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WRANKEE (carbon nanotubes, CNTs) HAMAEFIIWEL . (2= FEYRFIE, A
HAE B ALUE AR R h A3 32 SE R R — o 4798 CNTs 140 i
FHEWOEARBIRN, CATFRIE ML AT R 4l . — L8R 5T
HIR 7R CNTs vf 51— R4 5 9 AR AT S 4i S T 4 g Rl bt il . 4604k
IR G AR 5 B TR GERE S N R AR o AR A RGN A A 2 R
CNTs 751 22 TR IR SRR AL 23 AR AL I FH A 5 v i A At 2 [ DG Bk 2%
]2 — o ASCHGE CNTs BB 70RT e, LLRCE 41 MC3T3-E1 40 itk Ak
KRN, B AN AN RG22 BER 2K S (multi-walled carbon nanotubes,
MWCNTs) %} MC3T3-E1 40 58 5 73 A0 52 i T 2R JLpLHT . HAR T

K FR S IRAL 1) 77722146 MWCNTSs, 43375 #4751 MWCNTs &9

AU P PR 7 V0 2 P PRAS [AHG BE MWCNTS, 1 Image J EG AL BEAK 14
giik 7y Bt MWCNTs K JE 3 A o 3% 5 1 Bi (transmission electron microscope,

AN

TEM). X H£k6HAENE (X-ray photoelectron spectroscopy, XPS). #EE /3 H11%
(thermo gravimetric analyzer, TGA) X PR A A K B 1) MWCNTs JE4THE ALK AE 2
e

MC3T3-El B A28 55 T PR A F ) MWCNTs, ] WST-1 Lt A
VEIE MWCNTs % MC3T3-E1 41l i ()5 PE RN UG ATRE  (propidium iodide, PI)
e sE L AN AL (flow cytometry, FCM) #aUl40 Fo i T2, WY e BeS/ Ak £ 4E
(acridine orange/ethidium bromide, AO/EB) X ABEAT 4 il T L &4 W 52 .

FIHI A5 REE (fluorescin isothiocyanate, FITC)-BSA #ric MWCNTs, Z54
WOt R B HEL (confocal laser scanning microscopy, CLSM) M %2 | F
AR EE T MWCNTs 7E4I A 1) 7041 5 @ ALt s I FCM A 1) A1 BN OGERE
Pk, & ST MC3T3-E1 40 i) MWCNTs IUERICE ;I 9806 Wit 54
%% (scanning electron microscopy, SEM) W <A Al £ ) MWCNTs %} MC3T3-E1
FS AT R BT £ 52

) FH X G R 2K 6y 8 (pNPP) vk 5 P4 2 4L 44 {f (alizarin red staining,
ARS) VEET I MWCNTs %f MC3T3-E1 41 fu i V-1 1% (alkaline phosphatase, ALP)
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PR S T B B A A Th B R RE T . A BB 2O - LB IR IR
(thodamine phalloidin) 5 FITC #ric Pl a-tubulin —Hi, &5#H CLSM W%
MWCNTSs X 41l Jfd B 42 F-actin 55 o-tubulin [FJ5£1

Zhi: ZERLRI], SSMWCNTs 5 L-MWCNTSs X MC3T3-E1 il ffu % P 1)
PR FEARE 40 0 T 3 A PR B TR T BE LR A R 11
MWCNTs S 7T 40 i 2 [ A7 AN [R5 2 1R 2R 2R, 40 9 581 MWCNTs =248 b 71 i
Forb, B R R, A0S MWCNTSs (A EL AR S 8040 M kS [ B
JIFB%; ALP 5 ARS S256 45 & 0], MWCNTs X MC3T3-E1 40 ol /70 (b Bh fig
P IR A TR BEAORUE, 40 B 28 B A Aol T e 2 $ 30 MC3T3-E1 40 i e
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Abstract

Abstract

Carbon nanotubes (CNTs) have attracted great attention due to their unique
physical and chemical properties. Because of the lack of systematic studies on the
biological and toxicological properties of CNTs, there is a discrepancy on toxicity
reports. CNTs generated cell level changes including changes involved in metabolism,
apoptosis, cell cycle arrest, stress response, cellular transport and inflammatory
response. In vitro assays using cultured cells are of great significance for studying
many aspects of cell biology for CNTs in bone tissue engineering. In this study, a
series of experiments were carried out to investigate the cytotoxicity of multi-walled
carbon nanotubes (MWCNTs) using MC3T3-E1 cell line. The main contents and
results are as follows:

Pristine MWCNTs were oxidized by the oxidizing acid (H,SO4, HNO; or H;O3).
The oxidized MWCNTs in the supernatant were then size-separated using a multi-step
microfiltration process. Two different lengths of MWCNTs were characterized using a
transmission electron microscope (TEM), thermo gravimetric analyzer (TGA), X-ray
photoelectron spectroscopy (XPS).

