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FE: 90k — Lk (nano-Ti0, )N F 4T 1Z , i F H 6 A WL B4 9 477 W B A R, =38 4 52 R, 6 4% il 200 i 7T i 7= 2E
5 nano-TiO, Sl £ FH I A [] B 28 PEAE o 335 XU B A (BPA)XS nano-TiO, BEAL 1 BT 49 %20 , L1 B BPA Fll nano-TiO, Bk i3 2
X AR L-02 400 (9 DNA R 80U8 o A 8] 22 o3, 00 %E AS 5] e B (1 BPA(0.0.1.,1,10 mol- L™ )%} A 8] ¥ BF nano-TiO, (0,
0.1.1.10 mg - L™ )AREA2 | 3% T B 07 1 I B AE 7 2 0 5 8K J5 0 2 S TR] 96 JE BPA il nano-TiO, Bk A %2 7 X1 AR AT L-02 40l DNA
XUEE W24 \DNA 5140 6 48 16 52 i hMish2 LK (hMsh2),0° — 2k 19 128 04 B 3L 56 75 il (MGM T) A DNA R 81 28 11 35 i 42 & ) 1
L 3 (DNA -PKes ) mRNA k7K Rk W5EM . 4550 R A 7E AR 22 vh i b, B 5 BPA Wk B2 (1 3% /i, nano-TiO, R 72 14 Jin
Fmg B A BT 7E AN RT 32 DMEM i — 78 4k e 44 85 S W Bk 5 {H /RS [/ 22 o 9 R nano-TiO, X BPA [ I [t /i 1 JC W 1 2%
5o Bl nano-TiO, £ # A 51 DNA XUEE W 24, X DNA i 318 &2 3¢ S i (9 22 35t JC W %2 ', {2 nano-TiO, i] I & BPA
DNA XUk WT 218800, 540 B ) 4 19 BPA BAM YL 2520 L 4%, nano-TiO, 5 BPA iR & 4 2 41 A 41 Jfl DNA X4k 7 £ 451 45 fn & (P
<0.05),hMsh2 MGMT Fll DNA-PKes K% B # ik KFE 0 5 _ETHP <0.05), LR AFsE 45 R 8" BPA W £ i# nano-TiO, 41 % ,{H
71 5 1Y nano-TiO, /5 7] W% fff BPA . Hiffi nano-TiO, 5% % JC DNA 5 /£ Ji] , {4 nano-TiO, Al Jil F BPA /) DNA XUff Wr 2L 305 .
Hrh hMSH2 MGMT F1 DNA-PKes #5255 2 Fli5 Je W) Bk & 5 2 I 500 DNA #ififs & .
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Abstract: Titanium dioxide nanoparticles (nano-TiO,) have been used widely and may react with a wide range
of organic and biological molecules and then exhibit toxic effects in various cell lines, with or without photo

activation. The effects of the interaction of TiO, nanoparticles (nano-TiO,) with bisphenol A (BPA) on their
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physicochemical properties and DNA damage effects in human embryo L-02 hepatocytes were evaluated. Dif-
ferent concentrations of BPA (0,0.1, 1, 10 meol-L'l) and nano-TiO, (0,0.1, 1, 10 mg-L'l) were mixed to analyze
the size distribution, zeta potential and adsorption capacity of nano-TiO, in different media. Then L-02 cells
were exposed to different concentration of BPA (0,0.1, 1, 10 pumol-L'l) and nano-TiO, (0,0.1,1, 10 mg-L'l) for
24 hours, respectively. DNA damage and the expression of DNA repair enzymes O6-methylguanine-DNA
methyltransferase (MGMT), DNA-dependent protein kinase catalytic subunit (DNA-PKcs) and hMSH2 in L-02
cells were analyzed. Results indicated that addition of BPA to nano-TiO, dispersions increased the aggrega-
tion level and zeta potential of nano-TiO, in all media. Nano-TiO, had a similar adsorption capacity in different
media, although a higher aggregation level was observed in cell culture medium. Obviously, Interactions of
nano-TiO, with BPA increased agglomeration and zeta potential, but did not influence the adsorption capacity
of nano-TiO,. The aggregated nano-TiO, can enrich BPA effectively. Toxicity analysis showed that nano-TiO,
did not induce significant DNA damage, but the mixture of nano-TiO, and BPA increased DNA double strand
breaks and the expression of three DNA repair enzymes. It is clear that BPA and nano-TiO, mixture induce
synergistic DNA damage effects. And hMSH2, MGMT and DNA-PKcs all participated in the DNA damage re-
pair pathway induced by the mixture of BPA and nano-TiO,.

