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2 HNSHR

2.1 MR5{E

H 4K & Gt (W 5% A [ A7 i Heal Force 2 7);
HAuCly-3H20 (W 35 B [H B 78 glak i T A #l); A7
15 1 =84 (sodium citrate) (J 3£ B H E K3 R 2 /b
FARXAAF) 115 — R (WX E BT B
LHEARBRAA); [3(4, 5- FFE (M M-2-TF 5E)-2,
5- R HE-2H-PU MR AL Hs MEWEEE] (MTT, WS H 3%
E SPECTRUM A #l); &HHER-3-RIK (3-CCA, 97%,
W S B G 5 J&K A A w])s SR IR )
EBLEPEEZRAA): &R A 1640 K 77 4,
100 ug/mL1)4E % Z 1100 U/mL (175 5 & LR 4 1
7E (3 H % E Hyclone A#]); #7835 F160 mm
[ 35 77 1L AT 96 FLAR (3414 3% B 1% [H Eppendorf 2 #]);
Infinite F200/M200 %4 5% 5t B b5 AX (M4 3% H Jfi 1+ Tecan
ANT]); Zetasizer G4KALE LAY (W93 H Je B 5 /R SCA
") B FHE R T R (ICP-OES, WK H %
i e AR): NRBEZMBI6-FI0ARER (WK H
o [ R Bt IR )

2.2 15nm B mAuNPs &%

e AR 4 SRR AR E 1 VA B & S R 15 nm
i1 AuNPs!Pl, SR 5 R A RCAA S ek & i mAuNPs. A
R 7 Ny £2 L =1 8 in A\ 960 mL
gk, B InE b, SR )5 218 S0 o iR /R
N 1% B HAuCly-3H2 O/K ¥ (10 mL) ¥ 2] = 1
B, noe e gE R IR IR PG I i & /R
bt M 1% #7468 BR B9 7 (30 mL), i HE 5 7 ¥ 30 min
&, IR ERA A E =R I = ORI N AR
M)A 4 B8 FAEAT A BR AN JR N B 2570 % 1 15 nm 1)
FHE RN BB & 9Kk T (cAuNPs). fEZHR T, [
AT cAuNPs = L A 1 mol/L ) NaOH ¥ # (1
mL), FFIIALL-FE A —H L (660 mg), =M
Wo MT Au-SHEGRMEMEERES), 11-5ET—k
FRoF 2 U AP AR IR B 45 & F AuNPs £ 1. K & 40K b
TR 5 mL B OEF, KAH# 8000 r/min
2.0 30 min; AAJF HBAUKPES, FEO. WE, W
WEE3IR, EBRFEENIL-FET—RRE, BEM
KRFILERF—BO0EHE, BRELEMAE
2tk (1 mL), #175 mAuNPs 450, SR % ik
F ICP-OES X} mAuNPs REE P B AT bR &, 3R
73 mAuNPs BE H 4 1R,

2.3 mAuNPs HERIF

¥ mAuNPs BERF R 1000 1%, SRJE LT ul [
B T 400 H BN o HET 5 AL 5T B A
Bt (TEM) M & 9 AKRL - R R ISt kidt 4 Ao
43 ) e B W 100 pug/mL ) mAuNPs fl cAuNPs
%1 mL, RH Zeta AL % H N EMTE Zetasizer 91K
$ir LA A & AuNPs [ Zeta AL
2.4 YAKESF

/NEVE 5 KR B16-F10 41 B B F T-25 ¥ 7=,
TN 5.0 mL &4 10% g 4- 1. 100 pg/mL fIHEE &
100 U/mL 5 % R R A 1640 5773, 1E37 °C.
1B EEB AT 5%CO2 B 746 15 95, £ AR H 0.25%
& EDTA MRESWHI S, /i TR,

