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Abstract

The fabricating method for hybrid scaffold using an

electrohydrodynamic and dispensing system.

Ahn SeungHyun

Advisor : Prof. Kim Geunhyung Ph.D.

Department of Mechanical Engineering

Graduate School of Chosun University

A hybrid technology that combines a 3D dispensing system and electrospinning processes

for a 3D scaffold was used to produce a hierarchical 3D structure consisting of micro-sized

polycarprolactone (PCL) strands and micro/nano-sized fibers. The micro/nanofiber

biocomposite electrospun with PCL/small intestine submucosa (SIS) (8wt%) and PCL/silk

(8wt%) was layered between the dispensed micro-strands. The scaffold including SIS

showed higher hydrophilic property than other scaffolds due to the various hydrophilic

components in SIS. The 3D hierarchical scaffold having biocomposites exhibited an

incredibly enhanced initial cell attachment and proliferation of bone marrow stromal cells

relative to normally designed 3D scaffolds.
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Polymer Physical Characteristics
Potential Clinical

Applications

Poly (ester)

Poly(glycolic acid)

Poly(lactic acid)

Poly(caprolactone)

solid-fiber, tube,

sponge, screw, etc

cartilage, bone, muscle,

nerve,

blood vessel, valves,

bladder,

drug delivery, liver,

cardiac tissue

Poly(anhydride)
solid, cross-linked

network
bone, drug delivery

Poly(propylene

fumarate)

solid, copolymer

hydrogel
bone, cardiovascular

Table 1. Biodegradable polymers.
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Polymer
Melting Point

( )℃

Glass-Transiti

on Temp

( )℃

Modulus

(Gpa)a

Degradation

Time

(months)b

PGA

PLLA

PDLLA

PCL

85/15 PLGA

75/25 PLGA

65/35 PLGA

50/50 PLGA

225 230∼

173 178 6∼

Amorphous

58 63∼

Amorphous

Amorphous

Amorphous

Amorphous

35~40

60~65

55~60

(-65)~(-60)

50~55

50~55

45~50

45~50

7.0

2.7

1.9

0.4

2.0

2.0

2.0

2.0

6 to 12

>24

12 to 16

>24

5 to 6

4 to 5

3 to 4

1 to 2

Table 2. Material properties of biodegradable polymers.



- 12 -

(2)

.

0

.

     cos  

∴ cos

  

(  )

= 0 ( : hydrophilic, )ɵ

0 < 90 ( )˚ ɵ ˂ ˚

90 ( : hydrophobic, )˚ ˂ ɵ

2 .

.
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Fig 2. Schematics of droplet.
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(3) ·

, -

.

, , - . ( 3)

· (tensile stress : ) :σ

(A0) , ( ) kgf/cmσ
2

Pa

· (tensile strain : ) : (Lε 0)

( L) , ( )Δ ε

, .

· (yield point) : -

. (yield strength, ),σ

(elongation at yield, ) .ε

· (tensile modulus, Young's modulus : kg/cm2 or MPa) :

( / )

· (tensile strength at Break point : kg/cm2 or MPa) :

· (tensile elongation at Break point : %) :
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( )σ

= 


( )σ

=




× 

Fig 3. Tensile stress and tensile strain.

A0 : ( )

L : LΔ 1-L0 ( )

L0 : ( )

L1 : ( )

σ : (tensile stress) ( f/ or MPa)

: (tensile strain) ( L/Lε Δ 0)

E : , (young's modulus) ( f/ )
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3 .

Table 3. Material and mechanical properties of biodegradable polymers.