Keywords: titanium dioxide nanoparticles; bisphenol A; physicochemical characters; combined exposure;
DNA damage

24k — ALk (nano-TiO, )& 5% 5 A FH (149 409 K 44
Bz — Tz R T R A L2
P, nano-TiO, i T H A K48 /N HLF ALK
0 ST R A A, T S N R B A AR R P
AL R 1 M AE(ROS) , X 4t A 1 RS [R] 7 32 1) 4 Ak i
W5, 05 DNA 5 40 A0 e £ o W 34 2529 54
kB & 9N nano-TiO, B9 A FH H #i 4 £, K& ¥ AR
B ) nano-TiO, 1R 25 52 W B 24 355 v () A [H] 15 e
Y1, vl 677 45 5 nano-TiO, 5.0 /E FH i AS [R] (%) 55 1
PERS,

X A (BPA) 3z T 3 BHIR & & FOREZ
A BHE S PO U 2 AR, BPA HL AT ME I K Rk
TR0 S N o RN S
VT A A AR N B S EOML MR R 7. T BPA FE
B 2 A, B S 5 nano-TiO, 7= AR Bk A 1E
SR P A 0 A R, OF i — 2P 52 e L ER A #E M
R

YR K JURL A 5 A7 ML AR B AR AT 52 e 44 oK J5
LI 0 B AR, 24 R B R O 1 — 2 R i B
ST ERON® . BPA Fl nano-TiO, ¥ 7] 5 5
DNA #1477, DNA i )5t J2& i 9 45 2 i 1% 1 2 1 2
N7 ) R A BRI B AR 2 — o R, AR RS
PLAEBF L-02 40 () DNA 45143 15 0 25 78 37 4 15
Br, B S5 T BPA XF nano-TiO, BRAL 14 BT 1) 52 ) ,
SR J5 43 HF BPA Fl nano-TiO, B & 5 & % AR L-02

2NNl DNA W2 FE & w2 i, AT i 94 K+
oA A 25 50N 2 (AL S B A A

1 #5757 % (Materials and methods)
1.1 3 S0 40 i bk

20K KE B 43 BT Delsa NanoC, 3 H 3€ [E Beck-
man 7 7 ; Waters Micromass-quattro Micro = 5 [l
T R B 5 3% [ (HPLC-MS/MS), 1 H 25 [ W aters
/A F) ;Nano-TiO,(Degussa P25 A, B4k 0 /4 21
Rl =8/2), g [ % [ Degussa 23w ; BPA Hy fk 2% 4l
W4 H € [ Sigma 24 W) 5 40 L 15 5% W DMEM , Il B 3¢
Sigma-aldrich 2% ] ; AW 40 il L-02, 1 T i I
K2 AVRE FR W WORE T O, A S AR A IR AR I
i, H 3£ E Gibeo 2 Al ; Trizol iK1, 14 A € F in-
vitroge 23 ) ; M-MLV # % %3857 , ) H Promega 2
w) PCR 51y F A W BR 2 |l G o
12 SEEJrik
12,1 HRiAR M Zeta HL A7

TE 4l /K | CaCl, fil DEME % 33 %&b, 43 91 FiE il
nano-TiO,(1.5.10 mg-L")F1 BPA (0.0.1.1,10 wmol
CLYBITR A L, SR T AN KR BE 2 M AL R ) Bt
] 9.0 ~60 min )l %E Ri42 A Zeta HLAL
122 nano-TiO, %} BPA 1% fff 52 46