2.5 WREBETIER

FIFH 220 F &8 FiF 7025 B (HIRFL) (197%)2 MR G
I7 2 Fe A1) 80 MeV fu ik B T AU AT FE i AR IR, 7EMR
SFHTX HIRFL $& 4t b & 1 R g A7 b5 g, HRAm
N IRS & e S iR e e A it e A ORI I P )
FHEG IR SR I L BE R E (LET) 850 keV/um,
F R FN0.5~2.0Gy/min, 1= FIATIEG. XFE
FESEAT RS
2.6 mAuNPs/KBRMNEEHRESFNE

# 3CCA (38 mg)H] PBS (10 mL)#8 & fi# f5, n
A DMSO (14 pL) AR . 285 H 0.22 pwm 1)
JE BRI UE1F B 3-CCA/DMSO % i, 1 PBS #ikt 1
4 5 248 . B mAuNPs fif 77 ¥ 5 3-CCA/DMSO
BORFRFE KL, 5, 10, 20, 30 ug/mL KISZIGHE M, AP
SEIGHE S TP RIE 3-CCA /DMSO IR A0 AR SR, 2%
17400 pL A& BN E] 96 FLAR H, I FH BRI 2
BB IE KR K. FIH LET A 50 keV/um I8 5 1
MU 2.0 Gy J&, BRI mAuNPs B0, B ETER,
DL3E S m AuNPs X 5 6 & 152 ma. S8 54 50 5 1)
IETRORE SBON SR BE [ B AR, 7R R RS
F1 395 nm Gk, 3KEL 442 nm B9 K S POG R EL. O
JEE B R R R B TR R B R AU SR
(1) THEAF FE b 16 55 51 38 5% G (Enhancement Ra-
tio):

HhsRLE =
FEURS J o i (R 5RO i JEE — TR A i RO 9 D' iR 2
LIRS o B ZEL A SR B8 — HESH X AL R 58 e 5B e
(1)
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2.7 mAuNPs XZREEM A

5 I MTT ¥ Az ) AS [7] 3 B2 mAuNPs % B16-F10
Y 36 AR VS 77 (I RZ I, DT ) B 4 B . o X 2
K HARZ) 5000 /> B16-F10 4251 2] 96 LIk 1, £
ARG, HAMNKE RO, 0.1, 1, 2, 5, 10, 20, 30
pg/mL 7 mAuNPs 857235 200 pl. 5724 h
JG, 35 mAuNPs K7 7838, A& MTT (155 77 %
(5 mg/mL [ MTT ¥ 5 15 7% 3 #% AR B EE 1010 Ho 431
BCf) 100 pL. #5374 hJG 7 X7, A DMSO
R, JHEEE Y 10mine FHEE AR AE 570 nm 4k i
B A% FL B WO BE B (OD)o AR 48 20(2) 55 41 At 3% 5 vl
71 (Cellviability):

SEIGH ODAE — I E410DE
St HEZHODAE — A E 41 OD1H

%ﬁﬁﬁ=< >xmwm

(2)

R =

2.8 ZHEAEMEKFERNE

K PO R WEE R 25 (DCFH-DA) {E A7 e H#
Bl SR 2 4 B P T TR K. sk AR K T B6-
F10 4 A 42 P 2 58 70 80 12 1 55 37 19 35 mm B 3R 0
H, AL x 10° ANHM. RE RS RE, A ERE
5.0 pg/mL B &% mAuNPs 17 78 5, X A A A
¥ mAuNPs 35 FR2E, JE5558 24 h 535 5% mAuNPs
s 7R, H PBS Mt I L BRI B mAuNPs, 1£
B BT 20 min AR 1 mL $% 1:1000 A5 H 76 i
B 7R M B () DCFH-DA ¥ i. #£ LET ¥ 50 keV/pum
PR B F R RS 2.0 Gy &, BURILAN 055 3% A B
MBI b, 10 min f5 A %06 B8 7E 488 nm ¥
K /525 nm K AF T AR R . FIH Imagel
AR EGHM, ST AN B S A, AR R4 A
TR, I S50 B T AR 25 A PT LA e 40 M pAy (955 P 4
Ko AT E DG 200 M. FF(3)TH L
tb:

SRS R ot RS T B 2 PR — SR IR A i A SR L T AR B

2.9 REFEERSE

5t B4 K W B16-F10 40 B # F0 T HL 42 N 35
mm 35 55 M, BRI 1x15 AN, E 8. K
FE N5 ug/mL 14 mAuNPs 5 9% 3 2 mL (4% 1 W i
H N2 mm). 24 h/G, FEHFRE, £LET K50
keV/um FJB & 5 Al 50, 1, 2, 3, 4, 6 Gy. &
J B BE 5 B4R B AR AN R R, 4 i DAAS [R] B e
THEAAHN6 mm (IEFRIA, B3R H ), PBS ik, H
B RS () 45 i e 0 15 mine THE TR, B 50 A4
(1 7l B A A& — AN RIS A . 38 kK v B KR Bk DA b
20 B, W] LASRAS A AN 15 77 0L b 40 B 1) 4775 3% (SF),
L S5F 2EL 1D 40 A7 5 2R B Dl B (o BRLZEL) 1 48 AT
TR, BT R B AR A AR R R AN
BMAEEZE, H Origin AT LM77 (LQ) BLALY
PR
2.10 Sitoth

A S5 R SPSS B A 3t AT BT X FE A ¢ A 56 20 s
MM mAuNPs J5 575 F 0 IR (4) 2 18] 78 20 ff 25 18

T o ZEL B o 0 B [ — B L B R B e T 3)

FRAT IR, AN B AT T A R .

3 ZER
3.1 mAuNPs &S5RI

K1 (a) At 2~ B £ mAuNPs I TEM E F, &
7~ AuNPs K42 35 51 A1 B 443 BU% . 381d Image
Pro Plus ¥ F #EAT 2 /0 0 H AN & 99 K Kz (1 R 42 )
&2, HgitomsR, 53 mAuNPs [FF¥R A2 555
4 (15.97 £1.35) nm|[El1(b)].

BI1 () A (d) 2 38 i 49 K ORL FE AL A & 15 2
# mAuNPs 1 cAuNPs K] Zeta A7 73 A7 A6 00 3 2.
Tor P AR 7R Zeta FEA Z3 AT N BLUE O3 A, K 45 R
i R AF. B (e) & W& 73 2] 1) mAuNPs Al cAuNPs
) Zeta ¥ AL BAH, Zeta H fi & 7R N —15.6 il —18.1
mV, H A0 B R R KR AR I R R E T, 4
X E KBRS . ZEXHE KT 10 mV [ R AR VE WA €
PR, 45 R K H mAuNPs 7E /KRB BAF e
. mAuNPs fl cAuNPs [ Zeta AL AF, FIH 11-37
Bt — B RINFEFEAE T AuNPs L.
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i 40 0)
& 35
% L
<30
= |
£25}
g L
S20F
o151 7
8 15 i Z
£ 10 %
| /
11 12 13 5 19 20 21
Size/nm
30
@
20 F
- : i} -
0 L L - I8 E
=200 —100 0 100 200 =10+
Zeta potential/mV E
s 30000 T Zefa potemi'a} distribut:ion 5 . mAuNPs cAuNPs
é 20000 |- N
E 10000 - 10
0 1 | | i _\ =
=200 —100 0 100 200 -20 N.6 il
Zeta potential/mV
Bl 1 (fEZ%E) mAuNPs K& 8-S R AE
(a) mAuNPs i) TEM H f;  (b) mAuNPs B ¥t 12 4> 1 4t iF: (c)(d) mAuNPs fl cAuNPs ] Zeta L fiL 73 A7 kW 45 &
(e) mAuNPs fl cAuNPs ] Zeta HLfT o
3.2 mAuNPs ¥ B16-F10 RIS 1% 3.3 mAuNPs {2 H R EEHFIZRY T
B2 2 MTT 32 K I mAuNPs i 41 it 1) 35 24 1) 48 K FH 50keV /um % 55 F 2F 47 @ IR ST 06, IR