생분해성고분자
유리전이

온도(Tg)

용융온도

(Tm)

인장강도

(MPa)

탄성률

(MPa)

굴곡률

(MPa)

변형률

항복(%) 파단(%)

poly(glycolic acid)(MW50,000)

poly(lactic acids)

L-PLA(MW50,000)

L-PLA(MW100,000)

L-PLA(MW300,000)

D,L-PLA(MW20,000)

D,L-PLA(MW107,000)

D,L-PLA(MW550,000)

PLGA 85:15

PLGA 75:25

PLGA 65:35

PLGA 50:50

Poly-( -hydroxybutyrate(MW422,000))β

Poly-( -caprolactone(MW44,000))ε

PolyAnhydrides


Ploy(SA-HDA anhydride)(MW142,000)

Poly(ortho esters)


DETOSU:t-CDM:1,6-HD(MW99,700)

Polyiminocarbonates


Poly(BPA iminocarbonate)(MW105,000)

Poly(DTH iminocarbonate)(MW103,000)

35

54

58

59

50

51

53

50~55

50~55

45~50

45~50

1

~62

n/a

55

69

55

210

170

159

178

·

·

·

·

·

·

171

57

49

·

·

·

n/a

28

50

48

n/a

29

35

·

·

·

·

36

16

4

20

50

40

n/a

1200

2700

3000

n/a

1900

2400

·

·

·

·

2500

400

45

820

2150

1630

n/a

1400

3000

3250

n/a

1950

2350

·

·

·

·

2850

500

n/a

950

2400

n/a

n/a

3.7

2.6

1.8

n/a

4.0

3.5

·

·

·

·

2.2

7.0

14

4.1

3.5

3.5

n/a

6.0

3.3

2.2

n/a

6.0

5.0

·

·

·

·

2.5

80

85

220

4.0

7.0
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.

,

.

.

.

(Fe), (Cu), (Al), (Ni), (Ti) .

,

. ,

,

.

.

.

,

.

.

, , .

.

.

, ,

, .

.



- 18 -

.

, (Fine Ceramics, New Ceramics)

. (Hydrocarbon Products)

(Non-Hydrocarbon Products) ,

(Ceramics) .

,

.

(fine ceramic) , .

.

.

.

TCP(tricalcium phosphate) Calcium aluminate ,

.

Hydroxy apatite(HA)

.

(aluminum oxides, Al2O3)

, , , ,

. , ,

.
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(Hydroxyapatite(HA), Ca10(PO4)6(OH)2)

HA

, .
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3.

.

.

. ,

,

.

,

, ,

.

.

.

(tissue engineering medical products)

. glycosaminoglycan

.

.

/ (Terudermis®/Terumo Co), /GAG /

(Integra®/ Integra Life Sciences), / (BASTM/Modern

Tissue Technologies) ,
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(Alloderm®/LifeCell Corporation, Cymetra®/microsized alloderm)

Alloask® D/

.

.

.

3

.

.

, , .

, ,

, .

.

, , .

. ,

,

.
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.

.

.

.

.

.

,

. -

, , ,

(BMP), ,

. ,

.

. , ,

, , ,

. ,

, ,

,
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.

.

.

, .

, .
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2 (Electrospinning)

1.

16 William Gilbert ·

cone cone

, (electrospraying) .

(EHD, Electro-hydrodynamics),

(electro-fluid-dynamics) (electrokinetics)

. , ,

.

(electrophoresis), (electrospinning) .

/ .  

1934 1944 Formals

1970

. 2000 ,

.  

spinning

(electrostatic force) , (Nano

fiber) 1 ~ 200 poise

(nozzle tip) ,

. , (target)

(Taylor cone) .

Taylor cone
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· whipping zone .

,

(bending instabilities)

ground .

20 nm ~ 1 mμ

. , ,

.  

,

,

.

4 .
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Fig 4. General electro-hydrodynamics process.
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2.

.

. / 3

.

.

,

.

, .

, , .

,

.

.

, , .

, , .

, ,

.

.
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.

, .

.

in vitro

.

.

.

. Kenway tetracycline hydrochloride ,

Ignatious

.  

.

.
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3 (scaffold)

1.

(Scaffold)

.

,

.

-

,

.

, . ,

(porosity)

.

,

(bioabsorbable) (biodegradable)

.

PCL(poly- caprolactone) . PCLε

,

. PCL

(salt-leaching process) 3D .

5 - .
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Fig 5. Schematic of bio-plotting system.
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2. 3

PCL (salt-leaching

process) 3D .

.

sponge interconnected

. seeding

penetration depth

. 3D

(bio-plotting)

3D powder mixture

.

