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Fig. 1. Effects of carbon NL or NF on cell viabilities in C2C12 cells on ulllture
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Fig. 2. Effects of carbon NL or NF on DNA synthesis in C2C12 cells on culture



fispl
L110pl
B 25p1

Incorporation of BrdU

Fig. 3. Effects of carbon NL or NF on DNA synthesis in MC3T3-E1 cells on culture

[
\
|
f
I
!



LR IS
S & & & &

(sovsqy) Ananoe LIIN

—

Fig. 4. Effects of carbon NL or NF on cell viabilities in MC3T3-El1 cells on cultur



B4 HEEFR RS (0 E RN RS 3 (T /AT AV 53 8F))

ST TE R &

BB F )T FAN—[TLF Ny Aar R yhaaAfR:
BB XA RE SO E A A AT 7 /aP— 5

TEFEE BR K

Foth®E A
SFHIE fEf
Wk AT
% B
i TEE
SEH f—ER
eiE #ff
Mg fos

ALl K2 R 2E B ZE R
JeHEE K HER R BERL S0 727
AL HEE K o S TR
Attt Arh—

Bl At
AL K SR SR

ALY E Kt SR e
FALRFLF R
FAERZELENRH

MREEE

TR N AKEEED TH =R /77 A8 —% 3 B8
FoTHRAMInAREET, COFETREEMRI R )T 748—/T V¥
LB+ R 4 (CNFs/Na-ALG) 204 R B4 B2 R TEI, B0 TOHTH
Bo N—RF )77 A5~ [T NE BT NG b ROBKEFIROHEIL SEM,
TEM A AP B—HRTF ¥ V3T A7 MVRIEIZ LSz, CNFs/Na-ALG =
A ROAEE RIS DI, in vivo- 20 in vitro-ORET P CIRIBEIN R oT,
7 MG FHEA~DIGHEL T CNFs/Na-ALG B EROF D, pCMV B-Gal R
B 75 AIRD H1299 i MR ~O8k i LY R &z,

A. Introduction

The procedure of dispersing carbon nanofibers
(CNFs) and/or carbon nanotubes (CNTs) into
aqueous solutions is one of the most important
steps towards achieving the pgoal of
introduction of this fascinating new class of
food, and the other
The so-called

i-2 the

matenals to clinical,
biologically relevant fields.
and

side-wall  functionalization

polymer-molecular wrapping techniques > are

the methods, being used frequently, for
dispersing CNFs and/or CNTs. The resultant
products obtained with these methods, however,
may not be as biocompatible as would be
desirable.

Here we report a completely new yet hghly
effective approach to dispersing CNFs in to
aqueous solutions by using alginate as the
dispersing agent. Alginate is a non-toxic,

naturally occurring linear polysaccharide,



found widely in brown seaweed. Its wound
healing efficacies, immunoadjuvant effects,
together with its gelling properties have
generated a great number of clinical, food, and
the other biotechnological applications.® Our
dispersing approach based on alginate provides
advantages over the previous methods 1) that a
large amount, fulldength, pristine forms of
CNFs can be dispersed in to aqueous solutions
in a single step with a very simple manipulation
procedure, 2) that the resultant products, i.€.,
the CNFs/alginate colloids are highly desirable
for clinical, medical, and the other
biotechnologically relevant operations, and 3)
that the CNFs/sodium-alginate colloids can be
rearranged in to films, fibres, beads, at will,
providing a practical approach to use of these
maro-scaled

nano-sized materials for

applications.

