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Preparation of magnetic carbon nanotubes and their application in tumor cell photo-

thermal therapy and magnetic resonance imaging

WANG Xiaochi, JING Ya, ZHANG Guanghui, ZUO Zhenyu
(College of Pharmacy, Shaanxi University of Chinese Medicine, Xianyang 712046, China)

Abstract: Tumors are one of the leading causes of death in the world, and achieving precise and non-invasive effi-
cient diagnosis and treatment of tumors is of great significance. We used carbon nanotubes (CNTs) with extremely
high aspect ratio, easy to penetrate cell membrane and excellent biocompatibility as carriers, and acetylacetone
iron as iron source, to synthesize magnetic carbon nanotube composite nanomaterials with excellent water disper-
sion stability by in situ growing superparamagnetic ferric oxide nanoparticles (Fe;0, NPs) on their surface through
solvothermal method. The results showed that the magnetic carbon nanotubes had high near-infrared photo-
thermal conversion performance, and could reach 48.6°C in 10 min under 808 nm laser irradiation at a concentra-
tion of 50 ug-mL™, and had good photothermal stability. Cell and imaging experiments showed that the composite
nanomaterials had good biocompatibility and excellent photothermal killing effect on human cervical cancer cells
(HeLa). In vitro simulated tumor microenvironment, the magnetic resonance imaging (MRI) T, relaxation rate r, of
the magnetic carbon nanotubes was up to 215.61 mmol'-L-s™', indicating that the prepared magnetic carbon
nanotubes had outstanding biosafety, magnetism and photothermal properties, and were expected to be applied to
the integration of magnetic targeted tumor photothermal therapy and magnetic resonance imaging.
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Jib 98 2 B TR R AT R A = AR —
T 2 A B g e R s i 5, A R
ft Rl e KA Y ARG R AT TR, E
BAHE TR AR RUSOT R IRGIRT T B, Hrh,
AT 2 I R B o R T vk, R Rl — s A
A B BB 2Ny AR R I A, Bl T
INGYF AR A B R HAEAR N A A BT
B, 200 A A ™ HE A R R AR R G
W, KIS SR, Bk, A
A7 2 B b g d A BA w8 3 KR B (EPR) 200,
— B gl oK UKL 23 38 5 M W PR RR TR b R
AL P, ST S BT RO . L ISR
JoT ) 4 K A RHLE b S AR A 1 AR, R R Y
1 B AR EE B L AR ok = 32 % 7 i 3 A
BITRAEEE X,

JEHIT (PTT) VR — BB 2% 19 A 2 fioh =X 97
J7ik, FEER I LA I S bR B A B
T TR BE I 2L AR AR, TR R FR AL
g, HEMIRIEME A, HE R A, B
HARAME . LRERIMER . JCT 245 M AR 0,
Bl & BFIE N GO AR BRHIT S B B R A, R 2
FLA 30 21 A0 56 3G A R v i B R0, dn ik B 4
KBRS A R AR R R R R R A
7 AN S o e e P2 SR SRR N
o, BRGUKMOEL, THERAWMESKREL. 4T
TEE MR AR PR A R S S R B e A K
(CNTs), 7EE a7 s HAT H 0] F v 52,
W N A 3EF CNTs & J& T A E A KR DL
s LG IREE I L 25 B SR RE RO, gk 4
EMi Y CNTs™ | SR ALK {0 8 CNTs™ 45, 3@ # i
— A& i 9 1] PR F AR (Folate acid, FA).
RGD ¥ Jik (Cyclo(Arg-Gly-Asp-D-Phe-Lys)) %5 P,
A LS B e 3 Bl 1l SOR

