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ABSTRACT: A novel processing technique, i.e. high-pressure compression molding/salt leaching, was developed to fabricate ultraporous

poly(lactic acid) (PLA) scaffolds. The optimized composition was studied in relation to the porosity, pore morphology, thermal prop-

erty, and mechanical performance of the PLA scaffolds. At a porogen (CaCO3) content of 90 wt %, the scaffolds have an intercon-

nected open pore structure and a porosity above 80%. It was truly interesting that the structural stability of high-pressure molded

scaffolds was remarkably improved based on the fact that its glass transition temperature (83.5�C) increased about 20�C, as compared

to that of the conventional compression-molded PLA (60�C), which is not far from physiological temperature (�37�C) at the risk of

structural relaxation or physical aging. More importantly, the mechanical performance of PLA scaffolds was drastically enhanced

under optimized processing conditions. At pressure and temperature of 1000 MPa and 190�C, the porous PLA scaffolds attained a

storage modulus of 283.7 MPa, comparable to the high-end value of trabecular bone (250 MPa) ever reported. In addition, our pre-

pared PLA scaffolds showed excellent cellular compatibility and biocompatibility in vitro tests, further suggesting that the high-

pressure molded PLA scaffolds have high potential for bone tissue engineering applications. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym.

Sci. 130: 3509–3520, 2013
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INTRODUCTION

Nowadays, growing interest is given to the exploitation of

porous scaffolds, the biodegradable substrate for cell adhesion

and tissue regeneration. In comparison with traditional surgical

treatment, such as implantation of a healthy organ from donor,

porous scaffolds can effectively overcome the problems of

immune rejection from the patient as well as the lack of avail-

able donors. Additionally, they provide enough space for cell

proliferation and play an important role in transforming the

cultured cells to a new tissue.1 An ideal engineering scaffold is

designed to be colonized by cells, whose viability will depend

on the porosity and the mechanical and chemical stimuli it

receives within.2–4 Therefore, it is recognized that the scaffolds

should be three-dimensional, highly porous, biocompatible, easy

to manufacture, and with appropriate mechanical properties.5,6

Numerous biodegradable synthetic polymers have been widely

utilized as scaffolds in the past decade, such as poly(a-hydroxy

esters), poly(ethylene glycol), poly(e-caprolactone), and poly(or-

thoesters).7 Among them, poly(lactic acid) (PLA) is the most

attractive candidates for scaffold materials. In vitro experiments

done by Mikos and Temenoff,8 they discovered that PLA scaf-

folds had the highest survival rate of cells as compared with

other aforementioned polymers, which was mainly related with

its favorable mechanical properties, processability, and

biocompatibility.

Most studies focus on optimization of PLA scaffolds design

from a biochemical point of view, just like biocompatibility or

cell adhesion-promoting surfaces,9,10 but ignored the severe

challenge they faced today: polymeric foams may not have the

capacity to withstand higher loads without compromising

porosity. It is well known that the structure of scaffolds should

be with high pore interconnectivity to allow the internal flow

required to cell colonization, transport of nutriments, and waste

products through the material.11,12 However, with the increase

of pores number and size, the stiffness of scaffolds might be

destroyed. As Chandrasekhar7 once reported, when the porosity

of PLA scaffolds increased to 92%, their storage modulus is

only 4.72 MPa, which seriously hinders their application in
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load-bearing fields. The concept of composite scaffolds is pro-

posed in an attempt to satisfy all the mechanical and physiolog-

ical demands,13 which are fabricated by combining two or more

types of materials with selected properties, such as hydroxyl

apatite, tri-calcium phosphates, fibers, and some other rein-

forced filler.14,15 Nevertheless, the problems of interface compat-

ibility along with biodegradability make this method

complicated and sometimes impossible. In general situation, the

structure and property of polymer materials are determined by

processing technique. So far, to the best of our knowledge, no

investigation is performed on balancing the requirements of

both the mechanical performance and porosity of PLA scaffolds

from the standpoint of novel fabrication method and controlla-

ble processing technology.

