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Abstract Porous structures destined for tissue engineer-

ing applications should ideally show controlled and narrow

pore size distributions with fully interconnected pores. This

study focuses on the development of novel poly(e-capro-

lactone) (PCL) structures with fully connected pores of 84,

116, 141, and 162 lm average diameter, from melt

blending of PCL with poly(ethylene oxide) (PEO) at the

co-continuous composition, followed by static annealing

and selective extraction of PEO. Our results demonstrate a

low onset concentration for PEO continuity and a broad

region of phase inversion. A novel in vitro assay was used

to compare scaffold infiltration by 10-lm diameter poly-

styrene beads intended to mimic trypsinized human bone

marrow stromal cells (hBMSCs). Beads showed a linear

increase in the extent of scaffold infiltration with increasing

pore size, whereas BMSCs infiltrated 162 and 141 lm

pores, below which the cells aggregated and adhered near

the seeding area with low infiltration into the porous

device. While providing a baseline for non-aggregated

systems, the beads closely mimic trypsinized cells at pore

sizes equal to or larger than 141 lm, where optimal

retention and distribution of hBMSCs are detected. A

cytotoxicity assay using L929 cells showed that these

scaffolds were cytocompatible and no cell necrosis was

detected. This study shows that a melt blending approach

produces porous PCL scaffolds of highly controlled pore

size, narrow size distribution and complete interconnec-

tivity, while the bead model system reveals the baseline

potential for a homogeneous, non-aggregated distribution

of hBMSCs at all penetration depths.

1 Introduction

A variety of synthetic or natural polymers have been

proposed for the preparation of three-dimensional porous

scaffolds for tissue engineering [1]. Among them, poly(e-

caprolactone) (PCL) has been widely used as the material of

choice in tissue engineering and drug delivery owing to its

favorable mechanical and biodegradable properties. The

mechanical stability of PCL scaffolds facilitates to withstand

early functional loads as crucial criteria suggested by Hutm-

acher [2]. Furthermore, PCL degrades at a slow rate with

results showing that it can persist in vivo for up to 2 years [3].

Even if the mechanical properties of PCL are similar to tra-

becular bone, these properties can be easily enhanced and

tailored by incorporating micro and nanoparticles into the

PCL matrix [4, 5]. PCL scaffolds have been characterized by

their biocompatibility, low immunogenicity, processability

and long degradation time and are considered as a promising

candidate for various tissue engineering applications includ-

ing bone regeneration [6–11].

The success of tissue engineering scaffolds highly

depends on their infiltration capacity which is greatly

affected by cell/pore size and pore size distribution [12]. A
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small pore size resulting from a dense network hinders cell

infiltration and ultimately reduces their use in replacing

large tissues that require ample vascularization and nutrient

diffusion [13]. A large pore size might promote angiogenic

ingrowth into the scaffold, however, cell seeding of scaf-

folds with large pore sizes run the risk of poor cell retention

during in vitro cell seeding, and biomechanical failure due

to excess void volume [14].

The melt blending of immiscible polymers at co-con-

tinuous compositions followed by static annealing and

selective extraction, among various methods for fabricating

porous scaffolds, could be a robust approach specifically

for the production of porous constructs for tissue engi-

neering purposes. The region of co-continuity, a notion

used in the fabrication method in this study, is defined as

the zone in which neither dispersed nor matrix phase in a

binary blend can be distinguished. The morphology in

immiscible binary blends depends on the interfacial prop-

erties and the composition of the components. Co-contin-

uous polymer blend structures have been examined in the

past and show the potential for the production of highly

controlled structures [15–17], however, very few works

have investigated porous structures of highly controlled

morphology derived from co-continuous blends for tissue

engineering applications. This approach allows for the

production of a variety of structures with controlled pore

diameters with narrow pore size distribution and full in-

terconnectivity. By using static annealing after melt

blending as the principle approach, significant control over

the phase dimensions in co-continuous morphologies can

be exercised [16]. By using this method, many disadvan-

tages of other fabrication techniques could be overcome,

such as the use of toxic solvents, limitations imposed by

the shape of the porogen phase, low levels of pore inter-

connectivity, high processing temperatures, large pore size

distributions and high processing costs [18]. Rapid proto-

typing, as an example, has the advantage of structuring the

pore geometry in terms of pore orientation and can control

the pore size through the choice of strand diameter, but is

limited in its ability to prepare small pore sizes [19, 20].