The cytotoxicity of MWCNTs on MC3T3-El cells was investigated by a WST-1
assay. Flow cytometry (FCM) and acridine orange/ethidium bromide double staining
(AO/EB) were applied to analyze apoptosis after treated with MWCNTs.

The location of MWCNTs in MC3T3-E1 cells was observed by CLSM, flow
cytometric light scatter was used to evaluate the cellular uptake potential of MWCNTs.
Quantitative cell adhesion assays (DAPI staining) were performed on MC3T3-El
cells after incubation with MWCNTs. MC3T3-E1 cells morphology was observed by
using SEM.

The effect of MWCNTs on MC3T3-El cells differentiation was investigated by
p-nitrophenyl phosphate disodium (pNPP) and alizarin red staining (ARS) assays;
Immunofluorescence was used to evaluate the effect of MWCNTs on cytoskeleton
reorganization.

Conclusion: Acidic oxidation methods and multi-step microfiltration process
111



Abstract

could produce multi-walled carbon nanotubes with 161 nm and 681 nm in length,
respectively. Treatment of MC3T3-E1 cells with MWCNTs significantly inhibited cell
proliferation. MC3T3-E1 cells exposed to 100 pg/mL. MWCNTs were found
undergoing apoptosis. The interaction between MWCNTs and MC3T3-E1 cells
affected the initial cell attachment, morphology and cell functions. These results
suggested that the safety profile of MWCNTs should be more thoroughly investigated
in order to provide better understanding for their design and applications as
biocompatible nanomaterials.

Key Words: Multi-walleded carbon nanotubes; MC3T3-E1 cells; Proliferation and

Differentiation; Cytoskeleton
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1.1 3|

1991 4, HAME LK ljima G180 w0 #HE 7 278 (high resolution
transmission electron microscope, HRTEM) £ HL 5 HL 72 A 7= g 0y 5 1) H AR g AR
YR BT B E TR R AR 4-30 nm. KJEZN 1 pm A, X
A RPN VZ FE IR K (carbon nanotubes, CNTs), K HEEA (bucky
tube)'ls CNTs E4kAT 8. SNIFH Coo 25 I —FHER IO R S IEAR, 45k
AL B B 7 FE J KT /S T 9 24 2 BT A By v 23 AR, KRl 4 B IR 1R 22 20
A9y N BBERR KT (single-walled carbon nanotubes, SWCNTs) 5 £ BERR 44K
% (multi-walled carbon nanotubes, MWCNTs) HF2EAL, SWCNTs t—)Z 47 545
TR, HEAKEZ A 0.4-2 nm; i MWCNTs 1] & i i 2 A ELARAN A ) 82
AR RS OB, H% 2-100 nm. CNTs T EA 9K TR
MRF I 25 R LR AT RAFIPEGE : B LER AR RFRRI A v i B e )
SEPERE S HATA R R I (CLPiRrsi s 2910 100 £, FEEIAK
PR 1/6). 5T CNTs L EEAIP B L AL, B CNTs KILHR, BTG
BT IR AT LA 5 R0 A A 2 AU ) N T,

CNTs 7EAE I 5 TR AU 07 H i N TRV /e N FH B AT S5, TS| T Ak %
I CAEE G, WFF e SR DR A MG R . 8k A TREFIAE
PR AG S J LA JiTHT o s 75 CNTs R 1 ) DI i 4) B R B B3 Ak 2% A By =X A7
BAM B EEY T CGEA KRS, KRN, MiifEsk
VR R A AR K A AT 46 52 ™ R ONTs [ I i AR b 2B Wk Sk 431
Sy O% NG oy T S A NIRRT 2P CNTs AE3T L0438 AT 50k
FT MAERA XA AR T CE D, A2 CNTs 960 i Tk,
PR R LA CNTs (AT 214126 S S BT 4 i 2 TR 2 08 B 1 R R O, A
T A T 995 2 I 078 40 A XA Y7 2 R AT PR TS T ihAh, ONTs R 1Y
LB B 5 R Bl A Rk T 2R 28 T R VI SR P 1 A2 2y i) 2 12130,
S8 CNTs & A N i SR B (A SR AR, (HILE Rk T CNTs 8ok