. 3D

.

.

, swelling ,

plotting strand diameter layer thickness

.

6 .
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Fig 6. Scaffold Fabrication Techniques.
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2

1 poly( -caprolactone) Silkε

fibroin .

1.

(Scaffold)

. -

,

,

.

.

(EHD, Electro-hydrodynamics)

. (electrophoresis),

(electrospinning) .

/

.  

spinning

(electrostatic force) , (Nano

fiber) 1 ~ 200 poise

(nozzle tip) ,

. , (target)
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(Taylor cone) .

Taylor cone

· whipping zone .

,

(bending instabilities)

ground .

,

,

.

.

(fibroin)

silk

.

(fibrous protein) . 1,000 ~ 1,300 m

, 10 ~ 25

, 300 ~ 1200 m . (fibroin)

(sericin)

. 

,

.

Arg-Gly-Asp(RGD) tripeptide

.  
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,

.

.

poly( -carprolactone)ε

(PCL) 2 wt%, 5wt%, 8 wt%

. /

PCL / .

/ PCL

/ strain-stress curve initial cell

attachment .
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2.

Poly caprolactone(PCL, Mw 80,000, Aldrich)

, DMF(N,N-dimethyl formamide, junsei Chemical co.)

MC(methylene chloride, Junsei Chemical co.) 1:4

.

Bombyx mori silk 0.02M Na2CO3

20

sericin 9.3M LiBr 60 5

. dialysis 30 3

.  

-76 3 (SFDSM06;

Samwon) Freezer mill

. fig 1 SEM

. 2 25 sieve

.

17 wt% PCL, 66.4 wt%

MC 16.6 wt% DMF [MC : DMF=4 : 1] ,

8wt% PCL/ .

.

(high voltage power supply, HVPS, SHV200 40 kV / 5 mA, Convertech),

(syringe pump, model 781100, KDScience), (nozzle) 20G

(collector) 13.4 m/s, 120mm

.

7 .
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Fig 7. schematic of electrospinning process.
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. Silk powder 

Silk fibroin powder , ,

30 . Silk fibroin

sericin deep freezer

. Freezer mill powder .

8 Silk fibroin powder .
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Fig 8. Silk powder preparation before electrospinning process.
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. PCL/Silk Fibroin

17 wt% PCL, 66.4 wt% MC 16.6 wt%

DMF [MC : DMF=4 : 1] , 8wt% PCL/

. 9 Poly(ε

-caprolactone) Silk Fibroin .

(collector) 120mm ,

4 mm .

, ,

.

(high voltage power supply, HVPS, SHV200 40kV/5mA, Convertech),

(syringe pump, model 781100, KD Science), , (auxiliary

electrode), . 18 kV ,

20 G 20 mL

2 mL/h .

13.4 m/s (1300 rpm) .

.

sputter coater (E-1030, Hitachi) 60 mA 5

, 7 nm (SEM, S-4800,

Hitachi) 5 kV .
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Fig 9. PCL and Silk Fibroin electrospinning.
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.

stress-strain curve

× 5 mm × 15 mm (BXFM-32,

Olympus) 100 , UTM(TOPTAC 2000,

) stress-strain curve . Silk fibroin

Fourier transform infrared (FT-IR), spectrometer (Model 6700;

Nicolet) 400 4000 cm 1 .

(water contact angle) 14mm (punching)

pipette 10

.

(1) SEM image

Poly( -caprolactone) and Silk Fibroinε

sputter coater (E-1030, Hitachi) 60 mA 5

, 7 nm (SEM, S-4800, Hitachi)

5 kV 1000 .

(2) stress-strain curve

stress-strain curve

. 13.4 m/s PCL

2 wt% . UTM(TOPTAC 2000,

) (5 x 15

mm) 30 0.5 mm./s℃

.
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(3) FT-IR

PCL

8 wt%

FT-IR(Fourier transform infrared) .

(4) Water contact angle(WCA, )

In vivo In vitro

.

WCA(Water contact angle)

.

(5)

Osteoblast(Human Mesenchymal stem cell, Dr.

