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1. Introduction

The regeneration of lost tissues or organs due accidents or

disease is a major concern in modern health care. With

tissue engineering, we can create biological substitutes to

repair or replace the failing organs or tissues. One of the

mostpromisingapproaches toward thisdirection is togrow

cells on scaffolds-highly engineered structures that act as

temporary support for cells which facilitate the regenera-

tion of the target tissues without losing the 3-D stable

structure.[1,2]

Polymeric scaffolds play a pivotal role in tissue

engineering through cell seeding, proliferation, and new

tissue formation in three dimensions. These scaffolds have

shown great promise in the research of engineering a

variety of tissues. Pore size, porosity, and surface area are

widely recognized as important parameters for a tissue

engineering scaffold. Other architectural features such as

pore shape, pore wall morphology, and interconnectivity

between pores of the scaffolding materials are also

suggested to be important for cell seeding, migration,

growth, mass transport, and tissue formation.

The natural scaffolds made from collagen are fast

replaced with ultraporous scaffolds from biodegradable

polymers. Biodegradable polymers have been attractive

candidates for scaffolding materials because they

degrade as the new tissues are formed eventually leaving

nothing foreign to the body. The major challenges in the

scaffold manufacture lies in the design and fabrication of
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customizable biodegradable constructs with desirable

properties that promote cell adhesion and cell porosity

alongwith sufficientmechanical properties thatmatch the

host tissue with predictable degradation rate and biocom-

patibility.[3,4]

Thermoplastic polylactide (PLA) nanocomposite foams

and scaffolds are becoming popular these days with its

biodegradable and biocompatible nature.[5–9] However, the

research on PLA-based thermoset scaffolds are at its

infancy, which may find more suitable with predictable

degradability, thermal stability, andmechanically viable as

compared with the thermoplastic ones.

In this research, we conducted the fabrication of highly

porous and interconnected biodegradable polymer scaf-

folds based on the polymerization of crosslinked PLA

produced using a salt particulate leaching method and the

one prepared by a combination of batch foaming followed

by leaching. The scaffold fabrication procedure involved

two simple steps, radical crosslinking polymerization of

PLAoligomers and subsequent salt leachingor foamingand

leaching. This method renders the scaffold fabrication

facile, rapid, and easily achievable. The microarchitectural

properties of the crosslinked PLA scaffold, in particular its

morphology, porosity distribution, and structural stability,

were analyzed and correlatedwith the results of the invitro

cell culture analyzed with the cell/scaffold interaction

using the colonization of human mesenchymal stem cells

(hMSCs) and degradation using phosphate-buffered saline

(PBS) solution.

2. Experimental Section

2.1. Preparation of Crosslinked PLA Resin

The initial step is the synthesis of branched PLA oligomers from

PLA using ring opening reaction with linear/branched polyols.

The PLA oligomers was synthesized from the polymerization of

D,L-lactide in a batch reactor at 160 8C for 3 h with 0.02 mol% Sn(II)

octoate as an initiator with an appropriate amount of coinitiators.

The telechelic D,L-lactide-based oligomers so prepared was

functionalized with methacrylic anhydride for 3 h at 120 8C, and
the final product was purified by distillation under reduced a

pressure at 140 8C. The resultant PLA oligomer was designated

as Lait-X. For crosslinking, 2,5-bis(tert-butylperoxy)-2,5-dimethyl-

hexane (1wt%, Sigma-Aldrich Co.) is mixed with Lait-X and cured

at 150 8C for 10h.

2.2. Fabrication of PLA Thermoset Scaffolds

The NaCl crystals (Salt Industry Center, Japan) were powdered to a

particle size from 450 to 30mm by grinding in a ceramic mortar

with subsequent drying in a ceramic hot plate (CHP-170D, AS ONE

Co.) at 120 8C for 1h. The size of the NaCl particles was calculated

from the polarized optical images and averaged using an image

analyzing software. Variation of size in the NaCl particles was

preferable for generating pores with good interconnectivity

between the pores. Sample suspensions prepared for the scaffold

fabrication consists of the PLA oligomer resin (Lait-X), radical

initiator, and NaCl particles. The Lait-X/initiator/salt mixture was

stirred with a spatula for a few minutes until the mixture had

completely wet the NaCl crystals. For all the samples the

crosslinked PLA was mixed with NaCl at around 60 8C except the

Lait-X/e sample (Table 1). The Lait-X/e treated with acetone to

reduce the viscosity was dried in a vacuum drying oven (DP33,

YAMATOSCIENTIFIC Co., Ltd.) at room temperature. The composite

mixturewas added into a Teflonmold (a cubical vial of dimension:

2�2�2 cm3). A rigorous curing processwas applied to all samples

in a hot air oven (ST-110, ESPEC Co.) at 150 8C for 10h. One of the

cured samples with the salt particulate (Lait-X/c) was taken for

foaming using batch process under supercritical carbon dioxide

(20MPa) for 5 h at 80 8C in an autoclave (TSC-WC-0096, Taiatsu

Techno Co.).[9] The prepared diskswere soaked in a large volume of

deionizedultrapurewater (specific resistance18MV � cm, TOC<20

ppb, WR600A, YAMATO SCIENCE Co., Ltd.) for 48h to leach the salt

particulate leaving the porous scaffold. The water was refreshed

twice every day to favor the complete dissolution of the salt.

The fabricated scaffold samples were collected, dried, and stored

in a desiccator. The dimension of the prepared scaffold was

1�1�0.2 cm3.

Table 1. Properties of crosslinked PLA scaffolds.

Sample Composition ratio

(Lait-X/NaCl/acetone)

[wt%]

Particle size

[mm]

Specific

gravity

Tg
[-C]

Lait-X/a 1/1/0 450 0.69 39.9

Lait-X/b 1/1.2/0 30 0.74 37.6

Lait-X/ca) 1/1.2/0 30 – 37.4

Lait-X/d 1/1/0 30 0.82 41.6

Lait-X/e 1/4/0.4 450 0.57 40.7

Lait-X 1/0/0 – 1.42 34.5

a)The scaffold is prepared through batch foaming followed by leaching.
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2.3. In vitro Cell Culture

Humanmesenchymal stemcells (hMSCs)were used for in vitro cell

culture to analyze the biocompatibility. This was prepared by

mixing 106 hMSCs into 50mL of mesenchymal stem cell basal

medium (MSCBM) in a flask and incubated for 3 d. A 10mL of PBS

(pH¼7.4)was added to themediumand drained, towhich a 10mL

of trypsinwasaddedandkept for incubation.Thismediumwasput

into a centrifuge at 5 g for 5min to sediment the hMSCs cells. The

removed hMSCs was standardized to 1200mL with MSCBM.

Meanwhile scaffold samples along with cell culture plates were

sterilized with ethanol at room temperature and subsequent

irradiation with UV for 24h. A 300mL of the MSCBM medium

composed of hMSCs was added to each cell culture plate with the

scaffold and placed in an incubator (37 8C, 5% CO2). The cell culture

media was changed every 2nd and 5th with the cell activity

checked on the 6th day. The cell number and concentration was

analyzed through hemocytometerwith histological staining using

trypan blue. The cell activity was analyzed through a plate reader

(BIO TEK, ELx800) stained with alamar blue in the wavelength

range of 570–600nm. The coloration was estimated through

absorbance values. A control was set with scaffold in MSCBM

medium without the hMSCs.

2.4. In vitro Degradation

PBS (pH¼ 7.4) that simulated the ionic concentrations of the

human body was used to assess the biodegradability. PBS was

prepared by mixing two solutions; 18.2 vol% of 1/15M KH2PO4

(9.078g KH2PO4 per liter of H2O) and 81.8 vol% of 1/15M Na2HPO4

(11.876gNa2HPO4 � 2H2Oper liter ofH2O),was based on ISO15814:

1999(E). A 100mL PBSwas added to an inert plastic container with

the scaffold samples and sealed with paraffin. All containers were

kept in an incubator at 37.5�0.5 8C. The pH values were checked

frequently andadjusted to 7.4�0.3 using 0.1M ofNaOH. In order to

estimate theweight losses, the scaffoldwas taken out and air dried

at 33 8C for 24h with the duration of 2 and 4 weeks.

2.5. Characterization

NaCl crystal particles were observed using a polarization optical

microscope (POM, OPTIPHOTO2-POL, Nikon Co.). The size of the

particleswasdeterminedbyanalyzingthePOMimageswith Image

J 1.43u software (National Institutes of Health, US).

Themorphological featuresof theLait-XScaffoldswereanalyzed

with a scanning electron microscope (SEM, JSM-5310LV JEOL Ltd.)

coatedwith gold and palladium (Au/Pd 60:40). The specific gravity

measurements were conducted to analyze the completion of

salt leaching by MD-200S, Alfa Mirage Co., Ltd. All samples were

tested over five times and average values were calculated.

