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Abstract

AATNME2EE Fe MIIFHAAES 0|8t
MEZEH HE Jl= e
Lee Heongjin

Advisor : Prof. Kim GeunHyung, Ph.D.
Depar tment of Mechanical Engineering
Graduate Scahool of Choun University

Biomedical synthetic polymers have been used in soft and hard tissue
regeneration because of their good processability and biodegradability. However,
biomaterials such as poly(e—caprolactone) (PCL) have various shortcomings,
including intrinsic hydrophobicity and lack of bioactive functional groups. The
material must be reinforced with natural biomaterials to achieve good cellular and
mechanical performance as biomedical material. We fabricated a biocomposite using
PCL and silk fibroin (SF) powder, which has good biocompatibility and mechanical
properties. The hydrophilicity, mechanical properties and cellular behavior of the
PCL/SF fibers were analyzed. In addition, we obtained a highly oriented conduit of
electrospun biocomposite fibers by modifying the rolling collector of the
electrospinning system. As the alignment of micro/nanofibers increased, the
orthotropic mechanical properties were improved. The biocompatibility of the
biocomposite was evaluated in a culture of bone—-marrow—derived rat mesenchymal
stem cells. The cellular result demonstrated the potential usefulness of electrospun

biocomposites for various biomedical conduit systems.
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Hi2 E=otH =10 (2), OlAE MMEE Asts £ gt THH o HUHNMZESE &4
ot 2HEGHH CHete == SIChD QIAIGHH AOIEIICIN 22 AN EZ fibroblast 2t
22 U2 NMEES 22 =011 (4), MOIEStCIe Hetoz =22 Fibroblast MIE
= 2cA2 gHoto (5), MU olAE M= Sctd 8oz =HAMOIA &0
(6)[Fig 2.]. U229 HR MIUAHE IS0l 2oLt 0l 2o 1M Lol &0l
MIIALE, ol RATHMXIXME 222l JlssS Hastlt. MetMd IS AHA XX
M= M2 AMIZZIC HALGSH 2 MMt A (biostability)t Mzl &
o 2HAE MIEEY (biocompatibility)2 D6t HMZESHHOF SHCH. MIMotE A
O XXAHe 0 = &€, G5, 4, g2d B8-S0l LUKl 2£0t0F ofH, 2
MESHCZ= XXMIt JIHE, MapatHo2 =2 XA 32 0/F0H0F &tCh
d ME= Mo OlAl = MASI MUOIA o=l IHlots NIIMERHCZ X5 =
Mol A (biodegradable) HE2 LIS0 = 2= QUCH. [Table 1] E£8 IH22 Young‘s

c 5
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1. Surgeon implants bomaterial

t=1 min.

4. Cells fuse to form cellz & In response 1o the cytokings,
and socrete i tm:m-ﬁlhayn

Signaling
mmiu;m T synthesizing collagen

T

Fig 2. o]2® A A A & 2}2] Foreign body reaction”"!
2] : D. G. Gastner, B. D. Ratner, Surface Science 42, 500, 2002.
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. Poly(a-hydroxyesters):
- PGA : polyglycolide
© PLA : polylactide
* PLGA : poly(lactide- co- glycolide)
. Poly(e-caprolactone)
. Poly(orthoesters)
. Polyanhydrides
. Polyhydroxybutyrate:
* PHB : Poly(3-hydroxybutyrate)
* PHV : Polyhydroxyxyvalerate
* PHBV : Poly(hydroxybutyrate- co- valerate)
. Polyphosphagenes
. Poly(propylene fumarate)
. Sodmum alginates

. Collagen

efc

Table 2. F A& 8to] o]&¥ 1 Q= A4
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Natural polymer

Main applications and comments

Proteins-based polymers
Collagen

Albumin

Absorbable,
available,

Absorbable sutures, wound dressing, drug delivery
microspheres.

Cell and drug microencapsulation.

biocompatible,  nontoxic,  naturally

Poly(amino acids)

Paly(L-lysine), poly{L-glutamic acid), poly(aspartic
acid) etc.
Nontoxic, nonantigenic and biocompatible.

oligomeric drug carriers.

Polysaccharides and
derivatives

Vegetable sources
Carboxymethyl cellulose

Cellulose sulphate
Agarose

Alginate (marine sources,
algae)

Carrageenan

Cell immobilization in drug-delivery and dialysis
membranes.

Component  of  polyelectrolyte  complexes  for
immunoisolation.

Supporting materials  in  clinical analysis and
immobilization matrices.