Current techniques for attaining porous PLA scaffolds mainly

include salt leaching, phase separation, gas foaming, emulsion

freeze-drying, and rapid prototype, to name just a few. PLA

scaffolds fabricated by above methods are difficult to engineer

clinically useful tissues and organs, which is attributed to the

fatal drawbacks of inadequate mechanical properties in high

load sharing situations.16 High-pressure molding of polymers

has gained wide attention over the past 40 years.17–20 One of

the reasons for the continuous focuses on this special processing

way is that it can effectively improve the mechanical properties

and thermal behavior of the resultant parts.21,22 For instance,

high pressure-modified high density polyethylene (HDPE) pos-

sessed extremely large values of the tensile strength �260 MPa,

nearly five times higher as compared with respect to the con-

ventional HDPE.23 As to the salt-leaching, its advantage resides

in the pore size, porosity, and surface-to-volume ratio can be

precisely controlled and readily manufactured. To prepare PLA

scaffolds with sufficient mechanical stability and a well-defined

network of interconnected pores, a novel fabrication approach

named high-pressure compression molding/salt leaching was

investigated in the current study. On the basis of this new proc-

essing technique, we first discussed the influence of composition

on PLA scaffold properties, in the case porosity, morphology,

thermal, and mechanical behaviors, and then the relationship

between structural organization and comprehensive perform-

ance of the scaffolds was revealed. In addition, with the intent

of further extending the application range of porous PLA scaf-

folds, the mechanical properties of scaffolds with optimized

composition was further increased by modulating the processing

temperature and pressure. It is of great interest to observe a

remarkable improvement of PLA scaffolds’ storage modulus,

which even reaches up to 283.7 MPa and becomes the highest

value ever reported in the literature. In the end, good cell pro-

liferation within the fabricated scaffolds adequately demon-

strates that the developed materials are well-suited candidates

for the design of tailor-made matrices in bone tissue

engineering.

MATERIALS AND METHODS

Materials

PLA (trade name 4032D), supplied by Nature Works, has the

weight-average molecular weight Mw 5 1.17 3 105 g mol21

and polydispersity Mw/Mn 5 1.6. Calcium carbonate particles

(CaCO3, 2–8 lm in size) with a density of 2.7 g/cm3 was pur-

chased from Chengdu Kelong Chemical Reagent Factory

(China) and was used as received.

Preparation of PLA/CaCO3 Mixtures

Solution coagulation method was utilized to guarantee the good

distribution of CaCO3 in PLA. Taking PLA/CaCO3 (10:90 wt/

wt) mixture as an example, the detailed sample preparation was

as follows: CaCO3 (90 g) was added into 300 mL of CH2Cl2,

and the solution was subjected to ultrasound and stir for 40

min to reach a uniform suspension. At the same time, 10 g of

PLA was completely dissolved in 100 mL of CH2Cl2 by constant

stirring. Then, the mixture solution was obtained by adding the

CH2Cl2/PLA solution into the CH2Cl2/CaCO3 suspension and

continuously sonicated for another 40 min. Thereafter, C2H5OH

(600 mL) was poured into the mixture solution until no more

coagulated material precipitated. Finally, the precipitated mix-

ture was transferred to blowing dryer, left overnight at 55�C,

and dried in a vacuum oven at the same temperature for

another 24 h to remove the traces of water. The PLA mixtures

with content of CaCO3 of 80, 90, 93, and 95 wt % were

prepared.

High-Pressure Compression Molding

The self-made high-pressure compression molding apparatus is

schematically shown in Figure 1(a). The diameter of the plunger

is 20 mm, and the length of the cylindrical channel is 88 mm.

Hydrostatic pressure supplied from a hydraulic jack can be up

to 1 GPa, while the magnitude of pressure inside the channel

can be measured via the modulated pressure meter with an

accuracy of 60.5 MPa, and the molding temperature is con-

trolled via a thermocouple mounted 15 mm away from the

channel, which ensures a temperature accuracy of 1�C inside

the cell. The sample inside the channel was heated by an electri-

cal heating sheath, which was controlled by a temperature con-

troller. Prior to the experiment, the temperature of the inside

channel was carefully calibrated with the in situ temperature

measured by the thermocouple.

The temperature and pressure protocol is shown in

Figure 1(b). At first, a given amount of PLA/CaCO3 mixture

was put inside the channel of the mold, heated to 165�C and

kept the temperature for 30 min. After that a predetermined

pressure of 640 MPa was applied to the sample during 2 min.

Both the temperature and pressure were kept for 10 min to

achieve a steady state. Then the material was cooled to room

temperature at a rate of 2.5�C/min and released the pressure.