AEOOE T 3 Bl B ) SR, R [ R R O TE v
TR KL ZURAE By B B, HLICHE X984 2K 4 ) 2k
102 2% 9 e T A 90 i 1) SR e 3 DL LA
I 7% R PR 1Y) FesO, 4H KR (NPs) VR #kdk, 7]
W 25 00 55 T Rl A1 43 v AR % MR R AL BT,
HER I, Fe;04 NPs i HoA7 35 1) T,- A i 3t 3
A% (To-MRI) &R 8402 B g, ] 3 5 i #0 1)
S5 ILAE ] 326 3% D) g 41 4 1 ] 38 A MIRT 8 45 44 i
oA N o3 A A

ik, R 7 SE B s RO AR B ——CNTs B =
AR E WL B, A SCETE T G ] CNTs

EAER, LIS — Ak i g FE 1) b g e A
g AR AR o LAR 1k #0RTAY 22 BE Bk 40 K 4
(MWNTs) 15 A 28 1A DGR 46 a50) 7 3 T
i 4= & Fe;0, NPs J5 il 5 Fe;0,-MWNTs & & 40 K
¥ (M@Fe;0,), —J7THRESE =5 CNTs L ALSUR
73— 77 T F H] Fe;0, NPs 4 {1 V5 75 it 0 52 ] A1 T,-
MRI BE0 . i TEM, XRD %4\ T M@Fe;0,
M S5 SIE 8, a1 JH K 23 BOR R M R 40 i A
Bk, JFEUE TR E A 9K R X B B 4 A Y
DGR P BB 55 7 Mg O 85 v Y i s s
B, NMREIZYT — AL S B TR R R T L

1 X BRAE
1.1 FE##E

ZBERRAN KA (MWNTs, EHA2 8~20nm, K 2~
5um), HEFFEBSESA VAR A A KE
WERR — (8 (NaH,PO,-2H,0). | Z/K S # R A —
1 (Na,HPO,-12H,0) . ZEEANEEL (Fe(acac);, 98%).
% B # ((CH,0),). = H % (HO(CH,CH,0),H,
99%), iR T IAFIA R R WRELAR (H,S0,,
98%). YERYIR (HNOs, 98%), 744224151k T4 R
o dl s MG4R s (FBS). (bl 40 it 3% 5% 5 (DMEM)
1 5 Tl 55 200 B 52 56 AH ¢ 3L 55 1+ Hyclone 23 #] 5
WST-1, MTT. CCK-8 Fil Calcein-AM/PI i 4 Jifd /3L
A AR & (L = RAEYEARARAH),
SEER A K Ak, B3k 182 MQ-cm™,
1.2 M@Fe;0, Bl &

1 g MWNTs 43 #{ T 60 mL R R (WA AR« Mk il
f2=3 : LARBLL) v, 7EME IR A | 2 h,
SR J5 R 3R DU 960 & M DB TR R R 0T vE ik = b ik
A5 (932 AL 88 19 MWNTSs & 57 20 80T = HEgh,
A — 2 & SR IR 8k, Ik & 220°C, Bt
N12h, B ARG B U, FH OBERER U £
BTG, KRG 3K, e K UL TE R
TR H
1.3 HmAERERRIE
1.3.1 MRERIE

I 5 uL M@Fe30, 7K 43 # i T 63 pm i [ (i
) b, IR T T TEM WS, fii &
e 7 S {85 (JEOL-2100, Japan) W< R 1k # 4
CNTs #ll M@Fe;0, % Tfi Fe;0, NPs i I 5, Fe;0,
NPs #i 12 {# Ji] Image J (V1.41, NIH, USA) #1754t
Tho Al 550 -AT WL WO 1% X (Lambda 35UV-vis,
PerkinElmer, USA) Il & #4 L W 6%, ff ] X
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S8 i T %Y (XPS, Thermo Fisher ESCALAB-
Xi+) WA BB T R R T AL 35, (00
i AL (Nano ZS90Zeta sizer, Malvern, UK) i
R TH HLfar, T B AR [ (Biotek Instruments,
Inc., USA) il 7 40 g A7 35 %, (L R A WHOEH
i . 8% (Zeiss LSM 760, Germany) ] 5& 40 it (1)
FEWRAS
1.3.2 MEREM

fdi il 808 nm B & (KB 7 L A FRA
A ) F T 0 RE S BORe M R AP S BUR YT IE T
fiti #1:1X (M200 PRO, Infinite) F] T 5 48 o A7 15 %
BF 4 T S B o ol FH AR T O HGR BE AR fE O
i ¥ 0.1°C, OMEGA engineering Inc.). T, i 3 4F
o M RR A L sh W /b K% g 3R PR O R X
(MiNiMR60, 22MHz, (0.52+0.05) T, 41 i4) I
AP, i [ E TR 4% B .
1.3.3 4S5