B. Experimental

B.1 CNFs synthesizing Carbon nanofibers
used through out this study were prepared in
the laboratory using the method of chemical
vapour deposition (CVD).” Powdered Ni
catalysts were firstly placed onto a Al;O; plate;
this- Ni/Al,O5 plate carrying the powdered Ni
catalysts was positioned in a quartz tube
located in a horizontal tube furnace and was
then reduced in a 10% hydrogen/helium stream
for about two hours at 873 K. The CNFs
through the
decomposition of ethylene (C;Hs/H; = 4:1) for

growing was accomplished
4h-reaction at atmospheric pressure at 873 K.
CVvD
(approximately 100 mg), were treated with 6.0
M HCI in a reflux attached flask for about 12

Soots,  the . thermal products

hours at 373 K, in an effort to dissolve the
metal catalysts. The suspensions were passed
through two stacked polycarbonate filters of 0.1
pum pore size using a high-pressure vesicle
extruder. The solid cake was rinsed thoroughly
with deionzed water and was then dried for at
least than 24 hours at 333 K. Purity of the
resultant CNFs was found to be better than
99%; diameter and the length were in ranges
50-300 nm, and 2-15 um, respectively. Figure 1
shows the SEM image (upper photo) and TEM
tmage (lower photo) of the resultant CNFS.
Platelet CNFs in which the 002 planes are piled
up along the fiber axis direction together with
the herringbone CNFs in which the 002 planes
are distributed on the two sides at an angle with
respect towards the fiber axis were observed.
B.2 CNFs/alginate colloids preparation and
characteristic studies Sodium alginate
(viscosity and pH of an aqueous solution
containing 10 mg/ml of sodium alginate at
20 °C was found to be 300 — 400 cP and 6.0 -
8.0, respectively) used throughout this study
was obtained from Wako Chemical Industries
(Osaka, Japan). Sodium alginate was dissolved
in deionized water to prepare aqueous sodium
alginate (Na-ALG) solutions. Small amounts of
CNFs were added in to the aqueous Na-ALG
solutions and were then well-mixed by a
combination of high-shear mixing - and
sufficient ultra-sonication. Thirty millilitres
of each the black dispersions were placed in a
50-m! centrifuging tube and were centrifuged at
4000 rpm for 30 min; black precipitations
separating from the aqueous solutions were not
observed. CNFs/alginate colloids with high
were

uniformity obtainable up to a



concentration of 1.0 mg/ml of CNFs by using
an aqueous solutions having 10 mg/ml sodium
alginate as the dispersing solution.

CNFs/Na-ALG colloid

solutions was measured by calculating the

Uniformity of the

linearity of the calibration curve of CNFs in the
CNFs/sodium-alginate (CNFs/Na-ALG) colloid
solution using UV-vis as the detection. The
characteristic absorption derived from the
CNFs dispersion 1s seen at around a range
wavelength 220 - 500 nm (Fig. 2). The linearity,
r2, of the calibration curves of CNFs in the
CNFs/Na-ALG colloid solution at 260 nm, was
found to be 0.9989; demonstrating the high
uniformity of the CNFs/Na-ALG colloid
~ solution. Samples used for deriving the
calibration curves were the aqueous Na-AGL
solutions each containing 0, 10, 20, 30, 40, and
50 pg/ml of CNFs with the concentration of
Na-ALG in each sample being fixed at 10
mg/ml. The stability of the CNFs/Na-ALG
colloids was measured by calculating the
concentration of CNFs versus the sediment
time, the similar method as reported by Jiang
and co-workers.' No changes in CNFs
concentrations were observed up prolonged
two-week standing at room temperature.
Zeta potentials of the CNFs/Na-ALG colloids
are the other essential parameters determinming
the stability of the colloid solutions. An
aqueous CNFs/Na-ALG
containing 50 pg CNFs and 10 mg Na-ALG

using an

colloid  solution

analysed
light scattering
(ELS-8000, Otsuka

Electronics} for the zeta potential measurment.