To avoid the thermal degradation of PLA, we used nitrogen

to protect the sample during the high-pressure compression

molding. The size of the cylindrical parts obtained was 20

mm in diameter and 35 mm in height. The molded parts

were cut into the rectangular specimens with dimensions of

35 3 10 3 4 mm3 for the dynamic mechanical test. The

interconnected porous structures were acquired by leaching

the molded parts with low concentration ethylic acid for long

enough time until the weight remained constant after dried

in a vacuum oven, followed by immersing in distilled water 2

days to remove any residual solvent. Figure 2 illustrates the
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detailed experimental procedures about the fabrication of

porous PLA scaffolds as described above.

Characterization and Testing

SEM Images of the Scaffolds. Morphology of the porous PLA

scaffolds was examined by a field emission scanning electron

microscopy (SEM) (Inspect-F, FEI, Finland), operating in high

vacuum and with an accelerating voltage of 20 kV. To expose the

interior structure the specimens were frozen in liquid nitrogen

for about 15 min, then quickly impact fractured. Prior to SEM

examination the freshly broken surfaces were sputtered with gold.

Porosity, Connectivity, and Density of the Scaffolds. The

quantitative estimation of the pore-related parameters of porous

Figure 2. Schematic of fabrication procedures of porous PLA scaffolds. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 1. (a) Schematic of the high-pressure cell (1: Guide pillar; 2: Mold core; 3: Sample; 4: Mold; 5: Heater circle; 6: Thermocouple) and (b) tempera-

ture and pressure protocol. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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PLA scaffolds was performed via gravimetric measurements,24

and the values of porosity, connectivity, and density were calcu-

lated as follows:

Porosity5
mCaCO3

=qCaCO3

mCaCO3
=qCaCO3

1mPLA=qPLA

3100% (1)

Connectivity5
m02m’

m0CaCO3

3100% (2)

Density5
m’

mCaCO3
=qCaCO3

1mPLA=qPLA

3100% (3)

where m0 and m0 are the mass of PLA/CaCO3 mixtures before

and after ethylic acid immersing, separately. mCaCO3
equals to

the difference of m0 and m0, while m0CaCO3
represents the theo-

retical mass of CaCO3 in PLA mixtures. The density (q) of

CaCO3 and PLA are 2.7 and 1.27 g/cm3, respectively.

Thermal Properties of the Scaffolds. The melting behaviors of

porous PLA scaffolds with different CaCO3 contents were stud-

ied employing TA Q1000 V7.3 differential scanning calorimeter

(DSC). The calibration was performed with indium and all tests

were carried out in ultra pure nitrogen as purge gas. Samples

(ca. 7 mg) enclosed in aluminum pans were heated from 40 to

190�C at a scanning rate of 10�C/min. Melting point tempera-

tures were determined from the melting curves as peak temper-

atures. The fractional crystallinity (Xc %) was calculated by

using the equation as follows.

vc5
ðDHcc1DHmÞ

DH0

3100% (4)

where DHcc is the cold crystalline enthalpy; DHm is the melting

enthalpy; DH0 is the melting enthalpy of 100% crystalline PLA,

which is set as 93 J/g in this study.25

Crystal Structure of the Scaffolds. The wide-angle X-ray diffrac-

tion (WAXD) measurements were conducted on the synchrotron

light source under room temperature in the National Synchrotron

Radiation Laboratory (NSRL), Hefei. The distance from sample to

detector was 250 mm, the wavelength of the monochromated

X-ray was 0.15418 nm, and the beam size is about 400 lm. Then

the 2D-WAXD images were collected with an X-ray CCD detector

(Model Mar345). An aluminum oxide (Al2O3) standard was used

to calibrate the scattering angle for WAXD, and air scattering was

subtracted. Linear WAXD profiles were obtained from circularly

integrated intensities of 2D-WAXD image patterns acquired, Gaus-

sian functions were applied to fit the amorphous background, and

an iterative peak-fit procedure was used to fit the crystalline reflec-

tions of WAXS profiles. The intensity was plotted as a function of

the scattering vector, q, where jqj54pðsin hÞ=k, k is the wavelength

of the incident beam, and 2h is the scattering angle. Subsequently,

through deconvoluting the peaks of linear WAXD profiles, the

overall crystallinity Xc was calculated by

vc5

P
AcrystP

Acryst1
P

Aamorp

(5)

where Acryst and Aamorp are respectively the fitted areas of crystal

and amorphous.

