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Abstract The angiogenesis of 3D scaffold is one of the

major current limitations in clinical practice tissue engi-

neering. The new strategy of construction 3D scaffold with

microchannel circulation network may improve angiogen-

esis. In this study, 3D poly(D,L-lactic acid) scaffolds with

controllable microchannel structures were fabricated using

sacrificial sugar structures. Melt drawing sugar-fiber net-

work produced by a modified filament spiral winding

method was used to form the microchannel with adjustable

diameters and porosity. This fabrication process was rapid,

inexpensive, and highly scalable. The porosity, micro-

channel diameter, interconnectivity and surface topogra-

phies of the scaffold were characterized by scanning

electron microscopy. Mechanical properties were evaluated

by compression tests. The mean porosity values of the

scaffolds were in the 65–78% and the scaffold exhibited

microchannel structure with diameter in the 100–200 lm

range. The results showed that the scaffolds exhibited an

adequate porosity, interconnective microchannel network,

and mechanical properties. The cell culture studies with

endothelial cells (ECs) demonstrated that the scaffold

allowed cells to proliferate and penetrate into the volume

of the entire scaffold. Overall, these findings suggest that

the fabrication process offers significant advantages and

flexibility in generating a variety of non-cytotoxic tissue

engineering scaffolds with controllable distributions of

porosity and physical properties that could provide the

necessary physical cues for ECs and further improve

angiogenesis for tissue engineering.

1 Introduction

Various scaffold constructs have been used for the devel-

opment of tissue engineered bone; however, an active

blood vessel is an essential pre-requisite for these to sur-

vive and integrate with exiting host tissue. The vasculari-

zation of the scaffold constructs is one of the major current

limitations [1–4]. Vascularization within an implant is

greatly increasing diffusion and allows for the optimal

nutrient/waste transport for engineered tissues grown on

porous scaffolds. Nevertheless, it has been demonstrated

that blood vessel invasion from the host tissue in the

vicinity of an engineered tissue is limited to a depth of

several hundred micrometers from the surface of implant

[5, 6]. Therefore, a variety of strategies have been

employed to promote biomaterial vascularization such as

gene and/or protein delivery of angiogenic growth factors,

provision of a vascularized bone flap, and ex vivo culturing

of scaffolds with Endothelial cells (ECs) alone or in

combination with other cell types [7–9].

Research found that the design and architecture of the

scaffold are also a critical factor for the formation of a

vascular network. However, there are a limited number of

methods used for the fabrication of bone tissue engineering

scaffolds with the ability to form an inherent vascular

network. Microfabrication of networks with vascular

geometry is usually achieved by photolithography, 3D

printing, or other microfabrication-based technologies [10–

16], which would theoretically be able to pass oxygen and

nutrients into the deeper portions of the structure and have

potential to give physical cues for cell. Unfortunately, a
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drawback of photolithography is its inability to create 3D

architectures. 3D printing technology based on computer-

aided design/computer-aided manufacturing (CAD/CAM)

holds a great potential to establish an intrinsic microcap-

illary network. Yang et al. [16] used extrusion free form-

ing, a rapid prototyping technique to fabricate ceramic

scaffolds with three distinct structure levels: submicrome-

ter pores, aimed to enhance cell/surface interactions, pores

of tens of micrometers to encourage bone ingrowth, and

corridors (100–600 lm) for vascularization. Recently,

Santos et al. [17] fabricated innovation architecture, which

was the nano/micro-fiber-combined scaffold. This scaffold

made from a blend of starch with polycaprolactone (SPCL)

having potential to elicit and guide the 3D distribution of

endothelial cells. Moreover, several sacrificial techniques

have been used to pattern simple microfluidic networks in

scaffolds [18–20]. Bellan et al. [20] promoted the con-

struction of a vascular network using sacrificial sugar

structures. The structure was then soaked in water and the

sugar-fibers solubilized leaving in the polymeric matrix

macrochannels with diameters close to that of capillaries.

However, the process of sacrificial sugar structure was

uncontrollable.

