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» Handling excess exudate

» Removal of toxic substances

» Maintenance of moist environment over wound

» Gaseous exchange permitted

» Barrier to microorganisms

» Thermal insulation provided

»Freedom from particulate contaminants
demonstrated
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Jelonet ®, Paranet ®

Semipermeable film :
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Meadox Exxcel™
ePTFE Vascular Grafts

Hemashield Gold™
Textile Vascular Grafts

SEAL Bifurcated Stent Graft
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Poly(a -hydroxy ester)
Poly(L-lactide)(PLLA)

SCPL, PS, RP, woven, FD, MM,

Extrusion, ML

Bone, Liver, Cartilage, Nerve

Poly(glycolic acid) (PGA)

Nonwoven

Bone, Cartilage, Liver

PLLA/PGA

FB

Bone, Cartilage, Liver

Poly(D,L-lactic-co-glycolic
acid) (PLGA)

SCPL, GF, RP, Extrusion, ML,

FD, MM

Bone, Liver, Cartilage, Nerve
Urothelium, Blood vessel

Poly(L-lactic-co-¢ -
caprolactone) (PLLACL)

Extrusion, ES

Blood vessel, Nerve,
Meniscal tissue

Poly(D,L-lactic-co-¢ - PS, SCPL Blood vessel
caprolactone) (PLACL)
Polyhydroxy alkanoate(PHA) PS Blood vessel
Poly( ¢ -caprolactone)(PCL) ES
Poly(propyrene ES Bone
fumarate) (PPF)
Polydioxane SCPL, FD Cartilage, Bone
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Introduction: Why Nanofiber?




Introduction: Why Nanofiber?

109
* 1nm=1/1000,000,000m
PolymerChain Nanofiber Micro fiber Normal fiber Filament, Cable
e < - —p @ &
1.E-10 1.E-09 1.E-08 1.E-07 1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00

nm

Number of fibers per unit volume

1 625 15625

Atom

DNA > 1 Insect

Microorganism

Nano-fiber
0.2 pm

Cellulose fiber
25 um Micro-fiber

Small but Great Effect ! { jon

from Phillip Gibson and Heidi Schreuder-Gibson,
U.S. Army Soldier Systems Center, Natick



Electrospun Nanofibers: Electrostatic Spinning

Nanofiber ===

Positive
Electrode
) ——
Copper Wire I
d Power Supply
Syringe ]

N ?\
h -

Charged fibers . -

Rotating Metallic Collector

Schematic of electrospinning

One of top-down manufacturing processes
to produce polymer fibers

3D structure of
E-spun fibers

Characteristics of electrospinning;

- Various polymers are available

- Low cost for production

- Controlled diameter of the fibers
from nano- to micrometers

- Easy processing

- Direction preparation of fabric sheets

System parameters

- Mw &MWD, architecture(branched,

linear
etc.) of the polymer

-Solution properties (viscosity,
conductivity, and surface tension)

Processing parameters

- Applied voltage, flow rate, concentration,
distance between the capillary tip and
collector, ambient parameters
(temperature, humidity, air velocity in

the chamber)
- Motion of collector



Organic Polymers for Electrospinning

Nylon6, Nylon66, PU,

Nylon6, Nylon66, PVA, PVAc, PAN, PEl,
PVC, PU, PVC/PU, etc. PU, PU/PVC, PCL
PVA, PVAc, PAN, -Biodegradable Nylon6, Nylon66,
PEI, PC, PSF, etc. polymers :PCL, PLA, PSF, etc.
PLGA, etc.
Coating Nonwoven Filaments
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Key Technologies



Various Nanostructured Electrospun Nanofibers
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Various Electrospun Nanofibers
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Polyvinyl acetate (PVAc) Poly-L-lactic acid (PLLA)

Cellulose acetate
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Nanofibers: volumetry in biomedical publications since 2000

X000 a0 Aa02 206 0 A05 2006 a0 X8

This chart was built by searching PubMed for publications mentionning
nanofiber or nanofibers in their title or abstract.



Potential Applications
& Recent Research Achievements




Various Potential Applications

Advantages Disadvantages

Large specific
surface area

aAlaalalaaal o
a Im HyperMac Nano
Battery

separator

7 A%
g N
iy A
/ 5777 =4

Outdoor wear

e Clean-room
Carbon Fiber wiper

Medical uses



Recent Research Achievements

Nanofiber Assembly

Healthcare
Nanofiber filaments
Biomedical High strength nanofiber filaments
Nanofibrous scaffolds Shape memory nanofiber filaments
Wound dressing Nanofiber tubes
Drug delivery carriers Nanofiber capsules

Hydrogel nanofibers

Energy

Electrics/Electronics
Metal nanofibers

Catalysts
EMI shielding materials
Nano-Characterization Filters
_ _ _ Separators
Tensile test of single nanofibers Electrodes
Friction test

J.C.Park, T.Ito, K.O.Kim, K.W.Kim, B.S.Kim, M.S.Khil, H.Y.Kim, I.S.Kim, Polym. J. 2010, 42, 273-276.
B. S. Kim, I. S. Kim, Polymer Reviews 2011, 51, 235-238.