The morphological features of the scaffold undergone in vitro

degradation was observed by field-emission scanning electron

microscopy [FE-SEM,Carl Zeiss (Leo) 1530VP], operatedat5 kVwith

a coating of gold and palladium.

Pore size distribution was measured by mercury porosimetry

(Shimadzu Techno-Research, AutoPore IV9500 supplied by Micro-

meritics). Fromthismeasurement,porosity, total intrusionvolume,

total pore area, the average pore diameters were calculated.

Washburn’s equation[10] was used to calculate the pore size

distribution through mercury porosimetry as

pr2p ¼ �2prgcosu (1)

This equation assumes that the mercury intrude a cylindrical

pore. The terms r, g , u, p represent the radius of the cylindrical pore,

surface tension, contact angle, and pressure of mercury, respec-

tively. The contact angle (u¼ 1308) and the surface tension

(g ¼ 485� 10�5 mN �m�1) are constants while the radius of the

cylinder (r) and pore size distribution are measured from the

applied pressure (p) for the mercury intrusion.

The thermal properties were analyzed using the differential

scanning calorimetry (DSC 2920, TA Instruments) at a heating rate

of 5 8C �min�1 from –50 to 250 8C in a powder form with a sample

weight of 10mg.

3. Results and Discussion

The preparation scheme of PLA oligomers resin (Lait-X) is

shown in Figure 1. [11–13] The initial step is the synthesis of

branched PLA oligomers from PLA using ring opening

reaction with linear/branched polyols. The PLA oligomer

so prepared is functionalized and the final product was

purified by distillation under a reduced pressure. The

crosslinked PLA thermoset scaffolds were prepared by

curing the Lait-X resin using initiator with NaCl as the

particulate added to it. The salt particulate was leached

through water leaving the porous scaffold. In the salt

leachingmethod, thesaltparticles are influencedbygravity

which results in the heterogeneous dispersion of the same

leading tohighlyporous scaffold.One set of the cured Lait-X

resinwithparticulatewas foamedusingbatchprocesswith

subsequent leaching through water leading to a scaffold.

The crosslinkedPLAscaffold specimenswerenamedas Lait-

X/a-e based on the composition ratio of NaCl, PLA oligomer

resin, andacetoneused for the scaffold fabrication (Table 1).

Acetonewas used as a solvent to reduce the viscosity of the

resin in Lait-X/e sample. Lait-X/b and Lait-X/c possess the

same composition with the former prepared by salt

leaching and the latter by batch foaming followed by

leaching. For comparison, the suspension composed of neat

Lait-X was also polymerized. The NaCl particle size for Lait-

X/a, Lait-X/b, Lait-X/c, Lait-X/d, and Lait-X/e were 450, 30,

30, 30, and 450mm. The crosslinked PLA resin to NaCl ratios

for Lait-X/a, Lait-X/b, Lait-X/c Lait-X/d, and Lait-X/e are 1:1,

1:1.2, 1:1.2, 1:1, and 1:4, respectively, with Lait-X/e having

an additional ratio of 0.4 with the solvent acetone. The

specific gravity of the scaffolds of Lait-X/a-e is reported in

Table 1. The value of the specific gravity of scaffolds was

much lower than the neat cured Lait-X sample (1.42) with

Lait-X/e showing the lowestvalue. This isdue to thevolume

increase from the pores after leaching and proves the
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effectiveness of NaCl as the selective particulate for the

scaffold fabrication.

Figure 2 presents the magnified views on the internal

morphologyof thecrosslinkedPLAscaffolds. Lait-X/ahasno

pore connectivity and has thicker walls between the

consecutive pores (Figure 2a) in the size range of 450mm.

The Lait-X/b and Lait-X/c have the same percent of salt

particulatewith similarparticle size; the formerwas turned

into scaffold through simple leaching while the latter was

through batch foaming followed by leaching (Table 1). The

qualitative evaluation of the SEM images of Lait-X/b and

Lait-X/c showed a well-developed porosity and intercon-

nectivity with pore sizes spanning over a very wide range,

from few mms to hundreds of mms (Figure 2b and c). Even

though the Lait-X/d sample had a similar particulate

particle size as Lait-X/b and Lait-X/cwith good porosity the

interconnectivity was very low (Figure 2d). The intercon-

nectivity of pores is a significant parameter for porous

scaffolds which plays a significant role in tissue develop-

ment through cell seeding, adsorption

of H2O, nourishments, and desorption of

wastes. In Lait-X/e, acetone was used as a

solvent, had a negative effect on the final

outcome of the scaffold as shown in

Figure 2e. The internal morphology of

Lait-X/e after polymerization shows that

pore walls are brittle and often broken

with poor pore connectivity. The brittle

nature of scaffolds shall affect the flex-

ibility needed to substitutewith the bone

tissues. The scaffolds prepared with the

smaller salt crystal sizes are robust with

greater porosity (Lait-X/b and Lait-X/c).