The melt blending approach together with static annealing

can be used to control pore sizes from \1 lm to hundreds

of microns. Previous studies applied to polyethylene and

polylactic acid based blends have shown that this can be

done in a highly controlled and quantitative fashion [21,

22].

In this study, static annealing is applied to PCL/PEO

blends leading to precisely controlled PCL phase/pore

sizes. In addition, poly(ethylene oxide) (PEO) is used as a

porogen in the blend, mainly due to its biocompatibility,

high water solubility and its extensive use in many medical

applications such as drug delivery systems using lipo-

somes, nano- and micro-particle carriers [23–25]. A

previous qualitative study has shown that PCL/PEO blends

provided an uncontrolled porous morphology with aniso-

tropic microstructure at the surface and in the core of the

sample [26]. Moreover in this prior study, quantitative

estimations of pore size, size distribution and pore inter-

connectivity were lacking.

The objective of this study is to prepare a range of

highly controlled and quantitatively characterized isotro-

pic, fully interconnected, porous PCL microstructures

based on the melt blending of co-continuous immiscible

polymers. The pore interconnectivity, the level of control

over the pore size and pore size distribution will be eval-

uated in order to verify the applicability of such constructs

as potential bone tissue engineering scaffolds. An in vitro

approach using model bead infiltration to mimic bone-

derived stromal cells will be developed to evaluate the

capacity of the controlled interconnected pathways in the

fabricated scaffolds to retain cells. Cell distribution within

the scaffolds will also be examined and compared to that of

the beads. The scaffolds will be further characterized for

cytotoxicity and cell viability.

2 Materials and methods

2.1 Materials

The commercial-grade poly(e-caprolactone) (PCL, CAPA

6800) was supplied by Solvay (Brussels, Belgium).

Poly(ethylene oxide) (PEO) water-soluble polymers

(POLYOXTM WSR-N10) was purchased from Dow (Mid-

land, MI, USA). See Table 1 for further characteristics.

2.2 Blend preparation

Blends of PCL and PEO were prepared at 45PCL/55PEO

vol% in a Brabender internal mixer under a constant flow

of dry nitrogen for the prevention of thermo-oxidative

degradation of components. Mixing was done at 100 �C for

7 min with the rotation speed of 50 rpm. The blends were

quenched in liquid nitrogen right after mixing in order to

freeze-in the morphology. The amount of material in every

batch of mixing was maintained at 80 % of the total

Table 1 Characteristics of the polymer materials used to create the

porous scaffold

Materials Molecular

weight

(Mw)

Density at

100 �C

(g/cm3)

Zero shear

viscosity

(Pa.s)

Supplier

PCL (Capa 6800) 80,000 0.961 7,261 Solvay

PEO (WSR-N10) 100,000 1.000 31,508 Dow

chemicals
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capacity. All the concentrations are reported as volume

percent and were estimated experimentally according to

their melt densities at 100 �C as tabulated in Table 1. Melt

densities at 100 �C were measured using a SWO pvT-100

apparatus.

2.3 Rheology

Discs of PCL and PEO were produced by a compression

molding press at 100 �C. The rheological characterization

was performed using a Rheometric Scientific SR5000

stress-control rheometer under the flow of nitrogen and a

parallel plate geometry with a 1 mm gap was selected.

Time sweep tests were used to determine polymer stability

while stress sweep tests were performed to determine the

region of linear viscoelasticity. The zero shear viscosities

of the polymers in Table 1 were estimated by the time

weighted relaxation spectrum approach and were verified

by the Carreau-Yasuda model [27].