Mechanical Properties of the Scaffolds. DMA characterization

was carried out using a Q800 DMA instrument (TA, America)

in a three point bending mode with a dual cantilever clamp

(the ASTM standard D4065). And the apparatus was operated

with a heating rate of 3�C/min21 from 30 to 160�C. Rectangu-

lar samples (35 3 10 3 4 mm3) were submitted to an oscilla-

tory deformation at a frequency of 1 Hz.

Cell Culture Tests of the Scaffolds. PLA scaffolds used for cell

culture tests were sterilized using ethylene oxide gas, and then

washed with excess phosphate buffered saline (PBS). Fibroblasts

cells (L929 cells) were seeded onto the prepared scaffolds in 12-well

plates at a density of 100,000 cells/well, and the scaffolds were

immobilized in culture dishes at 37�C in 5% of CO2. A Termanox

Figure 3. SEM micrograph of (a) pure CaCO3 granules, (b) PLA/CaCO3 (10 : 90 wt/wt) blends.
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plastic plate was used as a control sample and the a-MEM contain-

ing 10% FBS was used as the culture medium, and it was changed

every day after culture. The morphology of the cells cultured on

scaffolds was observed by SEM. The cells cultured for 3 days were

fixed with 2.5% glutaraldehyde in PBS for 2 h at 4�C. After they

had been thoroughly washed with PBS, the samples were dehy-

drated sequentially through a series of increasing concentrations of

ethanol (10%, 30%, 50%, 70%, 80%, 90%, 95%, and 100%) for 15

min 32. Finally, scaffolds were critical-dried with hexamethyldisi-

lazane, coated with Au, and examined with SEM.

RESULTS AND DISCUSSION

Determination of the Optimized Composition of the

Scaffolds

Figure 3(a) presents the typical morphology of as-received

CaCO3 granules, which are characterized by rectangular in

shape with a number average grain size of 5.5 lm, and size of

the particles ranges from 2 up to 8 lm. Figure 3(b) indicates

the gross morphology of PLA/CaCO3 (10:90 wt/wt) mixture

formed after high-pressure compression molding. It can be seen

that there is no significant difference of domain size between

PLA and CaCO3 phases, and both of them are fully continuous.

Formation of the cocontinuous structure is mainly attributed to

two aspects. Firstly, high content of CaCO3 is apt to agglomer-

ate and connect. Furthermore, the flowable PLA has great tend-

ency to be the continuous phase when pressure exerts.26 As

shown in Figure 4, a great number of three-dimensional con-

nected open pores are homogeneously distributed in PLA skele-

ton, with pore diameters falling in the range of 2.5–10.8 lm.

After immersing the mixtures in low concentration ethylic acid,

the space originally occupied by CaCO3 becomes pores, and the

PLA phase is still self-supporting, thus formed the final porous

Figure 4. SEM micrograph of porous PLA scaffolds with different CaCO3 contents: (a) PLA/CaCO3 (5 : 95 wt/wt); (b) PLA/CaCO3 (7 : 93 wt/wt); (c)

PLA/CaCO3 (10 : 90 wt/wt); and (d) PLA/CaCO3 (20 : 80 wt/wt).
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scaffold structure. This treatment ensures the complete connec-

tivity of pores in the scaffolds because of the dissolution of con-

tinuous CaCO3 phase. The interconnected pore structure should

be able to provide enough space for possible vascularization

when being implanted, and such the low pore size endows the

porous scaffolds high specific surface areas. While, except for

many interconnected pores, some circular pores with smaller

sizes (1–2 lm) can also be observed on pore walls, indicating

that some low levels of CaCO3 remain as dispersed droplets in

the PLA skeleton before leaching.27 These tiny pores will not

only act as the channel to transport nutrients or metabolism

product, but also make the pore walls more rougher, which

could be beneficial to improve the interfacial adhesion between

cells and scaffold matrix, so that further promotes the attach-

ment and growth of cells.28,29 From the micrographs, we can

draw a conclusion that the well-defined porous PLA scaffolds

can be successfully fabricated by using the high-pressure com-

pression molding/salt leaching method.

It is well accepted that the microstructure such as pore size and

its distribution, porosity as well as pore shape has prominent

influence on cell intrusion, proliferation, and function in tissue

engineering. Figure 5 reveals the evident morphological differen-

ces in pore size and its distribution between different composi-

tions. With the increase of CaCO3 contents, larger and more

pores are obtained together with a higher pore density; however,

at the cost of destroying the uniformity of pores distribution.

