

measured through an increase in the applied pressure. Note that

a logarithmic pore-size axis has been chosen because it is more

suitable for covering several orders of magnitude in pore size,

as it is the case in our study. The most striking feature is that the

majority of pore volume seems to be occupied by pores smaller

than 10 mm. More precisely, the intruded volume of pores

lower than 10 mm represents more than 57% of the overall

scaffold porosity, as shown in Table 3 where the cumulative

volume size distribution is given as a function of the pore size

or pore diameter. According to the MIP analysis, pores greater

than 100 mm represent less than 6% of the total volume of pores

whereas salt particles of equivalent sizes represent more than

70% of the total volume of NaCl particles. Clearly, this does

not match the pore size distribution expected from the NaCl

particle size analysis given in Table 2 where the volume of

particles smaller than 10 mm represents less than 1.6% of the

total volume of particles. In addition, this discrepancy cannot
after mixing for the different salt composition

60% NaCl 70% NaCl

Num% Vol% Num% Vol%

86.1 0.11 88.82 0.2

99.9 0.67 99.85 1.6

99.99 22.3 99.99 29

100 100 100 100



Fig. 9. SEM micrographs of NaCl particles (a) Before mixing and (b) after

mixing for the PCL/PEO/NaCl 15/15/70 vol% blend (polymers selectively

dissolved). Clearly, erosion and breakdown are taking place during intensive

mixing into the extruder.

Table 3

Cumulative volume size distributions of pores for the different salt composition

Pore size (mm) Cumulative volume%!

50% NaCl 60% NaCl 70% NaCl

1 1.3 7.8 13

10 89.7 82.0 57.1

100 97.8 94.3 92.8

1000 100 100 100

The PCL/PEO composition ratio is kept constant at 50/50.
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be only explained by the presence of the pores obtained by the

polymer leaching step since the extracted PEO phase accounts

only for 25% of the overall material volume (prior to leaching).

How can we explain this major difference? The answer to this

question lies in the implicit assumption in the MIP technique

that the pore channels have uniform dimensions. In the case of

non-uniform channels, the mercury intrusion will however, be

influenced by presence of flow restrictions such as gates in the

channels. The distribution of pore volume will, therefore, be

affected by the pore opening or pore gate—gates are defined as

smaller apertures linking larger diameter pores. In other words,

the pore size distribution given by MIP analysis should not be

understood as the volume distribution of cavities, but rather as

the size distribution of the pore gates towards pores [44]. As a

result, the calculated pore size distributions are always shifted

towards smaller pore size [45]. As demonstrated in Fig. 5(b),

the porous scaffold consists in an assembly of isolated large

cavities, created by the leaching of the salt particles,

interconnected by a network of smaller channels created by

the PEO extraction. Given this pore structure, the results given

by MIP in combination with the NaCl particle size analysis

indicate that the majority of pore volume is constituted of
relatively large pore that are only accessible through relatively

small gates. As mentioned in the introduction part, this pore

opening is of critical importance for cell seeding since isolated

cells or cell aggregates larger than the pore opening may not be

able to penetrate deeply into the scaffold.

Additional information about the difference in pore

structure between the different PCL porous scaffolds can be

extracted from the injection curve—the relationship of volume

entering the pore system to pressure over the whole pressure

range—and are given in Fig. 11. Such curves are useful in

interpreting pore geometry and give information about pore to

gate ratio and connectivity [46]. Firstly, the threshold injection

pressure—as-defined by the pressure at which there is an

abrupt change of gradient in the initial part of the injection

curve decreases with porosity, and this effect is more

pronounced for the higher porosity sample. Assuming a

cylindrical gate size, the threshold pressures correspond to an

equivalent gate size of 7, 11 and 36 mm for the 75, 80 and 85%

porous scaffold, respectively. Another important feature of

Fig. 11 is the slope of the mercury capillary pressure curves for

small increment above the threshold pressure. Clearly, the

injection curve for the 85% porous system has a steeper

gradient, which indicates that this sample has a wider range of

gate sizes. All these results demonstrate that the pore structure

of the 85% porous system—corresponding to the highest

content of NaCl (70%)—is different from the two lower porous

systems. Such a high threshold pore size—far greater than

the pore size given solely by extraction of the PEO phase
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Fig. 12. Schematic representation of the effect of NaCl concentration on the

pore morphology. (a) At low salt concentration, the macropores generated by

salt leaching are only connected by the micropore network associated with the

co-continuous PCL/PEO blend. (b) At high salt concentration, those

macropores are connected by the same micropore network but also by pore

opening of intermediate size due to contact between salt particles.
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(!5 mm)—as well as a steeper gradient indicate that a network