TE 47K . CaCL 1 DEME 15 3% 3 v, 43 51 e ) &
10 mg-L" nano-TiO, Al 10 pmol-L" BPA HJIR & IF
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W IR G 5 S (6] B TE] B 9 43 5 B 1 mL IR A T R,
12 000 rmin™ B.0> 5 min J&5 BCE 35 #,0.22 wm 3 A%
i € )5 HPLC-MS/MSS K&l . LA A nano-TiO,
(10 mg - LYAY A [A] e BE BPA 1E X} IR AE A6 . Ay By
1 BPA JGFEf# nano-TiO, , 5 > 5216 75 B E AR I
123 ZijE R 7% KAk #g

L-02 40 T 1% 10% A 2F 1L 35 ) DMEM 35 57 )
M1,5% CO, 37 C ¥ MR FF , WO £ A= K 1A 240 i k47
YeEE, 4y 4l UL 1, B BE AL O R 3% 5, DL 300
wmol- L™ H, O, Ny BH M X} HA 20 4% 21 7% JC i 75 4 15
FW P kS 5% 24 b,
124 hHEEHESE

T 1% 1EH 1 SUUIERE 100 WL B T8 0 4%
PR B, FIRTFEAA LS b5, i ERA 1.0 x 1074
ALY 0.50% K45 2 Bl B 100 pL, 55 b w3 A 4
C &M FHCE 10 min, 259 55 3% 7 )5 76 86 09 544
T, 7E 24 /% W (2.5 mol - L' NaCl, 100 mmol + L
Na,EDTA .10 mmol-L" Tris base.1% Triton-X 100
and 10% DMSO)f# 1 h J&, B T35 f vk 8 v ik 2%
03 mol-L" CH,COONa,pH =8.5)141 Hi ¥k 40 min
(FLFE 25 V,HLI 300 mA). 5 1k HL YK E L, 10 pg - mL”
MTRAL B B IR . FH CASP B F M 4 i, LA
Oliver JE%H (Olive Tail Moment, OTM , Bll E % DNA
o i x (B B 0 - 3k % B ) T 4

b, BEASFEA BEHL 53 AT 100 4> 41 L) .
125 RT-PCR S:4

Trizol 32 BCZH L B RNA , K Jl M-MLV ¥ 5% 5%
AP H A EEE . P37 2% 35 R R
HLUK(F 0.5 wg-mL" M4k 2 58), IF 40 M 6% B,
PCR =9y IR 6% 8 x L% /R . UL GAPDH
Xt RE B & 5 0 B 4B K BE (E A H(E KR
mRNA B ERILIKF o
13 Gtk

LRI E A x x5 £, x FEA LI 4 6L
XTREAL 0 46, s R bm e 250 BT A e Y
SPSS 12.0 ¥E474:1, P <0.05 I A4 45 Ry 2 7
FERTE

2 Z5 R (Results)

2.1 BPA %I nano-TiO, H Ak 45 M 1 5%

2.1.1 BPA X} nano-TiO, ki & F1 Zeta HLA %) 521
1£ pH = 7.7 B}, nano-TiO, 3 1] 7 1 HE fuf , il A

BPA J& ,nano-TiO, ki 4& ¥ i, F 10 Zeta HL A7 FH 15,

H:H nano-TiO, fE Ca’ (02 g+ L' CaCl,)#) DMEM

BFR R R AR e KGR 1) M, TEAE B A B,

Fifi % BF (8] F1 BPA ¥ FE (9 35 I, nano-TiO, i 4 42 3

K, Zeta B {7 _ETH(E 1), 8 BPA fE{E #F nano-

TiO, M 5 , B & -2 C & o

Fz1 EARFZE &R BPA X nano-TiO, I Z 1 Zeta LA (1 =3)