In this study, we proposed another process for the fab-

rication of tissue engineering scaffolds with microchannel

structures network. The microchannel structures network in

the scaffold, which has potential to induce ECs ingrowth

rapidly and further induce angiogenesis, would theoreti-

cally be able to pass oxygen and nutrients into the deeper

portions of the structure and could provide the necessary

physical cues for ECs. The basic fabrication process

included two steps. First, sugar micro-fiber sacrificed

scaffold was prepared by melt drawing with spiral winding.

Then, this scaffold was placed into a column-like mold and

added into PDLLA/methylene chloride (CH2Cl2) solution.

After air-dry, the structure was soaked in water and the

sugar-fibers solubilized leaving in the polymeric matrix

macrochannels with diameters about 100 lm. The surface

topography of the scaffolds, compressive properties and

porosity were investigated. The capability for guiding ECs

in growth was assessed with a study in vitro.

2 Experimental section

2.1 Materials

PDLLA was prepared by melt ring-opening polymerization

of D,L-lactide in our laboratory initiated by stannous octoate

at 140�C in vacuum, Mw = 132,000 and polydispersity =

1.44 from gel permeation chromatography with multi-angle

laser light scattering (GPC-MALLS). Glucose (analytic

grade), ethanol and methylene chloride (CH2Cl2) was

obtained from Chongqing Chuandong Chemical (Group)

Co., Ltd.

2.2 Preparation of sugar micro-fiber sacrificed scaffold

Sugar-fiber sacrificed scaffolds were produced by melt

drawing process schematically presented in Fig. 1. The

microfibers of sugar of diameters 100–200 lm were pre-

pared using melt drawing process with a modified filament

winding method. First, glucose was heated in a beaker or

small vial on a hot plate until the melting point was

reached. Then, keeping the temperature at 100�C until a

fiber could be drawn around a mandrel that concomitantly

rotates and translates sideways creating a helical and spiral

trajectory for the fabrication of cylindrical structure

(Fig. 1). The rotational and the translation speeds of the

mandrel can be manipulated (smaller fibers for higher

rotational speed, thicker fiber arrangement for lower

translation speed). The technology has the capability to

generate controllable radially and axially sugar sacrificed

scaffold by the operating variables of the process including

winding rotational and translation speeds.

2.3 Preparation of PLLA scaffold with microchannel

network

The sugar sacrificed scaffold was placed into a mold (glass

tube with diameter 4 cm and height 8 cm), then, 25%

PDLLA/CH2Cl2 (w/v) was added into the mold. Expose in

the air overnight so that the solvent evaporate. Then, the

mold was soaked in water and the sugar-fibers solubilized

leaving in the polymeric matrix microchannels with

diameters about 100 lm. The water was changed about

every 4 h until the sugar was totally dissolved. Finally, the

scaffold was dried into vacuum desiccator.

2.4 Scaffolds morphology

The microstructures, such as microchannel size, pore dis-

tribution, and pore morphology of the scaffolds were

observed by a scanning electron microscope (SEM) (Tecan

Vega). The specimens were gold sputtered.

2.5 Porosity

The porosity of scaffolds was measured by the liquid

displacement method [21, 22]. Ethanol is used as the dis-

placement liquid because it can easily permeate through the

scaffold. The volume of hexane was recorded as V1, and the

value of V2 was obtained after the scaffold was immersed in

ethanol for 1 h. The volume difference (V2-V1) was the

volume of the scaffold. The ethanol impregnated scaffold

was then removed from the cylinder and the residual ethanol
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volume was recorded as V3. The quantity (V1-V3), volume

of ethanol within the scaffold, was determined as the void

volume of the scaffold. The total volume of the scaffold was

V = (V2 - V1) ? (V1 – V3) = V2 - V3. The porosity of

the scaffold (e) was obtained by

e% ¼ V1 � V3ð Þ= V2 � V3ð Þ100

2.6 Mechanical properties

The mechanical compression of the samples was evaluated

on a mechanical testing equipment (Transcell Technology

inc.) equipped with a 10 kN load cell at room temperature.

Cylinder-shaped samples measuring 6 mm in diameter

and 8 mm in height were used. The crosshead speed was

0.5 mm/min. The load was applied until the sample was

compressed to 70% of its original height. The compressive

strength was determined by the maximum point of the stress–

strain curve. The compressive modulus was calculated as the

slope of the initial linear section of the stress–strain curve.