This trend can be seen from the porous PLA scaffolds (PLA/

CaCO3-5 : 95 wt/wt), in which the average pore size is on the

order of 5.5 lm, to the porous PLA scaffolds (PLA/CaCO3- 20 :

80 wt/wt), where lower average pore sizes of 2.5lm and nar-

rower pore size distribution are observed. This property could

be attributed to CaCO3, which acts as the porogen, high con-

tent of which is easy to lead to the fusion of smaller pores to

generate larger ones and then broaden the pores scope.

Pore-related parameters of porous PLA scaffolds are shown in

Table I. Porosity is often created in solid scaffold by the inclu-

sion of porogen that can be leached away upon placement in an

aqueous environment,30 which reflects the volume fraction of

pores as compared with the total volume of scaffold. It is wor-

thy to notice that the porosity of all prepared scaffolds is higher

than 60%, well meeting the requirements of application in tis-

sue engineering.31–33 More interestingly, the porosity increases

dramatically from 65.06% to 89.75% as CaCO3 increases from

80 to 95 wt %, so that the PLA scaffolds could provide more

space to guide cell attachment and proliferation.34 On the basis

of above results, one can deduce that porosity is dependent on

the salt/polymer ratio in high-pressure compression molding/

salt leaching technique, that is, the more content of CaCO3 in

mixture the higher porosity of porous PLA scaffolds. Unlike the

changes of porosity, variation of the composition has no detect-

able effect on the pore interconnectivity of the formed scaffolds,

and its values nearly equal to 99%, which demonstrates that

CaCO3 within the mixtures is fully continuous. The highly

interconnected porous materials can be easily seeded with a

fluid phase containing cells, for it is desirable for permitting cell

infiltration into and throughout the scaffolds. In addition, it is

Figure 5. The distribution of pore size of porous PLA scaffolds with different CaCO3 contents: (a) PLA/CaCO3 (5 : 95 wt/wt); (b) PLA/CaCO3 (7 : 93

wt/wt); (c) PLA/CaCO3 (10 : 90 wt/wt); and (d) PLA/CaCO3 (20 : 80 wt/wt).
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well acknowledged that all kinds of porogens could not be com-

pletely removed even immersed in good solvent for long enough

time. The residual porogens may have a negative effect on tissue

regeneration. However, CaCO3 is served as a bioresorbable inor-

ganic substance and has been used clinically as bone filler,

showing excellent bone-forming ability, biodegradability, and

biocompatibility.35 A little residue of it will lead to the forma-

tion of the alkaline environment, so as to facilitate the growth

of cells instead of doing harm to human’s body.36 In terms of

density obtained by weighing a sample of specific volume, it

exhibits a downward trend with increasing of CaCO3 content.

Especially, when the content increases to 95 wt %, it is just

0.133 g/cm3, nearly the lowest density reported so far for

porous scaffolds at such a high porosity and connectivity,37 fully

embodying the scaffolds prominent superiority of being

lightweight.