Gel-formation  properties, relatively biocompatible,

immobilization matrices for cells and enzymes,
controlled release of bicactive substances.
Thermoreversible properties. Used for
microencapsulation.

Human and antmal souraes
Hyaluronic acid

Heparin and heparin-like
glycosaminoglycanes

Excellent lubricant, potential therapeutic agent.

Antithrombotic  and  anticoagulant  properties,
candidates for ionotropic gelation and capsule
formation.

Microbial polysaccharides

Dextran and its
derivatives

Chitosan and its
derivatives

Excellent rheological properties, plasma expander,
drug carrier.

Biocompatible, nontoxic, gel- and film-formation,
natural polycations. Used in controlled-delivery
systems (e.g. gel, membranes, microspheres).

Table 3. H<I a1 E=} A A 72

T _2'_% %‘E [30]



Main applications and comments

Aliphatic polyesters
Poly{lactic acid), poly(glycolic
acid) and their copolymers

Poly{hydroxy bul‘vrate}
poly(e-caprolactone) and
copolymers, poly(alkylene
succinates), etc.

Used in sutures, drug-delivery systems and in
tissue engineering,.

Biodegradable. Often copolymerized to regulate
degradation time.
Biodegradable, a
systems.

Cell microencapsulation.

matrix  for drug-delivery

Polyamides (nylons)
Polyanhydrides

Poly{ortho esters)

Polyicyano acrylates)

Polyphosphazenes

Thermoplastic polyurethanes

Sutures, dressing, haemofiltration membranes.
Biodegradable, useful in tissue engineering and
the release of the bioactive molecules.
Surface-eroding  polymers,  sustained

delivery, ophthalmology.

Biode édabfi- d.ependmg on the length of the
alkyl chain. Used as surgu_al adhesives and
glues, potentially used in drug delivery.

Versatile side-chain functionality in films and

drug

hydrogels formation.

Applications in drug delivery.

Good  elastomeric properhes Used in
permanently  implanted  medical  devices
(prostheses, wvascular grafts), catheters and

drug delivery systems. Initial candidates for

the artificial heart.

Polyethylene (low density)
Poly(vinyl alcohol)

Polyiethylene oxide)

Polyihydroxyethyl
methacrylate)
Poly{methyl methacrylate)

Polyitetrafluoroethylene)
(Teflon)
Polydimethylsiloxanes

Sutures, catheters, membranes.

Gels and blended membranes used in drug
delivery and cell immunoisolation.

Highly ‘biocompatible”. Different  polymer
derivatives and copolymers have been utlized
in a variety of biomedical applications.

Hydrogels as soft contact lenses, for
delivery, as skin coatings

This and its copolymers are used as dental
implants and in bone replacement.

Vascular grafts, clips and sutures, coatings.

drug

A silicone. Implants in  plastic  surgery,
orthopaedics, blood bags and pacemakers.

Environmentally responsive,

synthetic polymers

Poly(ethylene oxide-b-propylene
oxide

Poly{vinyl methyl ether)

Poly(N-alkylacrylamides)

Surfactants with amphiphilic properties; protein
delivery, skin treatments.

Nontoxic, temperature-sensitive
shape-memory properties.

Temperature-sensitive gels whose lower critical
solution

polymer;

Table 4. g4

LA ABA A =

B = [30]
o B 4 &5
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Voorhees (1952) 2t Blakemore(1952, 1954) SO0| Vinyon N clothete 2&& 2HE 9

S22 0|Eot SRUSUHEE XSotUCt2 2108 = Nylon, T eflon, Orlon,

poly - ethyleneterephthalate(Dacron), plastic, poly - urethane, poly -
tetrafluroethylene(PTFE) S22 ME22 0|2&t QIZEZHE0| MEZAJLCH. ST =0l
Zzold N2 & A% oot X&Z2 0|28t AIBE & M 2stHARI &E &

s g QUCH B [Fig 4.]

o2t
— O

0l 0l ME2EZD U= A2 A F IH=EA SS4d0 HI2S582 =2 L
= 4= UA9H SHH0= AdQIYA AE(stainless steel), DEE(cobalt) IA=SE
=, ElEtE(titanium)&2 S0 JACH, HISHHo=zE= SEMA M0l AIEED

QCHBechtol S, 1959; Dumbleton £, 1975; Friedman S, 1993; Hand £, 1938;
=~

Semlitsch, 1995). 1970 &t A9l Boutin® At (ceramics)22 QIZRAEE OIS
H HEa3l= SAIHEE MESIR2LE =TlHes SAHUES AMSSHA £ 20 s
12 AME &Gt A2 0lEs QLY M (aluminum