K.Wei, Y.Li, K.O.Kim, Y.Nakagawa, B.S.Kim, K.Abe, G.Q.Chen, |.S.Kim, J. Biomed. Mater. Res. A, 2011, 97A, 272-280.
Y. Lee, J. Lee, D. Kimura, B. S. Kim, J. S. Koh, I. S. Kim, Polym. Int., 2011, 60, 1442-1445.



Nanocoating of Nanofibers via a Layer-by-Layer Self-Assembly Technique

Surface nanocoating

v Surface modification, such as nanostructure and composition of the surface on the nanometer scale,
of the membranes or nanofiber mats by using a Layer-by-Layer self-assembly technique

- Surface morphology, wettability, permeability, mechanics, cell growth, etc.

It may depend on the materials used, the nanostructured surfaces, and the thickness of the coated layer, etc.

Enhanced
1 4 mechanical property! .-
L
2% - .
g nl
=
n 164
At —— Puemdonb
B - ra.f""ﬁf"'; - -—- 1 hiloyers
,r""""-";j’ == ] [layers
§4 A4 : —--—§ bilayers
B i = 1 bilayers
i : === 10 bilayers
v y—e—— ; —
: : 9 2 I\ { 0 50 100 160 200 260
/ 200 NS LAV . \
it ,b{iayerPSS/PAH N Lo bilay . Strain (%)

ENY Meegate’diNyion G#Ebe & gty .*.-m-_ﬁaté'd‘Nyltﬁngﬁfﬁzb

Stress-strain curves of surface nano-coated
SEM images of surface nano-coated Nylon 6 fiber webs Nylon 6 nanofiber webs

H. Y. Kim,
J. H

J. H.
. Park, B. S. Kim, M. S. Khil, H. Y. Kim, J. Appl. Polym. Sci. 2008, 107, 2211.

Park, B Kim, M. S. Khil, K. W. Kim, Korean Patent 10-074090 8, 2007.



Nanocoating of Nanofibers via a Layer-by-Layer Self-Assembly Technique

SEM images of (a) electrospun nylon 6 fibers and polyelectrolyte multilayer-coated
nylon 6 fibers with different number of bilayer of chitosan and alginic acid sodium
salt; (b) 1 bilayer, (c) 5 bilayers, and (d) 10 bilayers.



Nanocoating of Nanofibers via a Layer-by-Layer Self-Assembly Technique

— Purenylon
45 .
1 bilayer

01 - 3 hilayers

35 4 ,-’-’i . 5 hilayers
g 30 ! _ - 10 bhilayers

|
- !
¥
B
[ 2]
1] T T — . T T T I
0 0 4 &0 g0 100 130 140 1a0

Strain (%)
Figure 13. Stress-strain curves of pure nylon 6 fiber mats and polyelectrolyte multilayer-coated
nylon 6 fiber mats with different number of bilayer of chitosan and alginic acid sodium salt

Bil Tensile Young's Elongation
! a;;er Strength Modulus at breal
pHmber (MPa) (M Pa) (2%)
Pure nylon 6 1na(E10) 16(*1) 115.3(F10)
1 229(%1) 57.2(£2) 1237(£5) Table 3. Mechanical properties of pure nylon 6
N N fiber mats and polyelectrolyte multilayer-coated
+ . .
3 293(+2) 124.3(£3) THE) nylon 6 fiber mats
5 352D 184.7(£3) 54.4(£10)

10 8.5(F1) 33.9(%1) 68.5(F15)




Nanocoating of Nanofibers via a Layer-by-Layer Self-Assembly Technique

Cell attachment rate (%)

120

100

[}
[ }

N\
\\\\\g

a0

40

207

NN\
N\

)
L Pure .. L iy i
nylon 6 I bilayer 3hilayer Shilayer 10 bilayer

Figure 16. Attachment rate of chondrocyte
in the cell-free area (mm2) of mats with
different number of bilayers

Fute niylon 6 1 tlayer

35
L_11day

Z: . % % B 3 days

20 %

157 =

A

T T T T
PUre 4 yijayer 3thilayers Shilayers 10 bilayers
nylon 6

Mo, of Cell proliferation (210 mr)

Figure 15. Cell proliferation of chondrocyte
cultured on the mats with different number
of bilayers for 1 and 3 days

5 bilayers 10 bilayers




Blood Sugar Bio-sensor

cellulose

Expected blood sugar Bio-sensor

> Very high sensitive

Using Nano-fibers > Faster




Wicking behavior of electrospun cellulose acetate nanofiber mats

SEM images taken after wicking ceased.
(a-c) before (d-f) after deacetylation.