R, WE2 G RAT LR, fEREZEHN0.1, 12
pg/mL I, mAuNPs X 40 K p6I1E FHAE 5% < N, Bl
BEWER BT, MR E A g, A7E5 pg/mL i)
WEE T 4E M A0 I 7E 10% LA, BLgeit o0 i JE G
# % 51 (P=0.064>0.05). iR &1, mAuNPs X4
JRLR B PG A iy R BE T 4 0 BR CRAFAR G 3 1

1.2
1.0
b IL I
i *
e
: T
206}
=.g) -
C 04}
02|
00 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Control 0.1 1 2 5 10 20 30
Concentration/(pg/mL)
B2 R B mAuNPs 3585 9% 24 h (40 i 35 1 (4

AT, *P <0.05, **P <0.001)

7N 2.0Cy: 5 A mAuNPs [ KB L, 5
110 ug/mL HKR E R, mAuNPs H 2.57 f12.07 £ K
5k (B3). it 45 R 2R, M 1 mAuNPs #
FE =5 pg/mL B, VR BIF B 2 AU 5 IR R
¥R E AL, AR ZES (P <0.001),

35
- kk
30 1
L kk >
g 25 SRR sk
g~ o
Sa0l
220}
8 L
§ 15k
2ol
1.0 | BR5R
05
00 1 1 1 1
1 5 10 20 30

Concentration of mAuNPs/(ug/mL)

B3 RFWREE B mAuNPs 76K RIS b 3672 iR 38
(& ik Z5 4, **P <0.001)
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3.4 HRENEMEKFANE
it 3T TmageJ B AF 4t i AS > 200 /> 41 g A H A7
I AR 9 O e A, AR B 45 R i 4(a) P

(a)

0.5

Cell FL intensity relative control

0.0

Control mAuNPs

(b)

0 Gy

2 Gy

Ro 1E50keV/um §RES MG T, 5 mAuNPs M B 9%
(11 B16-F10 40 il A IR 3 PR UK 2 1w, B 4(b) 1)
25 SR e B S X — R

mAuNPs

Control

4 (ELOR ) mAuNPs (4010 P35 kKT 2806 55 B2 GE 1 18 (a) D P9 S8 AT A B 5 6 IE A (b)

(Geit-5 4, **P <0.001)

3.5 mAuNPs BYZAff 5 &7 ESLIE

K5 4 B16-F10 401K e FEAF TS5 R, W] LAVS 281
G2, 5 mAuNPs 5 F7 (120 f AL % AN 50 & AT
R LE R IR AR. A LQ A5 7R X6 e [ A7 3 B #E AT
Wt HARNSF =eoP=BD” | 41l 4 i1 i 25 op i
P AT, mAuNPs £ 10% 40 M A7 35 K7 T g 5t
WL (SER) N 1.15, £ 50% 40 7735 /K °F 1 /) SER
N1.23 (£1).

1E m Control
o mAuNPs
SN —Fitting line for Control
~.\; - Fitting line for mAuNPs
g S
= 0.1f
2
&=
=
2
2
xn 0.01
0.001 1 1 1 1 1 1 1
0 2 4 6
Dose/Gy
5 20 pe B A I 2 R
F 1 FEEFEXRT RIS
Dsrio Dsrso
Group /Gy SER /Gy SER
Control 4.17 - 1.87 -
mAuNPs 3.54 1.15 1.44 1.23

4 LS54
MG S R E N, mAuNPs Xk 5 T 5 R 1

B16-F10 40 il A5 B 52 (9 B8 80 ie S 45 5 3¢ Jl i i
RS AL, B 48 R 3-CCA 15 % e 28 4l
AT 7 K e 1 by g B 9z 3 O xR
ST mAuNPs G0 P, 755 I S 7 A R S AR
B S ORAE Bl NSRRI TR BT, K
VPR IR 1 B AT SN, K R 4T R P 7
JEAEAEZ P B, I AR R (AL o 4 R 0
E. 3-CCAMENIREF, ERH 2 E B EM =k,
ifii Hirayama 25 'S 0 5045 . 76 %5 LET HO0E 5 75
B F, R I A AR ) T 21 30% FI1E F