2.4 Annealing and sample preparation

Static annealing of the PCL/PEO blends was performed in

a compression molding press. Small pieces of the blends

were cut, sandwiched in aluminum foil and subsequently

transferred into the cavity of a frame. The blends and the

frame were then put between the two metal plates of the

press, so that the above press just touched the top of the

samples while annealing took place. This arrangement

imposed no external pressure on the samples and hence

deformation and flow of the polymer blend were mini-

mized. The annealing process was performed under con-

stant flow of nitrogen in order to reduce the risk of thermo-

oxidative degradation of the blend components. The

annealing temperature was selected to be 160 �C which is

30 �C lower than the degradation temperature of PEO as

measured by a thermogravimetric analysis apparatus (TGA

Q-500 V6.7). After annealing, the samples were quenched

in liquid nitrogen to freeze-in the morphology. The

annealing times 0.5, 1, 1.5, 2, 2.5 and 3 h were selected in

order to ultimately generate a range of pore sizes suitable

for tissue engineering applications. After annealing, sam-

ples were shaped into discs of 3 mm in diameter and

1.5–2 mm in thickness by using a mechanical punch and a

fresh razor blade.

2.5 Pore continuity/interconnectivity

Selective extraction of PEO in the blends was performed in

deionized water at ambient temperature in 50 mL Fisher-

brand tubes for 7 days. In order to calculate continuity,

some scaffolds were subjected to 2 months of extraction to

reach constant weight. Gravimetric measurements were

used for the calculation of continuity of PEO as the poro-

gen phase according to Eq. 1. This approach allows for the

quantitative estimation of pore interconnectivity.

% Continuity ¼ ðWeight PEOinit � Weight PEOfinalÞ
Weight PEOinit

ð1Þ

2.6 Scanning electron microscopy

For the purpose of visualization by scanning electron

microscopy (SEM), annealed samples were cut into small

pyramids and microtomed at -160 �C under liquid nitro-

gen using a glass knife, perpendicular to the machine

direction. The instrument used for microtomy was a Leica-

Jung RM 2165 equipped with a Leica LN 21 type cryo-

chamber. The microtomed samples were then subjected to

extraction to remove the PEO porogen phase and yield

porous structures. After drying for 24 h the samples were

coated with a gold–palladium alloy and observed by a Jeol

JSM 840 SEM operating at a voltage range of 5–10 kV.

2.7 Mercury intrusion porosimetry/sample designation

Volume average pore diameter and pore size distribution of

the extracted samples were measured by an Autopore IV

9500 V1.06 mercury intrusion porosimeter. Mercury po-

rosimetry is based on the capillary law governing the

penetration of mercury as a non-wetting liquid into the

small pores. Mercury porosimetry uses the Washburn

equation (Eq. 2) to describe the relation between the

intrusion of mercury into the porous structure and the

pressure applied to the mercury [28]:

P r ¼ �2r Cos h ð2Þ

where P is the applied pressure, r is the radius of the pores,

r is the surface tension and h is the contact angle. For these

experiments, a contact angle of 140� and surface tension of

0.48 N/m for mercury were considered.

Each blend was subsequently classified by its pore size

and a number: 40 lm—Sample 1, 84 lm—Sample 2,

116 lm—Sample 3, 141 lm—Sample 4, 162 lm—Sam-

ple 5, and 212 lm—Sample 6. The non-annealed blend

was designated as 0.87 lm—Sample 0.

2.8 Cell culture

Human bone marrow stromal cells (hBMSCs), obtained by

bone marrow aspirates from healthy consented donors

under institutional-approved protocols, were purchased

from Texas A&M Institute for Regenerative Medicine

(Temple, TX, USA). hBMSCs were cultured and expanded

in complete culture media (CCM), which consisted of

alpha minimum essential medium (aMEM, Sigma-Aldrich,
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Oakville, ON, Canada), 16 % fetal bovine serum (FBS,

Atlanta Biologicals, Atlanta, GA, USA), 2 mM L-gluta-

mine (Sigma-Aldrich), and 100 U/mL Penicillin/100 lg/

mL Streptomycin (Sigma-Aldrich). The cells were used

between passage numbers of three and five in this study.

L929 cells (NCTC clone 929, American Type Culture

Collection, Manassas, VA, USA) were cultured and

expanded in aMEM supplemented with 10 % FBS at 37 �C

in a humidified atmosphere of 5 % CO2.