Youngho Kho, Hallym Medical University) (HMCs) ,

DMEM (Dulbecco`s modified Eagle`s medium, GEMINI BIO-PRODUCTS)

10% FBS(Fetal bovine serum), 1% PS(Penicillin/streptomycin)

. 1% Trypsin-EDTA(GIBCO, invirogen)

1 × 105 UV PCL

8 wt%

37 , 5 % CO2 24 .℃

MTT(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl

tetrazolium bromide) assay (Cell Proliferation Kit I; Boehringer-Mannheim)

Spectrophotometer(EL 800, BioTeK) Wave number 570 nm OD(optical

density) .
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.

,

,

,

.

(initial jets)

.

. PCL

initial jet 5.74 cm , PCL/Silk

fibroin 8 wt%

initial jet 0.81 cm . PCL Silk

fibroin initial jet PCL

Silk fibroin Silk fibroin

.

.

Fridrikh

∝




ln







.

 , .κ 

.
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(1) SEM image

10 (SEM, S-4800, Hitachi) 15 kV

1000 SEM .

SEM image Silk powder

.
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Fig 10. PCL/Silk Fibroin nanofiber and Silk Fibroin powder SEM image.
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(2) stress-strain curve

stress-strain curve .

11-A 2wt%, 5wt%, 8wt%

SEM

90 FWHM(Full∘

width at half maximum) .

FWHM 38 8 wt%

.

.

11-B (UTM(TOPTAC 2000, )

(5 x 15 mm) 30 ℃

0.5 mm./s .

PCL Silk

fibroin

.
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Fig 11. SEM micrographs and size distributions of 8 wt% of PCL/SF. (A) FWHM as a

function of various SF concentrations in biocomposites. (B)Stress train curves of PCL and

PCL/SF (8 wt%) at a stretching rate of 0.5mm/s for rolling collector speeds of 13.4 m/s.

The table shows the tensile properties of PCL and biocomposite (8 wt% of SF in PCL).



- 52 -

(3) FT-IR

PCL

8 wt%

FT-IR(Fourier transform infrared) .

PCL 2, 5 8 wt%

FT-IR 1600 1700

cm -1 .

1637 cm-1 ,

1623 cm-1

.

. 1623 cm-1

.
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Fig 12. FT-IR results of PCL, pure silk and PCL/silk (2, 5 and 8 wt%).
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(4) Water contact angle

In vivo In vitro

.

WCA

(Water contact angle) . 13

. 4 PCL

126 ± 1.4° , 8 wt%

121 ± 2.6° .

. PCL

Cell culture

(Initial cell attachment)

.
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Fig 13. WCA(Water contact angle) measurement at various times for fibers electrospun

from pure PCL and three concentrations of PCL/SF.
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(5)

Osteoblast(Human Mesenchymal stem cell, Dr.

Youngho Kho, Hallym Medical University) (HMCs) ,

DMEM (Dulbecco`s modified Eagle`s medium, GEMINI BIO-PRODUCTS)

10% FBS(Fetal bovine serum), 1% PS(Penicillin/streptomycin)

. 1% Trypsin-EDTA(GIBCO, invirogen)

1 × 105 UV PCL

8 wt%

37 , 5 % CO2 24 .℃

MTT(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl

tetrazolium bromide) assay (Cell Proliferation Kit I; Boehringer-Mannheim)

Spectrophotometer(EL 800, BioTeK) Wave number 570 nm OD(optical

density) .

14 PCL

.

24 MTT assay 14-B

7

.

.
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Fig 14. (a) Initial cell attachment of bone-marrow-derived MSC seeded on electrospun PCL

and various biocomposites. (b) Comparison of cell attachment and proliferation of the pure

PCL and biocomposites after cell culturing of 7 days. This figure is published in colour in

the online edition of this journal, that can be accessed via http://www.brill.nl/jbs.
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3.

PCL

, .

.
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2 Poly( -caprolactone) SIS(Smallε

Intestine Submucosa) .

1.

(scaffold), (cell), (growth factors)

. PCL/SIS

, PCL type ,

SIS(small intestine submucosa)

. ,

.