B B RE A — R, 40N R 2 AR R
(% P e 400 1A 95 A SR ST B A 0 B 2R G b I
T T 56 5 40 P 3 T S A e T P 9 e S B84 ke
240 B 1 2 0 1 PR F ARt B e ), o o T O S
P A I o 72 PO, T A 0 S % A AR
ST BRI R S, £ 50 3 4 M R
B2 DNA #5145, I Bk SE AR AL, IR mEs
7SN T N Y, Soe 4k 5L R A i R
B} 53 MK, R4\ mAuNPs F40 o B
4,

SETEARBETERE, SaKdEa e
et e ik e U S O LR 2 PR AR AR £ TR
TR E AR T XM YR G T A T B k)
e T4 DNA, 38 BOHC 3405 2 4 90 Kok T4 5 4
i R L P, AR B Rt A i R
IR FF) PR T e BRI T RS RE T, BT s S [ 0
S ONCR.

A A A ] 2 B A B0 P AB A T R A
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S YN AN [ [ S S AR A A P9 1 DNA WL
BEIT 2L (DSB) & it 40 M 2E T 1 3 3 s 2 — (2824
AN T R A 1 4 KR B4 1T A 3 AN [ R B2 () DN A
KU T 2 o

AR SERCHIETE T A g T 2 T R R B4 S
BORR, R WILE AR L35 TR IR 250t e 28 (4 56 18 4
RORFE AR R, HAEY AR IR A 53— S
T AN R A (B16-F10) 40 7E /N AR A A 1R
TP IR BE AT, I T Bk — 25 T AR /) SR AL I AT
PRIV G AR BT 5 B 25 -4 S BN, AR
W 52 &5 J 633k — 25 Bt Al A AN [ B 10 4 9 KR T
A SRR S 5L, P24 A AR S I R B &

=¥
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Radiosensitizing Effect of Gold Nanoparticles on Melanoma
Cells Under Heavy Ion Irradiation

ZHANG Pengcheng®?34 LIU Yan!?®% JIN Xiaodong!'?**, CHEN Weigiang!?>%*, LI Qiangh23*1

(1. Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China;
2. Key Laboratory of Heavy Ion Radiation Biology and Medicine of Chinese Academy of Sciences, Lanzhou 730000, China;
3. Key Laboratory of Basic Research on Heavy Ion Radiation Application in Medicine,
Gansu Province, Lanzhou 730000, China;
4. Nuclear Science and Technology School, University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: Gold nanoparticles coated with 11-mercaptoundecanoic acid (mAuNPs) in diameter of 15 mm were
synthesized using the ligand exchange method. The synthesized gold nanoparticles mAuNPs were characterized
by transmission electron microscopy and Zetasizer. Then, the MTT assay was used to evaluate the toxicity of
mAuNPs to mouse melanoma B16-f10 cells. All subsequent irradiation experiments were performed under a carbon
ion beam with a linear energy transfer (LET) value of 50 keV/um. First, coumarin-3-carboxylic acid (3-CCA) was
used as a fluorescent probe to detect the radiation enhancement effect of mAulNPs on hydroxyl radicals in aqueous
solution. Second, dichlorofluorescein diacetate (DCFH-DA) was used to evaluate the radiation enhancement
effect of mAuNPs on intracellular reactive oxygen species (ROS). More importantly, the radiosensitizing effect of
mAuNPs on B16-F10 cells under irradiation with carbon ions was assessed with the clonogenic survival assay. Our
experimental results showed that mAuNPs had nearly no toxicity to mouse melanoma B16-F10 cells. The yield
of hydroxide radicals in ultra-pure water in the presence of mAuNPs after exposure to carbon ions increased by a
factor of 1.08~2.95. At a co-culture concentration of 5.pug/mL, mAuNPs increased the level of intracellular ROS
and the sensitizer enhancement ratio (SER) of mAuNPs in B16-F10 cells at 10% survival level was 1.15. Thus, our
study indicates that mAuNPs have radiation enhancement effect on melanoma cells under heavy ion irradiation.
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