2.9 Bead/Cell infiltration

For bead/cell infiltration analysis, 2 % agarose gels with

3 mm diameter holes were created into which each scaffold

disc was press-fit, to study depth-wise infiltration of a

controlled number of beads or cells, while minimizing

escape or infiltration along the edges of the scaffold.

Briefly, 1 mL of 2 % warm agarose solution was pipetted

into each well of a 24-well tissue culture plate (BD Bio-

sciences, Mississauga, ON, Canada) and cooled down at

4 �C. Once solidified, a 3 mm diameter hole was made in

the center of the agarose gel by a 3 mm Miltex dermal

biopsy punch. The cylindrical scaffolds were then fit to the

bottom of the holes. Four pore sizes of scaffolds (84 lm—

Sample 2, 116 lm—Sample 3, 141 lm—Sample 4 and

162 lm—Sample 5) were tested for bead/cell infiltration

analysis in triplicate.

A novel approach of using polystyrene beads (size:

10 lm, dark red, Sigma-Aldrich) was first applied to mimic

cell infiltration longitudinally into each scaffold cylinder.

The particle size of the beads (n = 462) was verified and

determined to be 10 ± 0.1 lm through image analysis

using a Nikon Optiphot-2 light microscope and StreamPix

v.III and Sigmascan Pro v.5 software. As an economical

model, beads closely mimic the size of trypsinized

hBMSCs, which would be ultimately used for clinical bone

regeneration applications. 126,500 beads in 2 lL water

suspension were transferred to the top surface of the

scaffold. After passive penetration by gravity for 30 min,

the scaffolds were transferred to a new culture plate con-

taining fresh 2 % melted agarose solution and the beads

fixed in place by solidification of agarose gel in 4 �C. The

scaffolds were then cut in half to generate two semi-cyl-

inders and the transverse cross sections of the scaffold were

photodocumented with a Zeiss AxioVert S100 microscope.

The number of beads that passed through the scaffold and

remained in the bottom of the well was quantified by the

countess automated cell counter (Invitrogen). The number

of retained beads in the scaffold is simply calculated by the

subtraction of the number of escaped beads from the total

number of seeded beads (126,500). Retention capacity was

calculated by dividing the number of beads that remained

in the scaffold by the original number of beads seeded.

For cell infiltration analysis, scaffolds were sterilized by

70 % ethanol followed by sterile water washes and fit as

described above into agarose wells. 126,500 freshly tryp-

sinized hBMSCs suspended in 20 lL CCM were seeded on

the scaffolds (N = 4 per pore size). After 2 h incubation at

37 �C, the scaffolds were transferred to a new culture plate;

cells escaped from the scaffolds were then trypsinized and

seeded in a new 96-well culture plate containing a standard

curve of increasing hBMSC number. Cells in the 96-well

plate and scaffolds seeded with cells were maintained in

CCM overnight, fixed with 4 % Paraformaldehyde in PBS

for 20 min and the cell nuclei stained with Hoescht 33342

(Invitrogen) for 5 min. The fixed cells were visualized with

the Zeiss AxioVert S100 microscope and images were

captured using the QImaging QICAM FAST 1394 digital

camera and Northern Eclipse software. The total number of

escaped cells was determined by automated counting using

ImageJ software against the standard curve; cell retention

capacity was calculated as the number of retained cells

divided by total cells seeded; The scaffolds were cut in half

into two semi-cylinders, and the cross sectional area of the

semi-cylinder scaffolds was imaged with the Olympus

FV1000-IX81 confocal microscope system.

2.10 Cell viability assays

L929 cells are commonly used for viability assays to assess

the biocompatibility of scaffolds. 3 9 104 cells were

resuspended in CCM and seeded onto the scaffolds. After

20 h culture at 37 �C, AlamarBlueR cell viability reagent

(Invitrogen) was added to each well at 1:10 v/v and cul-

tured for 4 h. The fluorescence of the conditioned media

was read by a Tecan plate reader at 560 nm/590 nm

excitation/emission. Cell viability was reported as relative

fluorescence units and the test was repeated 4 times

(N = 4).