of intermediate pore sizes has been created by contact between

NaCl salt particles. As expected, this effect is more pronounced

for higher NaCl salt content in the composite since the

probability of interparticle contact should also increase in

consequence (compare Fig. 5(b) and (f)). This is confirmed by

estimation (from Table 3) of the relative proportion of pores

gates inferred from MIP measurements between 10 and

100 mm. With less than 10% of total pore volume for the 50

and 60% NaCl systems, this amount increases up to 35% for

the 70% NaCl system. This situation is schematically

represented in Fig. 12. At low salt concentrations, the particles

are mainly isolated in the porous matrix (Fig. 12(a)). Thus, the

interconnection between the macropores only depends on

the size of the co-continuous network. However, near the

maximum random packing density which is typically 64 vol%

for monodispersed rigid spheres, most of the salt particles are

in contact together, thus creating a second network of pore

interconnection of higher sizes compared with the size of the

PEO phase. This phenomena may also be accentuated by

erosion of salt particles during mixing, thus increasing the

surface of contact between adjacent particles. It is worth noting

that an increase in volume fraction for pore size greater than

10 mm—observed for the 70% NaCl system—may be caused to

a certain extent by partial collapsing of the porous structure

during mercury intrusion. Indeed, increasing the relative

amount of NaCl in the blends results to thinner walls and

thus one could envisage that the porous sample may be fragile

enough to rupture at this weaker spots. These conditions may

lead to higher apparent pore size than expected.
3.5. NaCl residues in the scaffold

NaCl particle size analysis clearly indicates that a large

number of salt particles are in the 1 mm size range, similar to

the PEO/PCL segregation scale. Therefore, a potential concern

is that the smaller salt particles may get entrapped into the PCL

phase and cannot be extracted out, thus remaining inside the
porous scaffold. To investigate this issue, the concentration of

NaCl residues into the PCL porous scaffold with respect to the

mass of the PCL scaffold after extraction were measured and

are reported in Table 4. In all cases, the concentration of

residual NaCl is less than 20 ppm, which represents less than

0.0005 wt% with respect to the total mass of salt particles

added to the blend. Thus, even though around 0.2% volume of

particles had a diameter smaller than 1 mm, these are still fully

extractible during the leaching step. It can be assumed that the

particles are not completely engulfed by the PCL phase, rather

protruding through the surface or even preferentially located

into the PEO phase.
3.6. Blend morphology formation mechanism

The information presented in the previous sections enables

discussion of the pore formation mechanism. One first

important observation is that the co-continuity of the melt

phases can be achieved regardless of the solid particulate

concentration. This indicates that early in the mixing process,

before distributing and wetting the solid particulates, the two



Table 4

Concentration of NaCl residues in the PCL scaffolds

Composition PCL/PEO/NaCl [NaCl] (ppm)

25/25/50 1.6G1.1

20/20/60 0.9G0.8

15/15/70 11.6G5.8
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polymeric components go through a rapid morphological

change into the co-continuous morphology. As further mixing

proceeds along the screw length, the solid salt particles are

wetted and the polymer blend morphology in the interstitial

area is stabilized by its relative confinement. The second

important observation concerning morphology development is

the attrition of the salt particles. On a microscopic level, the

stress that can be transferred from the melt to the solid

particulates is not a function of concentration. As concentration

is increased however, the contact probability between particles

increases and, therefore, attrition is expected to increase. This

phenomena has lead to the formation of the salt bimodal size

distribution shown in Fig. 8. The smaller particles that have

been created by attrition are of similar size as the polymer

blend segregation scale. Thus, they are easily leached with the

PEO phase as shown by the residual NaCl analysis and do not

interfere much with the overall pore structure. At the higher

salt concentration, the remaining large salt particles have been

rounded due to the important attrition leading to pores that are

not as sharp as those observed at lower concentration (Fig. 5(f)

vs. (d) for example). Therefore, in addition to the increased

interconnectivity between large pores, increasing the salt

concentration leads to a slight change in pore shape.
107
3.7. Compressive properties of the scaffolds

A key requirement for the most tissue engineering scaffolds

is to match the mechanical properties of the injured tissue until

the regenerated tissue takes over that specific function. Fig. 13

shows the stress–strain curves for PCL scaffolds with porosity

varying between 75 and 88%. All the scaffolds were prepared

with a PCL/PEO composition ratio of 50/50 except for the 88%
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porous scaffold, which was made with PCL/PEO ratio of 40/60

to maximize the porosity. The curves corresponding to the

porous PCL scaffold are typical of polymeric foam [47]. They

show linear elasticity at low stresses (typically less than 10%)

followed by a relatively long collapse plateau and finally a

rapid increase in stress corresponding to the material

densification. It is worth noting that all these PCL scaffolds

can recover their deformation at strain levels higher than those

corresponding to the linear elastic region. More precisely, the

deformation corresponding to the plateau is still recoverable

(and thus elastic) but in a non-linear fashion. In our case, this

plateau is not really flat as the stress increases slightly with

strain curve. This behavior is typical of closed-cell foams like

those of polyethylene, due to the compression of the gas within

the cells together with the membrane stresses which then

appears in the cell faces [47]. It is worth noting that the later

effect may prevail in our case since the interconnectivity

between the pores should allow the gas to flow throughout the

scaffold and eventually be expelled out, especially at the low

deformation rate used for testing (between 3.12!10K3 and

5.16!10K3 sK1). As expected, increasing the porosity of the

foam decreases the compressive modulus (initial slope),

decreases the plateau stress and increases the strain at which

densification begins.