was prepared and
electrophoretic

spectrophotometer

Zeta potential values, C, are calculated from the

particle  velocities  based on  the

Helmholtz-Smoluchowski

(€ =4nun/D,
representing the electrophoretic mobility,
{

équation
where, u, n, and Ii) are
viscosity, and the dielectric constant of the
liquid in the boundary layer, respect;ively).”
As can be seen from the { vs. pH plots ;(Fig. 3),
the maximum ( value of the CNFs/Na-ALG
colloids is as high as -58.03 mV, this again
shows the high stability of the CNFs/Na-ALG
colloids. The £ vs. pH plots (Fig. 3)| for the
CNFs/Na-ALG colloids and that ifor the
aqueous solution containing Na—ALQ alone
were virtually identical, indicating [{he zeta
potentials of the CNFs/Na-ALG colloids are
dominated by alginate ions. Decrease in the
absolute value of ¢ is seen for both samples as
the pH decreased (pH of the two samples were
adjusted using 1.0 M HCI) for all pH values
studies, this implies fact that alginate has
adsorbed onto the CNFs throughout the entire
pH range. Electrostatic repulsions occurring
between the carboxylate groups of the alginate
ions those are adsorbed considerabl)} on the
surfaces of CNFs have diminished :van der
Waals attractions occurring among the CNFs,
as a result, the CNFs/Na-ALG colloid solutions
are being high stabilized. '

Sodium alginate is a linear, wate;r-soluble
anionic polymer of sodium D-mannuronate
and/or L-guluronate units. Figure 4 shows the
structural segment of sodium algina‘:te along
with the conformations of sodium mannuronate
and sodium guluronate. D-mannuron;ate units
are connected by B (1 — 4) linkagesi and the
L-guluronate units are connected by ;(1 — 4)

linkages, presumably in the a configuration in



alginate. FT-IR spectra of CNFs, alginate, and
the CNFs/alginate complexes (Fig. 5) were
measured in an effort to elucidate the
adsorptton mechanism of alginate on to CNFs,
Typical characteristic bands of alginate are (1)
1627 and 1419 cm™ (the characteristics bands
of carboxylate), (i) 808 cm’' (the
characteristics band of mannuronate) and/or
787 cm’ (the characteristics band of
guluronate), and (i) 940 cm™ (the
characteristics band of o 1— 4 linkage), and
904 cm’ (the band of

o-L-gulopyranuronic ring). The characteristics

characteristics

bands of carboxylate of alginate for the
CNFs/Na-ALG sample shift from 1627.63,
1419.35 in the reference alginate sample to
1613.16, and 1413.57 cm™', respectively, in the
CNFs/Na-alginate sample. The characteristics
band of o 1— 4 linkage and the characteristics
band of a-L-gulopyranuronic ring of alginate
for the CNFs/Na-ALG sample shift from
947.84 and 89095 in the reference alginate
sample to 943.98 and 887.8 cm™, respectively,
in the CNFs/Na-alginate sample. These shits in
the characteristic bands for the CNFs/Na-ALG
sample are the signs of the interactions
occurring along the alginate molecules and the
CNFs.
band of mannuronate for the CNFs/Na-ALG

sample shifts from 811.88 in the reference

On the other hand, the characteristic

alginate sample to 814.77 cm™. This increase
of the mannuronate band is the sign indicating
a fact that the sugar bone of alginate are the
key-groups dominating the alginate absorption
on to the CNFs. The characteristic band of
guluronate was much smaller than that for

mannuronate, indicating alginate that used for

this study is built up mainly by mannuronate.
B.3  Biocompatibility studies, in-vivo and
in-vitro tests Eight-week-old Jcl:SD rats were
purchased from Clea Japan, Inc. Animals
were quarantined and acclimatized for six days,
and 5 males were distributed randomly into 3
groups, as described in Table 1.

CNFs-Na-AGL aqueous colloids containing 0.1
mg/ml CNFs and 2.0 mg/ml sodium alginate
and the vehicle control containing 2.0 mg/ml
sodium alginate alone were prepared and were
used for the biocompatibility studies. Both the
vehicle-control and the CNFs/Na-AGL aqueous
colloids were single dosed orally using a
stomach tube. The dose volume was 10 ml/kg
for CNFs for body weight. Gross observations
and body weights were recorded weekly. At
the term of observation, animals were starved
for 16 hours, anesthetized, then, blood and
serum samples were collected, and necropsyed.
Table 2 shows the results of hematological
examinations and biochemical analysis. At
one-week after the administration, the animal
given with the CNFs/Na-AGL colioids showed
decrease of WBC counts. This change in
WBC is attributed considerably to cellular
immune response against the CNFs, because no
other infecttous signs or anemia were observed.
Increase of B -globulin fraction and deep plica
of the glandular stomach were observed at
one-week after the administration of either the
CNFs/Na-ALG colloids or the vehicle control
solution. These signs shows facts that the
change of WBC and thereby the 8 -globulin
fraction is caused essentially by the wvehicle
control, i.e., sodium alginate. All rats have

recovered after three weeks of the



administration. Clinical signs or acute toxic
signs were not observed in all animals through
the study. Changes on the other parameters
were not observed. We can conclude based on
these in-vivo experimental data that the
dispersed CNFs prepared using sodium alginate
as the dispersing agent have no or very little
detnimental impacts to the animals examined in
this study.