The viability of L929 cells attached on the scaffolds was

also evaluated by a live/dead assay using 1 lM green-

fluorescent Calcein AM (Invitrogen) and 1 lM red-fluo-

rescent Ethidium homodimer-1 (Invitrogen) for 30 min at

37 �C. The top of the scaffolds and the cells escaped from

the scaffold were then imaged. For brightfield microscopic

analysis, separate wells of seeded scaffolds were left

undisturbed and were imaged by the Zeiss AxioVert S100

microscope.

2.11 Statistical analyses

Mean and standard deviation (SD) values were calculated

for each group of data. Student’s t test was used to analyze

experimental groups with two samples, with P \ 0.05

taken as statistically significant.
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3 Results and discussion

3.1 Rheology

The rheology of the materials is important in determining

how the co-continuous morphology is formed. Figure 1

demonstrates the trend of complex viscosity as a function of

frequency for PCL and PEO pure materials. Time sweep tests

were done to prove the stability of the polymers in the course

of the rheological measurements. At 100 �C PCL is mostly

characterized by a Newtonian plateau in almost all the ranges

of shear rate, as opposed to PEO which demonstrates a more

shear thinning behavior in the probed frequency range. It is

clear that for low frequencies (\3 rad/s), PEO is more vis-

cous than PCL and for higher frequencies the opposite

behaviour is observed. There was a similar frequency

dependent behaviour in the storage modulus of the two

polymers as a measure of their elastic properties.

3.2 Morphology

SEM images in Fig. 2 demonstrate the evolution of pore size

in the co-continuous microstructure as a function of

annealing time at a constant annealing temperature of

160 �C. Non-annealed constructs have a negligible pore size

(0.87 lm) and their structure will be discussed in more detail

below. The SEM photos qualitatively demonstrate a high

level of continuity at all annealing times and this is further

confirmed quantitatively below. Clearly, the increase in the

annealing time leads to significantly increased phase/pore

sizes over a very wide range of scale. This approach will be

used to ultimately create a large window of pore sizes to be

studied for cell retention capacity.

The increase in the volume average pore diameter as a

function of annealing time at a given temperature (160 �C)

is also demonstrated in Fig. 3 which demonstrates a linear

correlation between the volume average pore diameter and

Fig. 1 Complex viscosity and storage modulus as a function of

frequency at 100 �C

Fig. 2 SEM micrographs of 45PCL/55PEO vol% annealed at 160 �C for a, b, c and d represent 30 min, 1, 2, and 3 h, respectively. Scale

bar = 200 lm
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the annealing time. This linear correlation in the phase

coarsening follows an R � kt relationship, where R is the

average pore radius and t is the annealing time as suggested

by Yuan et al. [17]. The coarsening rate dR/dt which is

closely controlled by the interfacial tension and zero shear

viscosity of the surrounding media is constant and was

calculated as 33.4 lm/h. This demonstrates that the aver-

age pore size can be highly controlled in a quantitative

fashion by modifying the annealing time. Such alterations

in the annealing time could lead to a 230-fold increase in

the pore size from approximately 0.87 lm in non-annealed

samples to 212 lm in 3 h annealed scaffolds. Table 2

summarizes the values of the volume average pore diam-

eter as a function of the annealing time.

Figure 4a, b depicts the pore size distribution of 4 dif-

ferent porous samples 0.87 lm—Sample 0 (non-annealed),

40 lm—Sample 1, 84 lm—Sample 2 and 141 lm—

Sample 4. Peak analysis of the non-annealed samples in

Fig. 4a showed the existence of two groupings of pore

sizes at 890 nm and 12.5 lm, as well as shoulders occur-

ring at 2 and 4 lm which indicate the polymodal/irregular

nature of the pore size distribution for the non-annealed

sample. As shown in Fig. 4, these irregularities are absent

for each annealed sample where only one sharp unimodal

peak is observed (Fig. 4b). Evidently, the coarsening effect

caused by static annealing of the samples eliminates the

polymodal/irregular behaviour in the pore size distribution.