In biomedical applications, any PLA-based implanted material

will be in the glassy state,38 for the glass transition temperature

(Tg) of PLA (60–65�C) is above the physiological temperature

(�37�C). Nevertheless, as Tg is not far from 37�C, PLA will

slowly approach the equilibrium at this temperature, during

which the occurrence of structural relaxation or physical aging

would bring about the poor heat resistance and structural sta-

bility of PLA scaffolds.39,40 To our great surprise, thermal analy-

sis reveals that the as-obtained porous PLA scaffolds for each

composition have an extremely high Tg around 84�C (see Figure

6), nearly 20�C higher as compared to conventional compres-

sion molded PLA. Such a significant increase means a remark-

able improvement of PLA scaffolds’ ability to resist

deformation. There exist two factors influencing the glass transi-

tion dynamics of PLA: crystallinity and high pressure effect. On

one hand, the crystallinity of high-pressure compression molded

PLA is all above 40% through DSC measurements, obviously

superior to those by conventional processing technologies such

as extrusion and injection-molding. The high crystallinity gener-

ates significant volume reduction and shrinkage, and then the

crystalline regions constrain the amorphous phase and influence

the conformational motions of molecular chains.41 On the other

hand, it is well-known that Tg increases with pressure and its

sensitivity to pressure dTg/dP has been found to lie between

0.015 and 0.03 K/MPa for a wide variety of amorphous and

semicrystalline polymers,42 which is mainly related to the con-

densed free volume and restricted molecular movement.43 Dur-

ing the high-pressure compression molding process, the ability

Figure 6. DSC schemes of porous PLA scaffolds with different CaCO3

contents: (a) PLA/CaCO3 (20 : 80 wt/wt); (b) PLA/CaCO3 (10 : 90 wt/

wt); (c) PLA/CaCO3 (7 : 93 wt/wt); and (d) PLA/CaCO3 (5 : 95 wt/wt).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 7. Representative (a) WAXD patterns and (b) corresponding 1D

WAXD curves of porous PLA scaffolds (PLA/CaCO3-10 : 90 wt/wt).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table I. Porosity, Connectivity, and Density of Scaffolds with Different Contents of CaCO3

PLA/CaCO3 m0 (g) m0 (g) mCaCO3
(g) m0CaCO3

(g) Porosity (%) Connectivity (%) Density (g/cm3)

5/95 1.73 0.09 1.64 1.643 89.75 99.79 0.133

7/93 1.60 0.12 1.48 1.488 85.73 99.46 0.188

10/90 1.45 0.15 1.30 1.305 80.59 99.62 0.251

20/80 1.33 0.27 1.06 1.064 65.06 99.62 0.447

m0 indicates quality of PLA/CaCO3 mixtures before ethylic acid immersing, while m0, represents the mass of porous PLA scaffold after solvent casting.
mCaCO3

equals to the subtraction of m0 and m0, m0CaCO3
means the theoretical quality of CaCO3, moreover, the density of CaCO3 and PLA are 2.7 and

1.27 g/cm3, respectively. Porosity, connectivity, and density of the scaffolds were determined by gravimetric measurements according to eqs. (1)–(3),
separately.
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of polymer chains to conform to the normal low temperature

configuration is constrained, and this restraint effect continu-

ously maintained until exhibited as a result that the glass struc-

ture is attained at a higher temperature.44 Moreover, glass

transition temperature and melting temperature of PLA scaf-

folds nearly remain unchanged for different compositions, sug-

gesting that the influence of composition on PLA scaffolds’

thermal properties is insignificant over the filler range studied.

Wide-angle X-ray diffraction measurement was performed to

determine the crystalline structure of PLA scaffolds, and the

data was collected over the 2h range from 10� to 24�. XRD pat-

tern (see the inset in Figure 7) of the fabricated porous scaffolds

elaborates the highly crystalline nature of PLA, quantified by

the crystallinity of 49.8% calculated by deconvoluting the peaks

of linear WAXD profiles. As is evident from the figure, the pro-

file shows strong diffraction peaks at 2h 5 16.7�, 19.1�, 12.5�,
and 22.3� assigned to the diffraction planes (200)/(110), (203),

(110), and (015) of the stable a-form of PLA crystals, respec-

tively. Until now, three different crystalline modifications (a, b,

c) of PLA are identified upon changing the preparation condi-

tions. The a-form is believed to grow from the melt or cold

solution under normal conditions, with a 103 helical chain con-

formation in which two chains interact to form an orthorhom-

bic unit cell. The b-form is prepared at a high draw ratio and is

known to take a left-handed 31 helical conformation, whereas a

new c-form produced through epitaxial crystallization was

described by Cartier et al.45 Among these crystalline modifica-

tions, stable a-form is preferred, because of its relatively ordered

crystalline structures and the highest melting point (180�C).46,47

To this end, the existence of only a-crystals in our porous scaf-

folds implies the formation of crystallites with good tacticity

and stability. The high crystallinity gained in WAXD measure-

ments is well in line with the DSC results, which may due to

some contribution of high pressure in facilitating formation of

crystallites and enhancing crystallization ability.