QCH = 1973Y¢ Mittelmeier S
O

oxide ceramic)2 B ZE0 AISOIULH. SAIUMEES AISoHA L2 M= ASYUS
HOEW &2 FHS US4 B2HES HEN XMeldot Ad8=0] 018 28 522 Xt
et SO MESNCOE ANE NHS L= AlSot/UACH Christel, 19925 Cook &,
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Fig 4. Artificial Blood Vessels '
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Cemented Prosthesis Uncemented Prosthesis

Fig 5. Artificial Knee Joint (61
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courtesy of Discovery

5 sheets/box, Dow Hickam Inc.

Advanced Tissue Sciences

Fig 6. Artificial Skin [
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Semirigid Prosthesis Inflatable Prosthesis
A pair of semi-rigid rods implanted in penis ~ The fluid pump is located in the the scrotum =3
are bendable. which controls flow of fluid to or from the AV

inflatable cylinders. S 7ODER
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Fig 7. Penile Prosthesis '
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Ml 3 & Highly oriented electrospun polycaprolactone
micro/nanofibers prepared by a field-controllable

electrode and rotating collector
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Syringe pump

¥+t ] — ®
Polymer Solvent Nozzle

HVPS

SEM imae Nano fiber

Braiding/Slitting Target /f

Fig 1. Nanofiber manufacturing process using the electrospinning process.
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2 AFMAM Soft =& THMUH AESZ= MEEMC DS LH-I0IHE M
olJl <ol M=old, MHESSE DEXQ poly(e-caprolactone) (PCL, Mw=80000,
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St AHESHALCE.
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field controllable
collector "\/_’Ehaﬂtmda

auxiliary
E|ECIF~‘JdE

~

=

a normal e-gpin b modified e-spin

Fig2. Schematic diagram of electrospinning systems. (a) Normal
electrospinning process and (b) modified electrospinning process with a
field—controllable electrode.
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Fig 3. Schematic description of the alignment of electrospun fibers in an electric field.
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a normal e-spin b modified e-spin

Fig 4. An initial spun jet and whipping motion of electrospun fibers for the (a)

normal electrospinning process and (b) modified electrospinning process.
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y 1l T II*~ [ 1 )
N e AR o Rotating
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- ' i

AC controllable

electrods
E— ffi-— -

L
Mozzle hlt- s u "”j"' \j.'.\ .
m-?c.;-;qu‘ = |'! l ||| Rotating
B ,li RN ':.’I. collector
Loy Lu A\ )
i 4! i a1

o

Initial swing Stretching =
b zone zone '?‘L—

Fig 5. Schematic diagram of the electrospun fiber alignment mechanism
due to a field-controllable electrode with a rotating collector. (a) Normal
electrospinning process and (b) modified electrospinning process with a
field—controllable electrode.
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# normal e-spin

fiber direction

— whipping area

fibers

b modified e-spin

Fig 6. Photographs of the whipped electrospun fibers for the (a)
normal electrospinning process (DC field: 0.13 kV/mm) and (b)
modified electrospinning process (DC field: 0.13 kV/mm, AC field: 35.7

V/mm at 20 Hz).
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4 8 B =

&

hlumber ef ibars {4)

a normal e-spin

[0 AT condion (54, 20 HE)
CS =X irw

&

-

Nsber ef thera (%)

P A conaan {580, S00HE)
CS=04mA

¢ modified e-spin (5 kY, 500 Hz)

Fig 7. SEM micrographs of electrospun fibers fabricated with two different
collector speeds (CS) for the (a) normal electrospinning process, (b) modified
electrospinning process with an AC electric field of 35.7 V/mm, and 20 Hz, and
(¢c) modified electrospinning process with an AC electric field of 35.7 V/mm
and 500 Hz. The applied DC field was 0.13 kV/mm.
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Applied electric field Diameter at CS = 3.1 m/s (pm) Diameter at CS = 8.4 m/s (pm)

DC

0.13 kV/mm [.14 £0.53 0.589 £ 045
DC 4+ AC

357 V/mm, 20 Hz 0.96 +0.49 0.79 +£0.47
35.7 V/mm, 500 Hz 0.87 £0.44 076 £0.43

Table 1. Diameter and standard deviation of electrospun fibers fabricated using
the normal and field-controllable electrodes at two different collector speeds.
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Fig 1. SEM and optical image of powdered silk fibroin.
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Fig 2. Schematic of (a) the electrospinning processes supplemented with an

auxiliary electrode and (b) the modified electrospinning process supplemented
with a ring collector. Initial and stretched jets of the electrospun biocomposite
for (¢) a general electrospinning process and (d) a modified electrospinning
process to fabricated biomedical tubes. 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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2-4 HIZ HH