3.3 Continuity measurements

The continuity percentage of the porogen phase in non-

annealed scaffolds as a measure of pore interconnectivity

was analyzed by gravimetric measurements in blends

Fig. 3 Volume average pore diameter as a function of annealing

time. The pore diameter was directly proportional to the annealing

time (r2 = 0.99), thus providing the ability to create pores between 40

and 212 lm by simply altering the duration of annealing

Table 2 Quantified volume

average pore diameter as a

function of annealing time for

45PCL/55PEO vol% after

extraction of PEO

Sample

annealing time

Sample 0

0 h

Sample 1

0.5 h

Sample 2

1 h

Sample 3

1.5 h

Sample 4

2 h

Sample 5

2.5 h

Sample 6

3 h

Volume

average pore

diameter

(lm)

0.87 ± 0.02 41 ± 1.2 84 ± 1.1 116 ± 0.3 141 ± 7 162 ± 1.9 212 ± 6.7

Continuity (%) *100 98.7 ± 1.2 96.8 ± 2.2 97.1 ± 0.4 98.0 ± 0.8 99.2 ± 0.6 *100

Fig. 4 Pore size distribution as a function of annealing time. a Non-

annealed versus 1 h annealed scaffold, b 0.5 and 2 h annealed

scaffolds. Non-annealed scaffolds display a polymodal pore distribu-

tion consisting of much smaller pores, while annealed scaffolds are

made up of larger unimodal sized pores
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containing up to 55 vol% PEO and is illustrated in Fig. 5.

There is a broad region of PEO continuity starting from

35 v/v % up to 55 % v/v PEO, which demonstrates that

virtually all the PEO in the samples is accessible to the

solvent (water). This is a clear indication of the high level

of pore interconnectivity for this binary blend type scaf-

fold. The blends containing 60 vol% PEO porogen phase

and higher were not self-supporting and collapsed after

extraction. In this article, all the co-continuous blends were

prepared with the composition ratio of 45PCL/55PEO

vol%. Calculation of the co-continuity as a measure of pore

interconnectivity was also performed for the annealed

blends and is shown in Table 2. For almost all annealing

times, the quantitative level of continuity, and hence the

pore interconnectivity, is nearly 100 %. Hence the virtually

perfect interconnectivity is maintained with annealing.

Also, a constant weight in the gravimetric studies was

obtained in a shorter period of time as the annealing time

increased.

The concentration of residual organic solvents in the

course of the fabrication of scaffolds should be reduced to

an acceptable window for them to be used in the human

body [29]. By using water at ambient temperature as the

solvent for the PEO phase, the added problems of toxicity

due to residual solvent and deformations at high tempera-

tures are fully overcome. Also, due to the hydrophobic

nature of PCL, any low level residual PEO in the blend

could in fact increase the hydrophilicity of the system since

PEO has been previously used in the surface modification

of PCL nanofiber webs to increase the hydrophilicity of the

polymer surface [30]. As a result, even small amounts of

PEO remaining in the blend could potentially enhance cell

attachment.

3.4 Bead/Cell infiltration

Due to the scarcity and high cost of primary hBMSCs, a

rapid screening method using 10-lm polystyrene beads

was developed to assess cell infiltration and retention in the

scaffolds. The setup of the infiltration assay is illustrated in

Fig. 6a. Figure 6b, c shows the model bead retention

Fig. 5 Continuity percentage of PEO porogen phase as a function of

PEO composition. The broad region of continuity between 35 and

55 % demonstrated that all the pores were accessible to the solvent,

and thus pore interconnectedness was evident

Fig. 6 a Infiltration assay setup where migrating agents seeded in the

scaffolds can either be beads or hBMSCs. b Number of beads/cells

that escaped from the bottom of the scaffolds. c Cell/Bead retention

capacity. 141 lm is the pore size threshold beyond which cells

behave like model beads and infiltrate the scaffolds more

homogeneously
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behavior as a function of pore size and it can be seen that a

linear relationship is obtained between bead escape/reten-

tion % and pore size. As an example, knowing that for

84 lm—Sample 2 with the smallest pore size, approxi-

mately 5,000 beads have escaped the scaffold (Fig. 6b) and

total beads seeded inside were 126,500, the retention

capacity (%) is calculated as [(126,500 - 5,000)/

126,500] 9 100 which gives 96 % bead retention. This

retention value is reported in Fig. 6c. The maximum bead

retention capacity is 96 %, observed for the 84 lm—

Sample 2, and the minimum bead retention capacity is

83 % for the 162 lm—Sample 5. Figure 7a–d shows that

the beads infiltrate efficaciously into the center of the

scaffold. Such a high level of infiltration into the scaffold

reflects the high level of continuity of the porous structure

and the tortuous pathways within the 3D constructs.