PEVIARA TR LA RAN LA G o AL, 72 CNTs B ] BN AAIXAS R R A S
N, R R BB N SRARRE M52, 75 EEXT CNTs (3 PE A A= M itk
BEAT RN IR AT o NP RIE — [a), JEA EAN DR R b KR A AT ]
FRELR ML B AT, A 2003 SELICK, W EXBUFHUE CRle — Lkl H
) W mEEEAL, AN 7478 CNTs W) ae AR I, Sk, £
[ TR AT 2K A=) 2 Ve T T 9, DAORUEIZ AR HT BURD R4 H] 22 42

1.2 MAREEEMEF TENEE TR

1.2.1 BRAREEEMESVHIFHRA

HEBE ARV, Al i S RN R AR B F R R R — . M
R T 1 GO0 5 A6 0T A 0 PR A= A A A R OA BB . — T i, K e R O
A RRURA R TR A, A R T 0 R B SRS RIS Bk . il dn, AT IFFT AR )
CNTs¥R 13D S S A BRI T et 41 i Saso2 iRPR B 554 e s [RIRE7E SR 205
f2lE (polyurethane, PUR) ¥l b il CNTs fa 3 B HE I FH 8 S50 2K A T il ot A
AP Hee e, L R ONTs YR AU T F2 TR 2 A T ) it A A 3 T P 4 27 35
Wl —J7im, BTN A E M ELZ b —Smhls s e, ek 1T
B PERATR, MORH U REA B A . CNTs AT RR KR L. BRI %%
JE AR e P o PSR 5 T AR Dby BRAR S A AR SRAH . b Ah, CNTs RAEFI¥)
TR AR AT F BT 40 BT AL ¥ B PR 85, Bdwards''® % BF 5¢ R IR
PLGA/MWCNTs (poly (lactic-co-glycolic acid), PLGA) & &R T- R 41 4 40 iy
(s, LI RAE T S AR IS T ON TSI 5 B2 Pk g . Ax2 P9t R,
3 TP I N CNTs o] LA A G5 S A SR G IR AL e SREE . SR
CNTs S ILH WU AW EHE D —Fiog 24 B AP A6 s CE M Re I A4k
WE R A B FECNTsI & FlOG IR YERE, RGBTSR L, K ordl
UL AU 2 2 .

1.2.2 BRAREEBRREDHIMA

CNTs HATRFIR I ER GG, 10 HARRRN, A1 vt IR L RENS B0k 75 Oy b



IR U7, CNTsHRIAK, 2 FRHANL T, WAEFRERE i
2Ly RS AN TR T8 B TR (R S0 . CNTS UG S i BRAL M REAT L e Ay ds
BRI R AL FitEPez 1720 HT, B 2yWss o o s
CNTs bA7 =l 72

S MO VGRS 250 K0 BT SR I A3 CNTs (1 8 Jls
S B BICN TR M. BT K57 3E NCNTs A K13 ) SR 45 AR B, 7EK
FEMEIREE FDNASS T AT DL AREE A BICNTS i N o YU ) MICNTs B K Pk 7E
DNA% B|CNTs [ B bl 5 EEAEH . BF50IAA, CNTs-DNAZ &Y H 1R
DNABHMIZr T H 5 70 TARRSE . JEDMES R 4007 S Y H .

S 5 BSR4 T ) I LA B R B A A A 5 T 1
B2 ThEELMICNTs Bo DNAL B 2955 K00 400 % 13 41 M) /8 AR
75, {HECNTsHA RIF 140 M BomE T, A ICNTsEE 2 il A4 it . FIH
CNTs) 41 A B8 % 1 , Pantarotto!™ 2% FH 24 2h AL ICNTs 15 JFU I DN A 1 #
VEHDERAE— L 5 S HeLaZl U 3L 5 28 R L, 12 AW mT LU % 3d il 40 i Ji 1k \ g
N, IFREREACHRAE — R FURIDNAAT U A%, 52 At =E 594
FEN R ILFAL S T101%; Singh™ 50 FUh DNA S A 5 CNTs £ i, A FHCNTsfE
oy 2k DR AR AR [ H 5 TR DNA TR A0 B a3 P o [R)FECNT R T 128 25 )ik vl
TR . ifg . 1697255, Murakami® 250K B 75 2 0 25 & 5 840G IFICNTs
EQIE Bl L /AR AR ITEY 6 N