Warer contact angle () before and after deace tylation,

Wicking rate

Wicking height in millimeter

A

—l— CA with PWA 10% after DA
—@— CA with PVA 10% before DA

L A—E— i — ———

. A———————%

20

30

40 50 60 70 a0 a0

Time in seconds

Before dcacetylation

After deacetylation

CA 1.8 0
CAPVATIOE) 13.67 e —

CA

CAPVA (10%)
CA/PVA (15K

Z. Khatri, K. Wei, B. S. Kim, I. S. Kim, Carbohydrate Polymers, in press.
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Swelling Ratio of Hydrogel Nanofibrous Membranes

=i— Cross-Linked PVA/HA nanofiber

Cross-Linked PVA nanofiber

0 1 2 3 4 5 6 7

Soaking time (day)

Mw - Md
Md

Swelling Ratio (g/g) =

M,, : Mass of swollen nanofiber membrane
M, : Mass of dried nanofiber membrane



Cell Affinity

100 - 2 *
/ =
80 -
S
.g 60 -
©
| -
S
‘B 40 1 ——TCD (control, tissue culture dishes)
e
'<CE —a—Cross-Linked PV A nanofiber
20 - Cross-Linked PVA/HA nanofiber
0 3 6 9 12 15 18 21 24

Culture time (hours)

Cs - Ci
Adhesion Ratio (%) = c X 100

S

C; : Floating cells
C,: Seeded cells

Cell: MC3T3-E1 osteoblast-like cells



Biomedical Application: Drug Delivery System

-Nanotechnology has been utilized to develop new therapies and next generation
nanosystems for “smart” drug delivery.

< . ~

Nanofibers

Nanoparticles
* To enhance the I vAvE * Improving solubility of
therapeutic activity by ’ «Glucose reaction hydrophobic drugs

prolonging drug half-life (

* Reducing potential
* To be released through immunogenicity

diffusion system




Biomedical Application

Why not using oral drug ?

*Get denatured readily by low pH of gastric medium in the stomach.

‘Different digestive enzymes in the stomach and small intestine may

lead
to degradation of peptide/protein drugs

Needs

uture Drug Industry pH 1.2-2.5
60% occurs pH 7-8
Injection type Oral type
Painful and inconvenient : Most convenient and
thus leading to low patient comfortable

compliance



Biomedical Application: Nanoparticles

O~=°
J

d R:)\sii\R ./b \
o’yo/s“\ /0 POSS
e Hydrophobic Segment A
PEG
PEG-POSS Telechelic Hydrophilic Segment

><7 a

Core-Shell Nanostructured
Particles

PEG3.4k-POSS NPs

Insulin

PEG3.4k-POSS /Insulin NPs

K. O. Kim, Y. A Seo, B. S. Kim, K. J. Yoon, M. S. Khil, H. Y. Kim, I. S. Kim, Colloid. Polym. Sci. 2011, 289, 863-870.




Biomedical Application: Nanoparticles

= In-vitro Insulin Release Behavior

100 ~
=
3 g
2 80
("=
5]
i
=
= 60
=]
£
TS
_2 : 40 - n= 0.87
T g diffusion or non-frictian diffusion
=
g ®
O 20-
pH 2.5 pH 7.4
0 T T LN DL AL L L DL I L L R DL B L L B B
0 50 100 150 200 250 300

Time (min)

K.O. Kim, B.S. Kim, L.S. Kim, Journal of Biomaterials and Nanobiotechnology, 2011, 2, 201-206.

= Diffusion controlled mechanism

The drug release behavior according to
diffusion controlled mechanism is usually
governed by the following equation,

M/M,, = kt"

where M_ is the total amount of insulin in

dosage form, M, is the amount of insulin
released at time t, k is kinetic constant, and n

is diffusion or release exponent constant.



Biomedical Application: Nanofibers

Morphologies of PCL/PEG-POSS nanospun scaffolds

PCL PCL/PEG3.4k-POSS

p! W WY \V@’g"s'
ISR

Ave. =713 + 408nm Ave. =528 + 253 nm

5

P v

T B TS

‘_10um [

1.0 15 20
Fiber diameter (um)

PCL/PEGS8.0k-POSS

& 8 8 8 8

(c)

K.O. Kim, B.S. Kim, I.S. Kim, to be submitted (2011).

Ave. =479 * 326 nm

70 (d)

Ave. =607 £+ 343 nm

Fiber diameter (4m)



Wettability of PCL/PEG-POSS Nanospun Scaffolds

PCL PCL/PEG3.4k-POSS

W iy

129.8+1.4° 96.7+£5.4°

PCL/PEG8.0k-POSS PCL/PEG 8.0k




SEM Images of Cultured PCL/PEG-POSS Scaffolds

3h
(x 2500)

6 h
(x2000) |

24 h
(x 400)

S R0z o 2 195 ; & AR ’ 3 i 140 ] T 7 L

» The behaviors of MC3T3-E1 cells are influenced by the wettability of Scaffold
* The PCL/PEG3.4k-POSS and PCL/PEG8.0k-POSS electrospun webs showed significantly higher
attachment ability, good activity of the cells than pure PCL web




3D Nanofibrous Scaffolds for Cell Culture

Microfiber Scaffold Nanofiber Scaffold

y 8

The increase in pore siz

4’4—;_”" e * \

Kai Wei, Yuan Li, Kyu-Oh Kim, Yuya Nakagawa, B
young-Suhk Kim, Koji Abe, Guo-Qiang Chen, Ick-
Soo Kim.

JOURNAL OF BIOMEDICAL MATERIALS RESEA
RCH PART A. 2011
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