Dynamic mechanical analysis (DMA) has been proved to be

effective in detecting the thermal mechanical properties and

mobility of chain segments.48 Figure 8 illustrates the storage

modulus (E0), loss modulus (E00), and loss factor (tand) of

porous PLA scaffolds as a function of temperature. With regard

to the porous scaffolds (PLA/CaCO3-20 : 80 wt/wt), they dis-

plays strong ability to resist deformation with the storage mod-

ulus high up to 132.3 MPa. Noticeably, in comparison with the

maximal value (107.5 MPa) of the scaffolds once reported with

similar porosity and composition,49,50 it is still 25 MPa higher,

which represents an encouraging progress in developing load-

bearing scaffolds. While with the increasing porosity, the storage

modulus of scaffolds (PLA/CaCO3-7 : 93 wt/wt) declines to

12.7 MPa. It is apparent that the storage modulus of PLA scaf-

folds has a close relationship with compositions. This is because

at high porosity, pore walls are too thin to transfer the applied

stress effectively, and finally leads to the decrease of carrying

capacity of scaffold. Thus, we can make a conclusion that the

pores seem to act as defects, which undermine the stiffness of

scaffolds, to obtain the scaffolds with high resistence to external

load the choice of CaCO3 content needs to be appropriate. The

effect of porosity on loss modulus (E00) and loss factor (tand) is

exhibited in Figure 8(b,c), respectively. As can be seen, E00 and

tand are both the lowest when CaCO3 content increases to 93

wt %. Conformation transition always exists in the course of

glass transition as well as high-temperature relaxation, which is

Figure 8. Temperature dependence of storage modulus (E0), loss modulus

(E00), and loss factor (tan d) for porous PLA scaffolds formed under

165�C and 640 MPa: (a) PLA/CaCO3 (20 : 80 wt/wt); (b) PLA/CaCO3

(10 : 90 wt/wt); and (c) PLA/CaCO3 (7 : 93 wt/wt). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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mainly related with the imperfect elasticity of polymers.51 It is

generally believed that E00 and tand in the transition region

mainly measures the physical loss of macromolecules. The

amount of PLA in the scaffolds will deduce as CaCO3 grow in

quantity, consequently, values of E00 and tand also exhibit a

declining trend. The glass transition temperature (Tg) of PLA

scaffolds for all compositions is defined as the temperature

where the loss modulus reaches a maximum as shown in Figure

8(b). It is interesting that the scaffolds exhibits an increase in Tg

about 20�C as compared to the conventional processed PLA.

This kind tremendous augment verified via DMA, is also shown

in the first heating ramp through DSC measurements as given

in Figure 6, which again confirms the prominent improvement

on the heat resistance and structural stability of our fabricated

porous PLA scaffolds.

As aforementioned, porosity of PLA scaffolds increases signifi-

cantly with CaCO3 contents so that a high density of cells

would be seeded. However, the mechanical strength of PLA

scaffolds would undoubtedly suffer at the same time, because

the massive interconnected open pores do damage to materials’

stiffness along with the carrying capacity. Considering the

requirements of scaffold design on both mechanical and struc-

tural aspects, the overall properties of porous PLA scaffolds will

be optimal when the content of CaCO3 is 90 wt %. Its porosity,

density, and storage modulus are 80.59%, 0.251 g/cm3 and

53.7 MPa, respectively, not only satisfying the physiological

demands to guide cell ingrowth for tissue formation, but also

maintaining a sufficient strength to ensure the integrity of scaf-

fold structure.

Improved Mechanical Performance by Regulating Processing

Techniques

One of the main problems in tissue engineering is designing

suitable scaffolds that meet the demands for application in

“hard mineralized tissues,” such as bone.52 It is generally

accepted that the scaffold material should have mechanical

strength as close as possible to the strength of the bone to be

repaired or substituted. While unfortunately, the storage modu-

lus of porous scaffolds reported to date is far away from the cri-

terion exhibited by the scaffolds fall in the normal range of

trabecular bone,24,53 which is about 50–250 MPa.25 To address

this issue, we first attempt to achieve a highly densified porous

structure by regulating the processing technique. Figure 9(a,b)

depicts the storage modulus (E0) of PLA scaffolds formed under

different molding temperature and pressure, the values of them

are summarized in Figure 9(c). As expected, a noteworthy pro-

motion in storage modulus is achieved with increasing tempera-

ture and pressure. Especially, when the temperature is 190�C,

the high pressure of 1000 MPa gives rise to a considerable

improvement of storage modulus, which changes from

19.7 MPa up to a superb level of 283.7 MPa, approximately 15

times higher in comparison with the low-pressure compression

molded scaffolds. Actually, the porous PLA scaffolds fabricated

under this situation completely comply with the normal

requirements in bone tissue engineering.