A FH B #5098 40 M HeLa 20 it 25 F1 A E 3 ST 40
il LO2 4 ifi (ATCC, Manassas, VA) 3k 47 40 Jitg 52
5. AMAER TS A 10% FBS Fl 1% itk & (F 8
% 50unitsmL™', ff & & 50 units-mL™") 1Y 4 f 55
73 (DMEM) b, fEfH IR 37°C F1 5% CO, K5 5 46
AR, FEAN ML EE PRI, 1) 96 FLAR T AN FL
TR 1x10* AT 555 24 h, SR 20 B ACK
[V BE O AF &, kS35 9% 24 he SRJ5 HH PBS 18 Uk
A HE A 20 ML AR S, AR B % 55 R R 10 pL
MTT 5, AkLe855% ah, SRJ5 F)FH AR 4K I
20 L AE 3 R

2 #RE5iTie
2.1 BRI

T S H TEM XL CNTs Fl M@Fe;0,
HEATRAE, i 1 R, 1B 1(a) AR AU S
MWNTs, K2 1um, FEBHE, 82
M TAER IR A At B il IR T R e M, 7
HERMmMGIATREDIRESLH MBI . BRILE . &
H 5% 1 )R 7 A= K Fe;0, NPs J (K 1(b)), Fe;0,
NPs ¥ 5] #b 43 #i £ CNTs £ 1, A% 3 550 M 16
6~12nm & [F (& 1(c). Bl 1(d)), 1 H L& o
Bk B 5P RE 75 CNTs J& B 3 J0 Baouks 13 ik
1] Fe;0, NPs 7£ CNTs £ i 45 & A E o Zeta
HL A7 3 e B, R Ak R JE 1) CNTs 36 i HL 345 0h
(-23.5+0.3) mV, X — k] TR R AL B B AR
CNTs 5| A T KEWNFRAERA, mEihs

B CNTs [% & (-53.8+2.6) mV, E W #Hl {0 E &
CNTs i [F A & & KK EReHA, AR
BAMNSF 8B g vt (K 1(e). 7EME 1HZ
5, HAVEA G a it e, JFEARA U I
JEM B, mH, 24 CNTsfERE AR F &5t
15 s /¢ A RIVAT 3 8 2R 4 7 T P B S 30 2k vy — ]
RUIHEA DL 0wt (K 1(6) . 78R 2 G
BRAEHH R )G, #il&1 M@Fe;0, 1 24
W E R EN . B 1(g) £ M@Fe;0, 7K 4l
TR AR 5 R R A AR R ) B S
TCH R UIE B, i —2PUEl] T BTl 45 1) M@Fe;0,
LA B K oy b