Fig. 14 displays the relationship between the compressive

modulus and the relative density r*/rs of the scaffolds prepared

in this study. The relative density corresponds to the porous

material density divided by the pure PCL density. Compressive

modulus values range from 5.3 MPa to about 1 MPa for the 75

and the 88% porous sample, respectively. More precisely, on a

log–log plot, the relationship between compressive modulus

and the relative density follows a power–law (i.e. linear

relation on a log–log plot) as expected from the deformation

mechanisms of foams model proposed by Gibson and Ashby

[47]. This model assumes a cubic cell structure constructed of

beams with square cross-section. According to this theoretical

model, the compressive modulus is related to the relative
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density of the foam by the following power–law relationship

E� Z c
r�

rs

� �m

(5)

where c is the compression modulus of the non-porous material

whereas m is the power–law exponent which should vary

between 1 and 2 for an isotropic open-cell foam with uniformly

distributed cells. Fitting our experimental data with this

function yields cZ313.3 MPa and mZ2.9 and those results

are valid over the porosity range of the data (75–88%). As

shown in Fig. 14, the power–law relationship describes well the

dependence of compressive modulus vs. the relative density

(solid line). The estimated value of the parameter c corresponds

well with the compression modulus of neat PCL (y360 MPa

as-measured with the same set-up). However, the slope of our

experimental data (mZ2.9) is higher that the theoretical range

for uniform isotropic open-cell foams. Similar observations

have been made for other scaffold materials. Thomson et al.

[29] obtained a slope of 2.4 for a porosity range of 33–75% on

PLGA scaffolds made using gelatin microspheres as a porogen

agent. Hou et al. [24] obtained power–law exponents varying

between 2.42 and 2.66 for PDLA and PCL scaffolds prepared

by coagulation, compression moulding and salt leaching.

Compression modulus measured on cancellous bone show

that data fall between lines of slope 1 and 3 [47]. This large

discrepancy was explained by the different orientation of the

pores, resulting in anisotropic mechanical properties. Never-

theless, the dependence of compression modulus on porosity or

relative density, which is specific to the material and

fabrication methods gives us the opportunity to tailor the

biomechanical response of the scaffold to the damaged tissue.

Eventually, Fig. 14 shows that the compression modulus

of samples prepared with a PCL/PEO composition ratio of

40/60 fall on the same modulus vs. porosity curve as the

samples prepared with the PCL/PEO 50/50. Thus, at 40/60,

the PCL structure retains its integrity. This is not the case for

the sample with a PCL/PEO ratio of 30/70, which collapsed

during extraction (not shown). This phenomenon is well

illustrated by considering the PCL microstructure shown in

Fig. 6 from a mechanical point of view. Decreasing the PCL

content with respect to the PEO phase leads to the formation

of more and more PCL short fibers and eventually droplets

which do not participate to the mechanical response of the

scaffold and thus weakens the porous material.

More specific compression properties have been investi-

gated on the PCL scaffold samples by following a protocol

usually applied for the measurement of mechanical properties

of cartilage. It was found that the mechanical response of the

sample with 85% porosity is comparable to that of a bovine

cartilage with a compressive modulus of about 10 MPa. These

results will be presented in separate communication [48].
4. Conclusions

PCL porous scaffolds with porosity levels up to 88% and a

dual pore size distribution have been obtained by a
combination of co-continuous polymer leaching and particu-

late leaching techniques. This technique involves the incor-

poration of NaCl salt particles in a co-continuous blend of PCL

and PEO using melt processing techniques, followed by the

selective extraction of the salt and PEO to leave a highly

porous PCL scaffold. Depending on the polymers and salt

concentrations, the porosity of the PCL sample can be varied

between 40 and 88%. Compared to conventional salt particle

leaching, this new fabrication technique allows a better control

of pore interconnectivity by creation of a fully interconnected

pore network. It also allows to widen the porosity range of co-

continuous blend leaching technique by about 50% while

maintaining good mechanical integrity. The compression

modulus of the porous PCL materials was found to decrease

with an increase in porosity according to a power–law

relationship. The values varied from about 1 to 5.2 MPa,

which may render these scaffolds suitable for load bearing

applications, such as cartilage regeneration.
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