2 H70AM AMEE MIZEz Osteoblast(Human Mesenchymal stem cell, Dr. Youngho
Knho, Hallym Medical University) (HMCS)S AIES5IARCM, MIEZS MIHHXI= OMEM
(Dulbecco's modified Eagle's medium, GEMINI BIO-PRODUCTS) 2t 10%2l FBS(Fetal
bovine serum), 1%2 PS(Penicillin/streptomycin)2 Z& 6t AFZSSHACH. OIZ A Ui
%= HEEZE 1% Trypsin-EDTA(GIBCO, invirogen)2 AFESHH 1 x 10° 2 AIEZZE 0
LHOI OIEtES & we Xel= =48 PCL LIS TIIOIHIHEQF 2H2 2,521 8 wt% A3 Tl
S20 I*HIt g5E UH=I0IH HEN %ed 37 T, 5 % C0. 2IFHIOIE 0l 24A12t
SOb HHGIACH. E£8F LILTIOIH DHEOMAS MEIE tigEs =olghd| <IoH
MTT(3-(4,5-dimethylthiazol-2-y|)-2,5-dipheny| tetrazolium bromide) assay (Cell
Proliferation Kit |; Boehringer-Mannheim)=S AFZ20l0 Spectrophotometer (EL 800,
BioTeK) Wave number 570 nmOlAl OD(optical density)gtS =& SHRULCE.
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0.81 cm
H—

Fig 3. Initial spun jets for (a) pure PCL and (b—d) biocomposites with (b)
2, (c) 5 and (d) 8 wt% SF powder in PCL solution.
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Diameter of fiber (um)
o
)]

Length of initial i 4 5 5 09
gth of lﬂmﬂ“e{ {cm) ‘5\)(;@{&
Sample type PCL 2 wt%-PCL/SF 5 wit%-PCL/SF 8 witf-PCL/SF
Conductivity (uS/cm) 0.85 1.1 1.42 1.58
Surface tension (N/m) 0.29 0.25 0.17 0.12

Fig 4. Effect of initial jet length and surface tension on the electrospun
fiber diameter. The table shows electrical conductivity and surface tension

for several PCL/SF solutions.
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Fig 5. FT-IR results of PCL, pure silk and PCL/silk (2, 5 and 8
Wt%).
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£ 13.4 m/s2 1N¥E = ==& PCL LEXNE
ME AMESHH ZAtE LH=IHOIHH 2 2 wi%, 5 wt%, 8 wt%2l PCL/Silk fibroin E&1
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=%t PCL D2X SEHOZ GHALE L0l SEM AHEIOIOH, fig 6b, ¢ & d= 22
ANIEZ010| ==& 2 wt%, 5 wth, 8 wth SEHIEZANSHCZ AE LI THOIH
SEM AFEIOICH. fig 6.0M &elg & UAX0l &= PCL LtLII0IH 20 A30E=R2
ol0] &Re ULIoltel ig4dol Sotot) 2F0l LA S &ol & &= JU/UCH
0l2ist Ols= 2A fig 3.1t 4.0l EHGI/ACE. 01242 &F LI-TI0IH2 HIZE bH
Al MIEDE LH=IHOIHE BHEHECZ Rt REECEM 2332 L 20t
S8t ZAMWMEE KNXNMZ HEE = ASS WAGHACH Fig 6e.0lA 6h.= LD
OISl HHEd= L0t2D| 2IotK fig 6a.0lA 6d2l SEMAIRIS 246t ZE 2 3l
& e X e AEE 900 2 40t ULIoIBIt 2EEHA U= HEE
=ZXE & FWHM(Ful | width at half maximum)2 =& GtACH. 1 2 & £2 1E
A2 20 212 FWHM 20l 382 JtE X2 8wtk EgN=AEde=z MAE LIt
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(a) PCL
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(c) 5 wt%- PCL/SF
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ﬂ_l_\a
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mve, 18k | [l
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Diameter(um)
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% rure Pl ™ CPcUsi 2w
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= 0 = 0.
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Angle of fiber (") Angle of fiber (")
(9) (h)
Z=:8d CIPCLSik 5 % - T PGS B wa%
580 =R w0
I_g a0 E 40
g 20 § 20
q =z ,
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Angle of fiber (°)