9T — i E M@Fe;0, Y2 1 B 5 4L
HER T HWR OGRS . XRD I XPS, 41& 2(a) Fizk,

cut-MWNTS

15
10
5

Relative frequency/%

02 4 6 81012141618
Size/nm
P 1 (a) RGN Z BERAK A (cut-MWNTS) ) TEM #1145 (b)
Fe;0,-MWNTs & 54Kk (M@Fe;0,) 19 TEM E; (c) RFRBCR
M@Fe;0, TEM {4 (d) M@Fe,0, #ifi Fe;0, P4KKF A2 51T (200
ANBURD); () cut-MWNTs fil M@Fe;0, FIZ T zeta F13; (f) M@Fe;0,
IKITBIRAEREGVE I T R4 5 (8) M@Fey0, /KA HIUBUILE: 5 KHIJF i
by
Fig.1 (a) TEM image of carboxylated truncated multi-walled carbon
nanotubes (cut-MWNTs); (b) TEM image of Fe;0,-MWNTs (M@Fe;0,);
(c) TEM image of locally magnified M@Fe;0,; (d) Particle size statistics of
iron tetroxide nanoparticles on the surface of M@Fe;0, (200 particles);
(e) Surface zeta potential of cut-MWNTs and M@Fe;0,; (f) M@Fe;0,
aqueous dispersions aggregated under magnetic field; (g) Photographs of
M@Fe;0, aqueous dispersion at 0 day and 5 days
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240 T UL I 0 1 IR A R o R b R A
CNTs HA 45 iy W e, e R Wi K 7F 280 nm
feAi, T AE R A2 K FeyO4 NPs Ji, HiAE 3T 21 4h
DX 30 P A AT Y W B R, e R W AT IR K B — 2
#%, 53] 324nm A 47, XJEH T CNTs & i 2k
4 K & Fe;O, NPs FH . BL4M, M@Fe;0, 75 i
ZLAM XSO B R T, R W £1 A I
etk fE nl e FT 5 . XRD PR 45 58 (5] 2(b))
7~ M@Fe 0, F 2411 4 1§ 5 Fe;0, NPs 5 #fE K A
(PDF#19-0629) AHX)i, 7F 30.09°, 35.42°, 43.05°,
53.39°. 56.94°. 62.52°4b 7547 AR B 1] 43 ) U9 )
F Fe;0,NPs ) (220). (311). (400). (422). (511).
(440) fh1H . XPS MK KW & A CNTs KMl Fe %
A 3FEAA (B 2(c). Kl 2(d). iRk
T M@Fe;0, 18T % . &l 2(e) Wi T M@Fe;0,
() 4 1 A5 B R 31.905 emu/g,  # B AT I & 0
M@Fe;0, HA B 1Y 1 e o 1
2.2 FAMREFR

FIH 808 nm O A% X5 AR A G BRE H 1 i 2
T T WE5E, WE 3 . B X b T 7EA R vk 3
HIBOGHE B N M@Fe;0, MGV fE . 4%
R B IR, M@Fey0, X 7£ 50 ug-mL™" 1 1.5 W-cm™
MR T, &5 15 min B4R A] FHIE &
48.5°C, T JihJed 4 Jfa 38 5 AE B 3 42°C B kK AEAR
Al A PH TS . FE 150 pg-mL™! Al 1.5 W-cm™ 4 Z5 1
R A F 55.3°C, i HL 2 B0 B S A0 O
I RN e BE MK (8 3(a))e £ R SRy LB
P& 50 pg-mL™ Al 1.5 W-em™ S5, BJE XL T
TE T 4 K Fe;0, NPs 1 5 CNTs G MERE, 78
808 nm F AR HR I, FE 50 ngmL R E T, &£
it 10min R Z )5, R AL #K A Y CNTs J+ i &
459°C, 1Ml M@Fe;0, 1) Ft i 0§ BE W &y 48.6°C,
M@Fe;0, FH i I B AU HE =1 T R &4 CNTs, {H i
T Fe;0, NPs % & /5 T CNTs, A b 78 AH [F] #9 T &
WEET , M@Fe;0, A ROGREL 41 43 i I T R &
i CNTs, iX 3 W] 7E % 1f & i Fe;0, NPs J5, CNTs
e e A I AR T, XA REREm T
Fe;0, NPs {7 T CNTs [ £ H 258, — 7 i 96
T CNTs B OGIE , 5 5850 Ot 1% I it 25
AHXT R, 5 — 7 T4 R T CNTs % W2 O /31 Ot
28 fJ5, MR T M@Fe,0, 1Y THE -FE IR AG 2R,
& BT i % (1) M@Fe30, 7F 2834 6 W Tt i R I 1
W2 N BA B Ot ERE, R HEA R4f

O RAER E M
2.3 YHpmsEIE

FER SN SE 5, X M@Fe;0, 1A ¥) % 4>
PEEAT THFST, ffi ] HeLa ‘B #5098 40 Jfd A1 A IE %
JHF40 i (LO2 40 i) 38 58 MTT v $E 47 A= 40 AH 25 1 0
R (K 4). A AR BE Y T, TE 5 4 B R0 ik
Jed AN B 1) A7 RS A R B, {H RN AE 50 pg-mL!
I RE T, 2853 24 h Fl 48 h 2L F 22 5 40 7735
ANt 85%, Z5HRW, il R B
BB 45 K 3 Il M@Fe;0, ELA 510 A= W21