S5 =7 VSRR AR A 7 VRO PR 20 NCNTS I A« I3
70, WISEIZGOE. R Sy Ui, R NG RE . B,
Murakami'**/%5 F1 1% 5 7206 Hh S K AA 25 3 B S B I SWONTS # i - (BF FECNTs
4200 mgb KK, BEIBSEI A R ELW], FEBERERGL MR (37 °C, pH 7.4)
AT DARELR (B IO M FE KA o AR AM 20 25 R B, R T8 HH IR KA S T B
i 5 A0 I STZ 1R Bz I 2% w1 A e SR F RS S RO 4 e
MC3T3-Eg VBRI (1) 212 o 40 N ME 10 08 ¢ 375 1o P FELRS 24 40 108 N 4 L P A7 200K
JB, AjimaTERRG I ASWONTSE I, 45 R ISWCNTs (s, 42
e MILEFTEE N A0 B0 25, 0 L PR v A 88 (M1 38 s i R R 1) D
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Bl 1-1 BRAPKE RIEDR I 532 n P
Figure 1-1 The carbon nanotubes are functionalized with carboxylic acid (Left) and

drug uploaded with functionalized carbon nanotube (Right)

1.2.3 BRAXREN AT RESHRE

H1F CNTs HATAEYAANE LM e AE YR, ATV E ot ilidi
R LA RO I s o (s R 7725223, ONTs mIPE AR Py A2 28 P B B AN 1)
20 A M 2 L AP R R o AN TRV AR AN RN T Bh DAL TR LR A
fFREST, TR AT B RSO A A0 ML I 4% A 20 A R SRR A2

I LT AR A A D AT BB S, B IE S  E RA A K s Ry
RN 3 L4070 . CNTs AN B (R0 Ry R B IR 50 AR PR AR R 2 b g B
BT T ARl ONTs  H1 T AT IR IR — 4255 ) 45 1y I LU T BRI Ay 3 52 77
o FIEAL AT & LS R R BE 7, IF HLAME CNTs & i 141 e o &5
Rl VAPV I 1) DRIN T

ZLAMEIEAE 900-1300 nm YRS H] B AN EERPDEEE H, AR
HEEARICRIR N FL R 91 Be. IR SWCNTs SE£0AMFE, KamP?45 i i i
MM SWCNTS i F AE s Lo FEVEHIE AN AT IR A2 AR (1 iR il L R s i, TR Il
ZLAMRE SRR AEAT SWCNTs 7 A B IRy T Hili, S 2T R A M A (364
P Jee AN B S I AN 5 10 JG B2 A1) 1E 5 A0 L o



Control Injected 6h Injected D7

Bl 1-2 BRACKE RS R G b R, RGO T B 6 /N, 7 K
Je B AR KA JORL R 5 A DA AN [ R P R A
Figure 1-2 Proton MR Image of an injected rat: 6 h after, and 7 days after injection

showing signal variation in the spleen and kidneys
1.2.4 BRAREEEYERSZPRINA

LRSS T THAEY) . 8. Pt B HEORSE 2 MR B AT g%
RFEFSARIH R, 2 HATAESE TR — A7 )1 o AR AL IS ol Tk e
B MR BRI MRS AT S AR T S 0, B
TRMIF AR AR G« T4k, BEA AR fr Rl =g R e, I E i its
PRI 5 e AR o, BT AE A R R T B AR AR SO, 3 SR e 0 A i A
UL BA T mEW RS, A AR S TR 2 B F AL . CNTs &
U AR R RN B AR/ RIBTRE R SR FECAI AN, R R T HA R
IR PE, 5 T R A TR (R P AR B2 S . CNTs AR LR SIS T TN
FERE T B3 AN oK AT H A LR H 2 T4 25 v 0 1 DRI . L1450 410 i £
2% C (cytochrome c¢) [fl5E T IR 5 MWCNTSs 35K 1, MWCNTSs LA 39 58 512
ik 00 ¥ 10T 8 o Lynam %50 L S0 2 BREE 11 G (anti- [gG) Sl LM 45 & H AR
Wrai G T A& CNTs b, Wl fEIMR 2Lk A CNTs BeA s vl LLH]
TR . W4 CNTs BRI, 3 CNTs IO AR 5 e Hh ik Hi R,
DA BEF T 0 LA A U SE RN, A A7 SR A 2 SR AT Ay D IR 5 7
7] 6
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