2.6.1 Statistical analysis

All above experiments were carried out in six times.

Averages and standard deviations were reported. Single

factor analysis of variance (ANOVA) was performed to

determine statistical significance (P \ 0.05).

2.7 Cell, culture conditions and scaffold seeding

Endothelial cells (ECs) are generally used in tissue engi-

neering for angiogenesis studies [23, 24]. In this study,

human umbilical vein endothelial cell lines (HUVEC) were

kindly provided by Chongqing medical university. The

culture medium was a HEPES-buffered RPMI-1640 solu-

tion (Hyclone), supplemented with 10% fetal bovine

serum, 1% penicillin and 1% streptomycin. Scaffold

specimens were divided into 3 mm long sections and 6 mm

diameter. They were sterilized upon being kept immersed

in 75% ethanol for 2 h. The scaffolds were then washed

with phosphate-buffered saline (PBS) several times to

remove the ethanol, followed by exposure to UV light for

30 min following Yu et al. [25] and then pre-equilibrated

with culture medium for 20 min. 100 ll containing 105

cells were seeded onto the surface of each scaffold and

allowed to attach for 1 h at 37�C before being immersed in

culture medium. The scaffolds were incubated under

standard culture conditions (37�C, 5% CO2, humidified

atmosphere) for 7 days.

Fig. 1 The scheme of

fabrication sugar sacrificed

structure and scaffold
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2.8 The localization and relative number of viable cells

by MTT

To test whether cells maintained viability and grew

throughout the novel scaffold live cells were identified by

MTT, in which the yellow MTT solution is reduced by

active mitochondria in live cells to a dark blue or purple

formazan insoluble salt [26, 27]. Cell-seeded scaffolds

were washed with PBS and incubated with 1 mg/ml MTT

in PBS for 4 h. Then, the untransformed MTT was care-

fully discarded. 1 ml of dimethyl sulfoxide (DMSO, sigma)

was added to the scaffold for dissolving the formazan.

After 10 min, the absorbance of the solution was read on a

microplate reader. The relative number of viable cells in

the scaffolds was quantified by the absorbance at 490 nm.

2.9 Visualization of ECs growth on the porous

scaffolds

The cell-seeded scaffolds were harvested and first washed

three times with PBS (pH 7.4). Cells were fixed with 4%

paraformaldehyde (mass fraction) in PBS followed by

further washing. Specimen cross-section was incubated

with 0.1 ll/ml of a fluorescent dye (H33238; Sigma

Chemical Co., St. Louis, MO) for 10 min and PBS washing

again. The distance from the specimen top surface to cross-

section was 2 mm. Fluorescence images from stained

samples were obtained using optical microscope (Leica).

The images of cells at different locations of the scaffold

were elucidated cell penetration ability.

3 Result and discussion

3.1 Structural, morphological and compressive

properties of the scaffolds

The designations and the details of the processing condi-

tions for the scaffolds of this study are provided in Table 1.

The mean porosity values of the scaffolds are in the

65–78%, with the scaffolds designated as S3 exhibiting the

highest porosity and S1 exhibiting the lowest (Table 1).

Scaffolds for tissue engineering should possessed sufficient

strength and stiffness that will bear in vivo loads so that the

scaffolds can function before the growing tissue replaces

the gradually degrading scaffolds matrix [28, 29]. There-

fore, it is important to assess the mechanical property of the

scaffold. In this study, compressive properties of the

scaffold were assessed. The compressive properties are first

and foremost affected by the porosity of the scaffold. The

compressive modulus and the compressive yield stress of

the scaffold specimens decreased with increasing porosity

(Table 1). The compressive properties can be manipulated

further by changing the polymer molecular weight as well

as the pore size and porosity distributions [30]. Though the

porosity of the scaffold is slightly lower than the scaffold

by emulsion freeze-drying (85–88%), their compression

modulus’ (2.56–4.3 MPa) are proximity (2–4 MPa) [31].

Furthermore, these porosity values are significantly greater

than the porosity values that are achieved by some other

methods including sintering of microspheres (29–42%

porosity) [32] and PPF scaffolds by stereolithography

system (30–63%) [33].