To elucidate the effect of processing technique on the mechani-

cal property of PLA scaffolds, we carefully examined their

microstructure. Morphology of fractured surfaces of PLA scaf-

folds prepared under different temperatures and pressures is

displayed in Figure 10. Figure 10(a) shows the porous structure

of scaffolds fabricated under 165�C and 5 MPa. A great number

Figure 9. DMA schemes (a, b) of porous PLA scaffolds formed in differ-

ent process conditions and E0-T-P scheme (c) of porous PLA scaffolds

formed in different process conditions. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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of interconnected open pores with irregular shape throughout

and unevenly distributed in PLA skeleton, and the skeleton

exists in the form of isolated individuals, suggesting a weak

interaction adhesion between them. Under this circumstance, as

long as external force applied to the scaffolds, stress could not

effectively convey so that the structure of scaffolds is prone to

be collapsed. On the contrary, according to scaffolds formed

under 190�C and 1000 MPa [see Figure 10(f)], an intercon-

nected three-dimensional network structure is observed, which

believes to be indispensable in load bearing for the stable inter-

connections between pores.54 Above morphology difference

indicates that high temperature and pressure are beneficial to

Figure 10. SEM schemes of porous PLA scaffolds formed in different process conditions: (a) 165�C/5 MPa; (b) 165�C/640 MPa; (c) 165�C/1000 MPa;

(d) 190�C/5 MPa; (e) 190�C/640 MPa; and (f) 190�C/1000 MPa.

Figure 11. SEM micrograph of (a) Termanox plastic plate and (b) porous PLA scaffolds after culturing fibroblasts cells (L929) for 3 days.
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acquire PLA scaffolds with strong mechanical property, because

the mobility of PLA molecular chains enhances with the

increase of temperature and pressure, thereby resulting in more

compact and stronger intermolecular forces in scaffolds.

Proliferation of Fibroblasts Cells (L929 Cells) on the

Scaffolds

Attachment and growth of cells are critical for scaffolds to guide

the regeneration of tissue, and so the ability of cells to prolifer-

ate within these scaffolds was evaluated. Cytotoxicity and rela-

tive cell viability of PLA scaffolds fabricated under 190�C/1000

MPa were observed by SEM morphology of fibroblasts cells.

Similar with the situation in Termanox plastic plate [Figure

11(a)], cells seeded on scaffolds [Figure 11(b)] adhere on the

pore walls tightly with typical shuttle-like morphology, spread

throughout within the scaffolds in a three-dimensional fashion,

and be surrounded by a fibrous extracellular matrix. It is well-

known that cells have a favorable growth state in plastic plate,

the result comparable to the control sample fully verifies a good

adhesion between PLA scaffolds and fibroblasts cells, suggesting

our scaffolds possess high cellular compatibility and can effec-

tively accelerate cell infiltration and proliferation.

CONCLUSIONS

In this work, it is demonstrated for the first time that the

porous PLA scaffolds can be successfully prepared by the pro-

posed high-pressure compression molding/salt leaching method.

By doing the analysis of data derived from SEM, DSC and

DMA, we made a conclusion that when the content of porogen

(CaCO3) was 90 wt %, the PLA scaffolds were not only with an

interconnected open pore structure, but also highly porous with

porosity larger than 80%. It was truly interesting that the struc-

tural stability of high-pressure molded scaffolds was remarkably

improved based on the fact that its glass transition temperature

(83.5�C) increased about 20�C, as compared to that of the con-

ventional compression-molded PLA (60�C), which is not far

from physiological temperature (�37�C) at the risk of structural

relaxation or physical ageing. To further extend the practical

application range of porous PLA scaffolds, a superb level of

283.7 MPa of the storage modulus was achieved by optimizing

the processing temperature and pressure, significantly improved

compared with the maximal value (107.5 MPa) of PLA scaffolds

once reported with similar porosity and composition. Addi-

tional, the applicability to cell culture of the scaffolds with opti-

mal compositions and process parameter has also been

examined. It was observed that the fibroblasts cells cultured in

scaffolds could attach, spread, and proliferate well, indicates

measures of regulating high-pressure processing technique to

improve mechanical properties without sacrificing other proper-

ties (biocompatibility, porosity, and osteoconductivity) are

highly desirable. To this end, future studies will involve the

optimization of tissue growth within the porous matrices and in

vivo testing of the scaffold materials.
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