This is attributed to the agglomeration of

the smaller crystals with short polymer

domains during the curing process.When

the cured salt/resin composite was

soaked in water, the salt crystals are

washed out leaving well connected pores

with intricate internal architecture.

Figure 3 shows the relation between

the pore size diameter to the cumulative

and differential intrusions of mercury in

Lait-X/b and Lait-X/c scaffolds. The max-

imum intrusion and interconnectivities

of Lait-X/b was from 0.1 to 1mm pore

diameter regions and for Lait-X/c it was

from 0.1 to 10mm. The porosity, total

intrusion volume, total pore area,

and median pore diameter (volume) of

Lait-X/b calculated by mercury porosi-

metry were 43%, 0.511mL � g�1,

13.4 m2 � g�1, and 0.520mm whereas for

Lait-X/c it was 49%, 0.688mL � g�1,

27.6 m2 � g�1, and 1.26mm, respectively. The shift in the

values of Lait-X/b and Lait-X/cwas due to the effect of batch

foaming which lead to the movement of salt particulate

during foaming resulting in the increased porosity and total

intrusionvolume. Thevalueofporosity that isbest suited for

the bone tissue scaffold lies in the range of 50%[14,15] which

matches with the porosity values of Lait-X/b and Lait-X/c.

The thermal behavior of the samples was analyzed using

DSC thermograms (Table 1). There were no melting points

(Tm), which demonstrates that all samples are amorphous

and thermoset. The glass transition temperature (Tg) of neat

Lait-X was 34.5 8C and for the scaffold sampled it varied

between 39 and 41 8C with no significant variation. It also

clear that there is no structural change in the scaffolds

prepared with the simple particulate leaching and foaming

followed by leaching. A significant difference in Tg is

observed between the neat Lait-X and the scaffolds, which

canbeattributedtothehardeningeffectwiththepresenceof

NaCl particles while curing. The Lait-X thermoset scaffolds

Figure 1. Scheme of synthesis of crosslinked PLA.
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are thermally stable, possess a Tg that matches with the

human body temperature, is an added advantage towards

the potential application as a tissue engineering scaffold.

Figure 4 depicts the cell activities of Lait-X/b and Lait-X/c

scaffolds in the culture plates analyzed with alamar blue

assay using a plate reader. The control with scaffold in

MSCBMmediumwithout thehMSCshadaviolet colorwhile

the ones with cell activities had a pink coloration. The

number of cells in the cell culture plate with the scaffold

sample was roughly 7.75� 105 cells � sample�1 as enumer-

ated from hemocytometer using trypan blue. Lait-X/b

showed more cellular activity (Figure 4a and b) than the

Lait-X/b with a variation the pink coloration even though

both have same composition and varies only in the

preparation method. This may be due to the effect of pore

wall regions in Lait-X/b that can promote

thecellularadhesionandgrowth. Figure4c

shows the absorbencies of LaitX-/b and

LaitX-/cwith the cellular activity assessed

using alamar blue. It confirms that LaitX-/

b scaffolds have a high level of cell activity

and superior biocompatibility which pro-

moted the hMSCs adhesion leading to the

increasedcellactivity.This resultconforms

to the observation of in vitro biodegrada-

tiondiscussed in the later section. The Lait-

X/b and Lait-X/c were nontoxic and the

cells seeded into the scaffolds exhibited

the ability to attach and propagate in the

scaffold structure.

Thebiodegradability of porous Lait-X/b

and Lait-X/c thermoset scaffold were

investigated in PBS solution at 37.5 8C
by analyzing the loss of weight and pore

morphology throughoutdegradation. The

Lait-X/b and Lait-X/c were degraded

almost completely within 4 weeks

(Figure 5a and b). Both the scaffolds

showed significant degradation after

2 weeks of immersion in PBS and total

disintegration in another 2 weeks. The

weight after in vitro degradation was

nearly 49.4% for Lait-X/b and 58.8% for

Lait-X/cdue to the lossof thematerial into

the PBS media with 2 weeks of exposure

(Figure 5c). The increased disintegration

of Lait-X/c over Lait-X/b was due to the

increased surface area and porosity

attained through foaming. The disinte-

gration of the crosslinked PLA occurred to

themonomer level and later to elemental

level as confirmed from Figure 5a and b.