The cell escape/retention behavior is also depicted in

Fig. 6b, c and it can be seen that the pore size of the

scaffold has little influence on cell escape/retention up to

approximately 120 lm pore size. In that pore size range a

very high retention and very low escape of cells is

observed. This behavior differs markedly from the model

beads. Figure 7e, f explains this discrepancy as high levels

of surface aggregation of the cells at the top of the 3D

scaffold are observed. Higher retention values of the cells

as compared to those of the beads are explained by

hBMSCs forming undesired cell–cell interactions in the

seeding area, which limit their penetration into the lower

pore size constructs. Clearly at 84 and 116 lm pore sizes

(Fig. 7e, f), the cells are aggregated at the top of the

scaffold. At higher pore sizes (Fig. 7g, h), the hBMSCs are

able to penetrate the scaffold.

Considering the slopes (m) on the graphs for cell escape/

retention in Fig. 6b, c, three main regions with different

characteristics are observed. At low pore sizes (84 and

116 lm), there is no dependence (zero slope) of cell

escape/retention on pore size due to the cell aggregation at

the top of the scaffold post-seeding. With an increase in the

pore size (116–141 lm), a transition region is observed

where more cells tend to pass the top surface barrier and

enter the structure at deeper levels and a cell escape/

retention dependence of positive/negative slope is

observed. At pore sizes of 141 and 162 lm there is com-

plete penetration of the cells into the 3D construct and the

slope of cell escape/retention with pore size is identical to

that of the model beads. It must be noted that the onset pore

size above which the cells behave like model beads

depends on various parameters such as cell type, cell-sur-

face interactions and cell seeding density. It is expected

that by reducing the cell seeding density, the model bead

behavior could potentially be observed for cells at lower

pore sizes.

These results indicate the value of carrying out model

bead experiments as they can provide the baseline for

perfectly non-aggregated systems. The above analysis also

emphasizes the fact that cell aggregation behavior can have

a d

Top

e f g h

84 micron-Sample 2 116 micron-Sample 3 141 micron-Sample 4 162 micron-Sample 5

100 µm 100 µm 100 µm 100 µm

100 µm 100 µm100 µm 100µm

b c

Fig. 7 a–d Phase contrast images of the rectangular cross section as a

qualitative measure of bead penetration from the top toward the

bottom of the scaffolds; dark spots (arrows) are beads. e–h Confocal

images of the scaffolds showing cell penetration from the top toward

the bottom of the scaffolds; white spheres (arrows) are fluorescent

cell nuclei, dashed line represents the seeding area or top of the

scaffolds. The panels correspond to 84 lm—Sample 2 (a, e),

116 lm—Sample 3 (b, f), 141 lm—Sample 4 (c, g) and 162 lm—

Sample 5 (d, h) scaffolds. At low pore size, model beads penetrate

toward the center whereas cells tend to self-aggregate at the top of the

scaffolds. Scale bar = 100 lm
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a significant role in determining optimum pore sizes for

scaffolds in tissue engineering experiments, i.e. even if the

trypsinized cells used in this study are nominally in the

order of 10 lm in size, their effective aggregated size can

be many times greater than that value.

In this study, the 141 lm—Sample 4 (Fig. 7g) and

162 lm—Sample 5 (Fig. 7h) demonstrate a homogeneous

distribution with a low amount of cell aggregation on the

top in comparison with other pore sizes, indicating that the

open network of pores allowed cells to settle from the top

surface throughout the scaffold. However, the 162 lm—

Sample 5 demonstrated the highest bead escape level of 17

and a 6 % loss of cells as shown in Fig. 6. Therefore, it can

be stated that the 141 lm—Sample 4 shows the best

combination of cell retention capacity and distribution

inside the scaffold and is hence considered to be the

scaffold with optimum morphology. Moreover, according

to results by Hulbert et al. [31], such a large pore size

should be able to support bone ingrowth and qualify for

optimal osteogenesis prerequisites.