Figure 2 shows the SEM micrographs of the samples

(with designation of S3) that the translation speed of

mandrel is at 0.3 m/s (Table 1), obtained upon the freeze-

fracturing of the specimen in the cross-section (Fig. 2 a and

b). These micrographs are characteristic of the overall

interconnectivity and surface topographies of the scaffold

sample. SEM micrographs reveal that the scaffold exhibits

microchannel structure with diameter in the 100–200 lm

range. The interconnected microchannel generating a cir-

culation network would be able to pass oxygen and nutri-

ents into the deeper portions of the structure. The structure

could provide the necessary physical cues for ECs. Fur-

thermore, the amplifying image (Fig. 2b) displays that the

surface of the microchannel is a rough micro/nano topog-

raphy, which maybe facilitate to cell attachment, migration

and proliferation [34, 35].

3.2 Cell-scaffold interactions

Many traditional engineered scaffolds assured only to cells

on the superficial areas because of the issue of nutrient

transport; those cells growing at a greater depth in the

construct face nutrient deprivation and ultimately cell death

Table 1 Scaffold designation

and their various processing

conditions and properties

a P \ 0.05 for comparison

between S1 and S2
b P \ 0.05 for comparison

between S2 and S3

Sample S1 S2 S3

Rotational speed (rpm) 100 100 100

Translation speed (m/s) 0.1 0.2 0.3

Processing temperature (�C) 150-100 150-100 150-100

Porosity (%) 65.57 ± 2.20a 69.97 ± 1.82a, b 73.63 ± 1.14b

Compressive strength (MPa) 15.65 ± 0.59a 11.55 ± 0.21a, b 8.1 ± 0.08b

Compressive modulus (MPa) 4.36 ± 0.18a 3.31 ± 0.10a, b 2.62 ± 0.09b
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[36]. In this study, the constructed scaffold with micro-

channel circle network can pass oxygen and nutrients into

the deeper portions of the structure, therefore, the scaffold

have potential to favor cell penetration and proliferation.

Cell viability, proliferation rates and location in the scaf-

fold were assessed using the MTT assay. MTT staining

shows that cells penetrated the scaffold and remained

viable after 7 days of culture. The purple material in the

scaffold after 7 days of culture is obviously more than

3 days of culture. And viable cells are presented through-

out the scaffold (Fig. 3). Figure 4 shows that ECs prolif-

eration rate enhanced with culture time. The proliferation

rate of ECs in the first 3 days is lower than the later culture

time. The possible reason is that ECs need time to adapt to

the new environment. After 3 days, cells proliferate rap-

idly. The viability and the location of the ECs in the

scaffold illustrates that the microchannel scaffolds are non-

cytotoxic with favorable cell adhesion, penetration and

proliferation.

Figure 5 a and b show the microscopy images of H33258

stained DNA of attached ECs cells on the cross-section of

the scaffold after 3 and 7 day of culture. The fluorescence in

Fig 5b is obviously stronger than in Fig 5a. Therefore,

Fig. 5 a and b further confirms that the interconnectivity of

porous structure of the scaffolds has indeed allowed the cells

to proliferate and penetrate into the volume of the entire

scaffold, which is crucial to angiogenesis.

4 Conclusions

The capabilities of a recently developed microchannel

scaffolds were demonstrated. The process method was

rapid, inexpensive, and highly scalable. Several processing

conditions and porosities of the scaffolds were used to

enable the investigation of the effects of parameters such as

porosity and pore size. Using ECs it was demonstrated that

the resulting functionalized microchannel scaffolds were

non-cytotoxic with favorable cell adhesion, penetration and

proliferation associated with the tailored distributions of

porosity. The microchannel structures network in the

scaffold would theoretically be able to pass oxygen and

nutrients into the deeper portions of the structure and could

provide the necessary physical cues for ECs rapid

Fig. 2 Pore morphology and

surface topography of scaffolds

Fig. 3 At selected timepoints a scaffold was stained with MTT assay

for metabolic activity, metabolically active cells were found through-

out the scaffold up to day 7 of culture (Scale bar, 1 mm)

Fig. 4 MTT assay for cell proliferation on scaffold at selected

timepoints
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ingrowth. Thus, the proposed methodology is a step that is

in the right direction for tissue engineering inducing

angiogenesis.
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