SIS , ,

,

.

SIS

.  

SIS

.
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2.

17 wt% PCL, 66.4

wt% MC 16.6 wt% DMF [MC : DMF=4 : 1] SIS

, 0.5, 1, 3wt% PCL/SIS(Small Intestine Submucosa)

.

(collector) 150mm ,

4 mm

. , ,

.

.

.

. SIS powder   

SIS powder , , ,

.
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Fig 15. SIS powder preparation before electrospinning process.
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. Poly( -caprolactone) and SISε

17 wt% PCL, 66.4 wt% MC 16.6 wt%

DMF [MC : DMF=4 : 1] SIS , 0.5, 1, 3wt%

PCL/SIS(Small Intestine Submucosa) .

(collector) 150mm ,

4 mm

. , ,

. .

16 PCL/SIS

.
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Fig 16. PCL and SIS(Small Intestine Submucosa) electrospinning.
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.

stress-strain curve

× 5 mm × 15 mm (BXFM-32,

Olympus) 100 , UTM(TOPTAC 2000,

) stress-strain curve . SIS(Small Intestine

Submucosa) Fourier transform infrared (FT-IR),

spectrometer (Model 6700; Nicolet) 400 4000 cm 1
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Fig 17. PCL/SIS nanofiber and SIS powder SEM image.
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Fig 18. SEM micrographs and size distributions 0.5, 1, 3wt% of PCL/SIS. (A) FWHM as

a function of various SIS concentrations in biocomposites. (B)Stress strain curves of PCL

and PCL/SIS (0.5, 1, 3 wt%) at a stretching rate of 0.5mm/s for rolling collector speeds of

13.4 m/s. The table shows the tensile properties of PCL and biocomposite.
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Fig 19. WCA(Water contact angle) measurement at various times for fibers electrospun

from pure PCL and three concentrations of PCL/SF.
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Fig 20. Comparison of cell attachment and proliferation of the pure PCL and

biocomposites after cell culturing of 7 days.This figure is published in colour in the online

edition of this journal, that can be accessed via.
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Fig 21. Schematic of the hybrid plotting system complemented with a meltplotting and

electrospinning system.
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Fig 22. Optical images of PCL scaffolds fabricated using (A) a standard plotting system

(inset shows the side view of the fabricated scaffold), and (B) the hierarchical 3-D scaffold

in which the micro/nanofiber was electrospun with a mixture of 8 wt% of PCL and 8 wt%

of SIS, respectively. The fabricated scaffold size was 10 · 10 · 8 mm.
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Fig 23. SEM images of PCL scaffolds fabricated by (a) the standard melt-plotting system and

(b) the hierarchical scaffold fabricated using a hybrid technique combining dispensing and

electrospinning systems. (c) layered 8 wt% PCL/SIS fiber mat between micro-sized strands and

(d) 8 wt% PCL/Silk fibroin mat. The insets show the diameter distributions of the spun fibers.

(e) FT-IR results of pure PCL, pure SIS, pure Silk, PCL/SIS (8 wt%), and PCL/Silk (8 wt%).
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Fig 24. WCA of the layered micro/nanofibers. (A-a~c) Water contact angle measurements

at two time points for pure PCL, PCL/SIS (8 wt%) and PCL/Silk (8 wt%) electrospun

mats. (B) Comparison of the WCAs of PCL, PCL/SIS and PCL/Silk fiber mats.
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(4)
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25-A , 25-B
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Fig 25. SEM micrographs of bone marrow-derived MSCs attached to 3-D PCL scaffolds

fabricated by (a) the normal dispensing system and (b) the hybrid system including

biomaterials. (c) MTT assay showing initial cell attachment and proliferation of bone

marrow-derived MSCs. PCL, PCL_PCL, PCL_PCL/SIS and PCL_PCL/Silk along the x-axis

refer to a normal 3-D scaffold, 3-D hierarchical scaffold with pure PCL fiber mat, 3-D

hierarchical scaffold layer with PCL/SIS fiber mat and 3-D hierarchical scaffold layer with

PCL/Silk fiber mat, respectively.
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