3.5 Cytotoxicity and cell viability

AlamarBlue� assay was carried out to verify the cytotox-

icity of the scaffolds. The exposure of L929 cells to PCL

scaffolds induces a slight decrease of average cell metab-

olism, but the effect is not significant (P = 0.11, Fig. 8a),

implying that the PCL scaffolds are not cytotoxic. Live/

dead cell assay in 141 lm—Sample 4 confirmed the cy-

tocompatibility of the scaffold (Fig. 8b, c). The monolayer

cells were visualized to grow directly underneath the

scaffold without necrosis or detachment and present a

similar morphology (Fig. 8e) to the control monolayer

culture (Fig. 8d). Nevertheless, there is a slight difference

in cell morphology on tissue culture wells with a more

elongated, spindle shaped and fibroblast-like phenotype,
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Fig. 8 a AlamarBlue� assay

was used to measure cell

viability of L929 cells cultured

on PCL scaffolds as compared

to a control monolayer culture,

n = 4. b–c Fluorescent images

of L929 cells inside the scaffold

d Fluorescent image of

subconfluent L929 cells on the

tissue culture plate (positive

control), Live and dead cells are

represented by green and red

color, respectively. e Phase

contrast image of L929 cells and

PCL scaffold. PCL scaffolds are

not cytotoxic as the monolayer

cells grow directly underneath

the scaffold without necrosis.

Scale bar = 100 lm (Color

figure online)
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compared to that on the PCL scaffold where the majority of

cells remain spherical. This is in agreement with results

obtained by Mattanavee et al. [32] who observed rounded

L929 cells cultured on electrospun PCL scaffolds, which is

best explained by an intrinsic hydrophobic PCL surface

that is relatively non-adherent for cells [33]. Future work

will focus on the surface modification of the melt-blended

PCL scaffold to enhance cell attachment, spreading and

differentiation into osteoblasts.

4 Conclusion

To date, a thorough investigation of tissue engineering

scaffolds of significantly different and highly controlled

pore sizes at the microscopic level including scaffold

infiltration as a crucial parameter has not been done. The

melt blending of PCL and PEO as a co-continuous

immiscible polymer blend followed by static annealing is a

robust approach for the creation of highly controlled

3-dimensional scaffolds destined for tissue engineering

applications. Close to 100 % pore interconnectivities, sharp

unimodal pore size distribution, along with precise and

unique control over the pore size varying over two orders

of magnitude are the main advantages of the technique.

Porosimetry measurements show that the static annealing

of the blends can yield a sharp unimodal pore size distri-

bution, as opposed to non-annealed structures that dem-

onstrate a polymodal and irregular size dispersity.

Infiltration studies using model 10-lm beads as a new

approach show that the fabricated scaffolds bear high

retention capacities and allow for the effective infiltration

of the beads into the scaffold. Such a high level of infil-

tration into the scaffold reflects the high level of continuity

of the porous structure and the tortuous pathways within

the 3D constructs.

However, it is shown that, unlike beads, cells do not act

as single entities and tend to form aggregates on the

seeding area of the small pore size scaffolds which impedes

penetration into the porous device. This phenomenon

necessitates the use of large pore size scaffolds to avoid

such non-uniform cell distribution. The model bead

experiments are important as they can provide the baseline

for perfectly non-aggregated systems and the beads closely

mimic trypsinized cells at pore sizes equal to or larger than

141 lm. The novel bead system reported in this paper can

be used as a reference model for devising proper seeding

protocols to overcome retention and distribution issues.

According to our studies, PCL scaffolds of 141-lm average

pore have the best bead/cell retention and distribution

within the scaffold. Cytotoxicity assays demonstrate that

there is no significant difference in cell viability after

incubation of L929 cells in contact with the scaffold as

compared to that of the control monolayer cells, and few

necrotic cells were detected by a fluorescent live-dead cell

assay.
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