Thus there are no harmful or nondisinte-

grativebyproducts thatharmor remain in

the biological system with its use. Although the porous

scaffold was made from crosslinked PLA, the hydro-

sensitive ester bonds facilitated the absorption and

diffusion of water initiating the degradation. This rate of

biodegradation is best suited for bone tissue regenerating

application in children where the ones with faster

regeneration are preferred. The Tg of PLA thermoset scaffold

matched with the in vitro set temperature (37.5 8C) which

influenced thedegradation. This is anaddedadvantage as it

gives relevant flexibility when used for tissue repairs and

regeneration. Figure 5d and e shows the morphological

features of Lait-X/b and Lait-X/c under biodegradation in

PBS solution through FE-SEM images after 2 weeks of

degradation. The scaffolds retained the morphology with

50% weight loss after 2 weeks of degradation with

Figure 2. SEM images of crosslinked PLA porous scaffolds (a) Lait-X/a, (b) Lait-X/b,
(c) Lait-X/c, (d) Lait-X/d, and (e) Lait-X/e for 150� , 350� , and 750� magnifications.
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differences in features between the same. The spherical

blisterswere observed on the scaffold porewalls of Lait-X/b

the scaffold samples due to degradation with the PBS

(Figure 5d) and were not much visible with Lait-X/c. The

sphericalgeometrywasdueto the impactof surface tension

at the degradation points. The scaffolds possess a hetero-

geneous morphology with numerous degradation points

on scaffold pore wall regions which led to the fast

degradation.

In fact it has been underlined that high porosity and

biocompatibility shall boost hosteogenesis in vivo, since

bone regeneration involves vascularization, as well as

recruitment and penetration of cells from the surrounding

tissue.[16] Moreover, 30–100mm is usually considered the

minimum required pore size to allow cell migration;

vascularization and transportation processes.[15] The Lait-

X/b scaffold sample with excellent properties of thermally

stability, biodegradability, and biocompatibility makes it a

suitable candidate for bone tissue engineering scaffold.

Moreover the well-developed network of interconnected

pores which exceeds hundred mm shall boost hosteo-

genesis. Unlike the scaffolds prepared by other techniques

(e.g., freeze-drying, solvent casting, or liquid-liquid phase

separation) the current process does not require any

harmful solvents, thus reducing the potential of toxic

reagents to leach out over time.

In the present scenario, bioceramics entities such as

tricalcium phosphate, hydroxyapatite (HA), and bioactive

glass have been used for bone tissue engineering scaffolds

and drug delivery.[17–21] Osteomyelitis is a most common

medical problem related to bones caused by an inflamma-

toryprocess leading tobonedestruction causedby infective

microorganisms found worldwide in children, where the

bone tissue regeneration is required.[22] Although, biocera-

mics scaffolds serve the purpose of tissue regeneration and

drug release but they present formidable limitations such

as the lack of information relating to the long-term effects

in the body. The bioceramics especially HA when resorbed

into the biological system for a long-term shall give

secondary fixation (70% remains in dogs after 4 months

and for humans it is 90% even after 4 years).[23] HA crystals

released from the bone scaffolds will accumulate in the

joints and can stimulate an inflammatory response in

the prosthesis area.[24] In the case of children with acute

osteomyelitis the PLA based thermoset scaffold can serve

the purpose as it possess excellent biodegradability and

biocompatibility with no side effects of byproducts or

end products.

4. Conclusion

This work represented the first time that highly porous

crosslinked PLA scaffolds were successfully prepared

through particulate leaching and foaming followed by

leaching methods. The scaffolds were porous with good

interconnectivity and thermal stability. The SEM images

confirmed the pore connectivity and structural stability of

the crosslinked PLA scaffold. The in vitro cell culture

demonstrated the ability of the scaffold to support hMSC

Figure 3. Pore size distribution in Lait-X/b and Lait-X/c scaffolds.

Figure 4. (a), (b) In vitro cell culture analysis of Lait-X/b and Lait-X/
c showing the cell culture plates treated with alamar blue and (c)
absorbance of Lait-X/b and Lait-X/c on the plate reader measured
at a wavelength of 570–600nm.
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adhesion confirming the biocompatibility through the cell/

scaffold interaction. The in vitro degradation of the PLA

thermoset scaffolds was faster for the ones prepared by

foamingandsubsequent leaching. The results suggests that

novel crosslinked PLA thermoset macroporous scaffolds

withaporosity of 50%discussed in this study are stable and

best suited for the bone tissue engineering applications.
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