B.4 Biotechnical applications The
CNFs/Na-ALG complexes were employed for
delivering pCMV [-Gal expression plasmids
into H1299, a lung carctnoma cell line. The
capability of CNFs for transgenic applications

was demonstrated.
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Figure 1 SEM (Hitachi-S4800) image (upper photo) and TEM image (lower photo) of the
CNFs synthesized based the CVD reactions. TEM (Hitachi H-800) was operated at 200 kV was
used.
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Figure 2 UV-vis absorption spectra of CNFs/Na-ALG colloids (upper trace) and the aqueous
containing sodium alginate (Na-ALG) alone (lower trace). i

ZetapH ,

Figure 3 Zeta potential vs. pH plots. @: CNFs/Na-ALG colloids; O: aqueous solution containing
Na-ALG alone. '



\/o HO \/0 HO

g

O

Figure 4 Sodium alginate with f-D-mannuronate and o-L-guluronate as the units.
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Figure 5 FTR spectra of CNFs (upper-trace), CNFs/Na-ALG complexes (medium trace) and the Na-ALG
reference (lower trace).
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Table |  Experimental design of single dose study of CNT and CNF for rats.
Groups Test conpounds Dose Observation period (week)
(mg/kg BW) Ow 1w 2w 3w
Non treatment * - ¢ 1 - - -
Vehicle control 2% sodium al  ginic 0 - 1 - -:
acid
CNF CNF 1 mg/kg - 1 1 1

a : Bled for pre-administration data. !
Table 2 Hematology and biochemistry ;
Non treatment Vehicle control ~ CNF ‘

Ow lw 1w 2w 3w

WBC /ML 5100 8100 3500 8400 7700

RBC x 10000/ 4 L 654 721 643 728 752

Hb g/dL 13.6 14.8 14.2 145 148

Ht % 47.8 50.5 456 488 ' 499

MCV fL 73.1 70.0 70.9 670 ' 664

MCH pg 20.8 20.5 22.1 19.9 ‘ 19.7

MCHC % 285 293 311 207 1 297

Pla x 10000/ 1 L 81.6 84.4 75.8 730 1 823

TP g/dL 5.2 57 54 54 55

HDL-Chol mg/dL 20 21 17 2. 24

Glu mg/dL 115 83 87 81 . 116

FC mg/dL 12 13 13 13 14

Alb % 47.4 462 455 484 502

ol % 216 19.4 19.3 220 18.5

a2 % 10.0 7.0 9.4 75 65

B % 16.2 21.7 21.5 186 . 184

Y % 4.8 5.7 4.3 351 64

g/dL 0.250 0325 0232 0.189 @ 0.352
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e BE—1 U A0 EREEES, mBRE EERS
"ELL A (BF) eiwbrgeEs, At #iE KE KL ER R R 2 5 f
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HMREEE

A—RrF /F2—7 (CNT) DR ENE CHIIRE M -5 5 BT~ o F @ LRET S22
HHHM, BURTIIRMOEM AN L, o, EERNTHOOAOEBBES RT3 TH,
RIZICHBETE TV, FITH 2, ebREDO—- MR TER ML T, BEMAHEFHiaE H
WT, FOALICXTL T ONT Ao O RE T3 Mo R L, MEEL T, 7AX B
Lo THRENTE{E &7 CNT (ML ONT) £ L\ vz, a4 MTS HRiZ X0 E=4—L 7=
LIAH R T B EETIAPa— A LEIBROAME VEFETFL, CNT ICLAR T e<BEsnR
Hote, Ef-, CNT OAFRMEL RiH+ < FOWREMD 1 &L T CNT OB LIERZETHIL
Ttz TOFER. AEL ONT RUTECAEREREL TV VB E S CNT OF FIiZB0W T,
PR L ER R EN 2o, 72770 BFHICZL>TH#IELT- ONT 2BV TiL, FisskiEA
LITEIIEE RS ER T A RENL Rah, BFHRARBL- 75— L THRINR TV AIEH