WF9E T AS Rl He B M@Fe,0, % HeLa it 92 4 fifd
B EHIEIT R, W 5 Brs, FE MR A 58
Wk EMEILEE Z G, P REE R
1.5W-cm™ ) 808 nm 3t HE 17 MG, Bl & ARk
FER B, AOPMAETSE A W N R, FEAOR R B
4 50 pgmL™ B, AU HIA7 TG R AL E 46.2%, FEAH[R]
M, BRALERE B CNTs % i Jed 20 ffg 5% 15 3 %
WAL A 32.4%, ik 45 5 & B M@Fe;0, & & 41k
XT 96 240 L P SRR O3 RO R T 8 CNTs, 58
B BRI R SE RAH — B, X — Rl T A
BEEAT B B K 43, il 1) M@Fe;0,4 AT fE 8
b LA SRR T A B N R . AR I ZEAMEOBAE T
TR, TR RN, I ARTRCE R, 4
JHL PRI BE AR, L A RN R X 2 R R AR R
W, 4405 N M@Fe;0, W B SRS, #Add ] LU7E
—E R E AR, XA N A R AR K A iE R
AT RBR, FE R AR T A R, 3 A A
5 RBAK

o 3 SR AR AT B % (1K 6) AT LA B,
% 50 ug-mL™" i M@Fe;0, 5 HeLa B 2 ¥ 4fl iy 2t
B E 6hJ5, A 1.5W-cm™ [ 808 nm 4O fE 5
10min J&5, KRBT, S5A0AFERLITLS
WA —5, FWH 4 A M@Fe;04 XF HelLa B 5 i
20 M B A L G RR O OR . HRT R S
FIRE T g G IR T -
2.4 T,-MRIEHEERR

4 Ht P& AL 1% (Magnetic resonance imaging,
MRI) B A 85 23 [ 43 B, BE AR 15 2 A 2 ZUag
#E M 3D WA AE S, 1 H I A F K Xray
SRS YA, © LN T R R RN IR 2 W
BT Z T H. Fey04 NPs F T H:A S A 48 It i 4 %
M # 8% H T T,-MRLi& 52 . T M@Fe;0, 7E A [
pH ZAF TR B 3 R[], PR AR AN [F] Y
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&2 (a) cut-MWNTs il M@Fe,;0, 455 n] W ISOETE ; (b) M@Fe;0, 19 XRD KElil; (c) M@Fe;0, 1 XPS 4:if; (d) M@Fe,0, ) XPS Fe2p iif;
(e) M@Fe,;0, R T2k

Fig.2 (a) UV-visible absorption spectrum of cut-MWNTs and M@Fe;0,4; (b) XRD spectrum of M@Fe;0,; (c) XPS survey spectrum of M@Fe;0,;

(d) XPS Fe2p spectrum of M@Fe;0,; (e) Magnetic hysteresis curves measured for M@Fe;0,
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55 F —=—A
—— B
50  ——C
E 45 -+ —e— E }
2 =
g 40 | :_g
& S
E 35 + §
30
25 -
20 1 1 1 1 1 1
0 3 6 9 12 15
Time/min
55 Concentration/(ug-mL™)
(b)
50 | 120 Loy EEmwNT24n0 Il IM@Fe,0,240 o2
=—MWNT-48 h ﬁM@FepﬂS h
O B 100
)
40 - =
é —=— M@Fe,0, = =
g 35 L —e— cut-MWNTs z2 =
g —a— Water = il
30 + = i
25 S -
Il
i
20 1 1 1 1 1 :Ei
0 5 10 15 20 1Ll
Time/min _ il o
60 © 2 5 10 20 50
55 Concentration/(pg-mL™")
50 Bl 4 AREILREERRIFARRIKEE ST, cut-MWNTSs Fl M@Fe;0, %
5 HeLa ‘& HUEAIA (a) M1 LO2 1E# 415 (b) M40 B¢t
ng 45 Fig.4 HelLa cervical cancer cells (a) and LO2 normal hepatocytes (b)
S 40 k- at different co-incubation time and at different concentrations of
Q
E cytotoxicity of cut-MWNTs and M@Fe;0,
) 35 +
30 F 120 —
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Fig.5 Killing effect of HeLa cervical cancer cells by cut-MWNTs and
M@Fe;0, at a laser power of 1.5 W-cm™ (808 nm)
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