(b) 2 wt%- PCL/SF

POLIEIR 2w,
134 i 18 kY

Angle of fiber (*)

PELSN B i
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60} [

= 40} |

z

20+ ¢

5wit% 8 wt%
Composition of silk fibroin

Fig 6. SEM micrographs and size distributions of (a) electrospun PCL fiber,
(b) PCL/silk 2 wt%, (c) PCL/silk 5 wt% and (d) PCL/silk 8 wt% with a
rotating collector speed of 13.4 m/s. (e-h) Alignment of electrospun fibers for
(e) pure PCL and (f-h) biocomposites with 2, 5 and 8 wt% of PCL/SF. (i)
FWHM as a function of various SF concentrations in biocomposites.
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Fig 7.2 HM&E L0l 2l stress—strain curveE S Algt 22 HEHO 3N
=G = 242 3.4 m/s%t 13.4 m/sOI0{ ==&t PCLZ HZEE LI=IOIHF A30E=20!
2 wi%ZE HZEE ULIIOIHE HIWGHALCH. AEHES ZAEHS SIMLES IIE2Z HAL
24 HEH(B x 15 mm)E 2UHE F AR 30 CUHA ZAEHS MY LXISHH 0.5
mm./s8l HEZ QIEHZ JIot FHSIUCH. O 2 fig 79 E 20| &30E=2
el0l E2etEll ZEHo 3MEEI SIESSE LILI0IHe =2 tHE &0l 20X
ZI| oIEAE g0l BItot=2

{—
ZM ULIoIHe HISYHE JIHAEEAH(Anisotropic
s =} |

mechanical property)Ol LIEIES EQIGIACH Z2A AdJIE=z
ol IIRHI &RE2=Z 25t L= T0IHe tHEAS 2 x| AIEAE g0l SItdte
A2 &olgr = JU/JUTH
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—=— pure PCL (|]), RS= 13.4 mis

—O0— 2Wt%-PCLISF (||), RS= 13.4 /s
—e— pure PCL (||), RS=3.4 m/s .
—0— 2Wt%-PCL/SF (||). RS=34 m/s

[e2]
T

Stress (MPa)
i

2+ 4
or dm B
0 20 40 60 80 100 120 140
Strain (%)
Collector Stretching PCL 2 wt%-PCL/SF
:‘,pcﬁ;l ;-'clm?ll}_v Young’s Max. tensile Strain at Young’s Max. tensile Strain at
T R, modulus strength break (%)  modulus strength break (%)
(MPa) (MPa) (MPa) (MPa)
34 0.5 1406 39 1.3£0.7 7047x£5.6 27.67x£6.5 1306 2827 £ 14.5

134 0.5 482483 T7.8%1.2 3444 +£55 9651 +12.1 63%15 2541+64

Fig 7. Stress—train curves of PCL and PCL/SF (2 wt%) at a stretching rate of
0.5 mm/s for rolling collector speeds of 3.4 and 13.4 m/s. In the graph, RS
means the speed of the rolling collector. The table shows the tensile properties

of PCL and biocomposite (2 wt% of SF in PCL) for two different collector
speeds.
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130

— —8— Pure PCL
S ‘\ —e— 2% - PCLSF
A —&— 5wW% - PCL/SF
2 —¥— 8 W% - PCUSF
11]
©
8 125¢
[ o
Q
Q
| -
3
2
120 L 1 L 1 L L
0 1 2 3 4 5
Time (min)
Sample type PCL PCL/2 wt%_SF PCL/5 wt%_SF PCL/8 wt9%_SF
WCA after 4 min (°) 126.7 & 1.38 124.8 £ 1.54 122.54+2.55 121.8 £2.66

Fig 8. Water contact angle measurement at various times for fibers electrospun

from pure PCL and three concentrations of PCL/SF.
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0.8 — .
(a)

06+ |

D_4r- [ i
2l T 1 |
18

Absorbance (OD,,,)

D_G 1 1 i 1 1 L
0 2 4 & 8

Veight percent of SF in PCL/SF (%)

(b)

pure PCL 2 wit% of SF S5widk of SF 8 wit% of SF

Fig 9. (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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Fig 10. (Top) Optical image showing the structural appearance of the
cylindrical conduit fabricated with a biocomposite (2 wt% SF in
PCL/SF). (Bottom) SEM images of the inner and outer surfaces of the
biocomposite showing the longitudinally aligned electrospun fibers.
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