B OA MBS CNT THREZVISFARELTE TERWEEbNS,

1. MTS E2 WM ATFERAE
XA —R o /) Fa—T oM
1REWE & LT OSBRI

A. RS
HF (human fibroblast) DA FIZxHL TH—R

YFIFa—TRE BRI OWTEMELT,

B. Wi

T H LD FIEIZEYRIE{ELIZ0.1 1 g/ml D5
—iRF/Fa—7 (FEE{L CNT) . BLUERE
BERV o ra— AV ER (TR % R
KiZEoT 5 EFHRLA— 7L —THEL, &
NEEEE B ABRAKIZE > TIHIZHFRL, 4%
FERFF1(20. 5, 1.25, 0.313, 0.0781 ng/ml L
¥ 5. 20. 80, 320, 1280 F&HR) LT AR

Lic. ARL-FHRARSE 5%D FBS 281
DMEM #Hit4 | %19 DL TRAL . B 2. 0.5,
0.125, 0.0313, 0.00781 ng/ml O F¥E{L CNT, &
L TF 50, 200, 800, 3200, 12800 {F&HRDO= o
—NVERE &S A RN,

HF (p17) %, 96 7\7L—h 3 ¥ (% 60 7 I
2000 cell/well F°>FX, 10% FBS #&1» DMEM
5l 200 w1 T 37°CIZV T 3 AFEEERL-,
EREARER. EROFEECNT HLTas
ho— L &E T eE M 200 ul &2 5 X%, 37°C
ICBWTS R AL MIRARRIAL T,

MEH% 1.2,7 B BOMRETFERE MTS &
(ZEDFESEL 2, MTS i£1X Promega 113 CellTiter
96 AQu.cus Non-Radioactive Cell Proliferation
Assay Kit iy, ZO72bha— o7,



C. WFFERER

HF % 8[#E{k CNT B LU= ha— VAL 1% |
1, 2.7 B BOMRAERTFEE MTS BICKVRIEL
FREREEFRENE 1,2.3 IRT, BL, EF
ZE 1T MTS AR 120 53 15D Ags DIEN SR D | 1K
KLOEHELT,

HFFR (%) = (FLES KOFEY, 5% FBS D
I E e s TR LB O 5 ROEL) X 100

PIORLZAEE | HBORBRTII, g
{t. CNT THEEL ML, ZOREIIDD DO
§° . B[ {L CNT RAAEOHIAR L [EF2 EE O fBfa 4
FELTLE,

2 3ICRLME% 2 HERLV T RED
FERLFERRC, TTR{L ONT CABL-MBiaN,
FOPREHH ST, FIEL ONT FKAABROME
fal FREOMIaEFEERL,

D. Z#

B ETIIA—R ot /F2—T77) HF D&
Blo 5B A LR BRI, ERICIIERALDS
EIZIN TR L= —R o/ Fa—T R,
M EFEEIT 2~0.008 ng/ml LL7-, £DOFEHE. HF
IXFVE{L CNT OBEICEbLY 1,3.7 AEE
T, RANEOLOEBRDEFFL R L, 20T
kb, B[ CNT 1 HF (23l HIlRan(E
EBLIUREOYLLICHLERESE RITSALVWIE
MBABMER ST, o, AI¥E{L CNT ZFFE R
TELEEEIZ 2V Th, HF OATFEIRAED
LOLRIFRE Thol=Zlenn, HMORER LY
FEOLHLITLREL RN ENZD,

E. &

MTS iE# Flv - HF AR RORIERFRLD,
AEE{E CONT (IR ETE(R ERR B LU E
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