Table 1 Average particle size and zeta potential of nano-TiO,and BPA mixture in different solutions (n» =3)
IR Zeta HL;
—— BPA ﬂ?lﬁ/(p«mol"L") P-arti(ile ‘s?zea : Z&'eta f)ot‘eAntial :
Solution BPA concentration nano-TiO, ¥& & /(mg-L™") nano-TiO, & J&/(mg-L")
/(wmol- L) nano-TiO, concentration/(mg-L™") nano-TiO, concentration/(mg-L™")
1 5 10 1 5 10
0 21040 £7.29 27550 £7.25 304.80 £8.18 -3144 £138 -27.64 £1.14 -26.82 +1.38
alizk 0.1 220.10 £9.75 278.60 =730 31327 £8.65 -3143 £0.80 -2755+£1.79 -26.33 +1.08
water 1 221.85 +7.00 320.50 +£13.89 324.00 +£8.23 -30.89 £1.61 -26.09 £1.37 -2390 +1.08
10 22470 £12.71 334.07 £3.99 337.00 £ 14.64 -30.63 £0.93 -2585+£143 -2327+0.75
0 312.60 £6.99 41490 £12.80 43130 £2.72 -16.60 £1.06 -11.60 £0.56 -1032 £0.87
CaClz* 0.1 37130 £12.75 42290 +724 44840 £6.87 -1421 £1.03 -11.18 £0.89 -9.06 +£1.00
1 389.80 £4.11 448.70 = 14 47 455.10 £6.01 -13.19 £0.81 -929 +1.18 -8.83+£0.72
10 40490 = 1497 45643 £13.49 47830 £7.05 -1299 £049 -720+0.75 -692+0.13
0 32230 £8.84 367.00 £9.03 48245 £3.06 -2527 £094 -12.73 £0.66 -8.02 027
. 0.1 341.00 £9.39 390.90 £2.25 496.80 =534 -1694 £1.53 -11.69 £1.22 -749 £043
DMEM 1 380.20 £0.92 40290 £4.95 517.70 £ 6.69 -12.15+£1.03 - 1087 £047 -6.15+035
10 45740 £592 481.50 = 8.67 561.00 £5.28 -11.56 £0.77 -8.07 £0.32 -594+£029

T * SAUKH L, P<0.055a B B 0 3h BOUHUN 3 WCOFE,

Note: * compared with pure water, P <0.05;a, Data were the average value of three measurements by the dynamic light scattering.
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Adsorption kinetics of BPA by nano-TiO, in

different media

2.12 BPA X} nano-TiO, W i} 4257 i 5 mi
AR pH =77 WA JEH,10 mg- L nano-TiO,
5 10 wmol- L' BPA R & I}, nano-TiO, 1] 4 &5 W
BPA , £ 300 min 7 A7 35 B W Bif -4 , °F- 5 I BPA T
Wk 22% 2245 . nano-TiO, & (i BPA & 75 & 4>

b G B3 25 (B 1),
22 nano-TiO, fll BPA Bt-& B X DNA AU 0530

b B R A9 2 DNA BUEE 7 24 5500
2E W g R AR S5 nano-TiO, 7 B F Bl /E A 51 E
B & 1-02 40 /s DNA Wi 245455 (P > 0.05); 1 10 wmol
L BPA HUplfF AT & 25 k3 0 L-02 41 il DNA XU
BEWT L (P <0.001); BPA 5 nano-TiO, B¢ & 4 5 ] i

FHEIN L-02 40l DNA Wi 2445, L % BPA ¥

FEM T, Olive B 14, 2 B0 & - 200 X &R
THFATR T, RS A W AN A TR
[BIVEFH (F =213.93,P <0.001)(F 2).
23 nano-TiO, fll BPA Bt & % #5 Xf DNA #i i &
KA HE mRNA 23K /Y 5

RT-PCR =L 45 % W] DNA # 5 1& & & #E i mR-
NA B FRIKF- . 45 % & W E (10 pmol- L)Y
BPA 5 nano-TiO, 2L [A /£ F T L-02 4fi ffL i, 24 7] B
W TFE MGMT .hMsh2 #il DNA-PKcs f) RNA # ik
i, fKVE B BPA 5 nano-TiO, 1A 5.4E JH X % 4> il
I 1 TG B RS (P < 0.05), UL 3,

%2 BPA 5 nano-TiO, Bt & & 5E X DNA B 2455 25 ( Oliver tail (x =5))
Table 2 Combined effect of BPA and nano-TiO, exposure on DNA damage (Oliver tail (x £))

BPA #J# /(umol-L™) nano-TiO, ¥ %/(mg L") l
nano-TiO, concentration/(mg-L")
BPA concentration/(uwmol-L™") 0 1 5 10
0 031 047 0.50 +0.49 081 +1.01 1.13 £0.89
0.1 044 044 085 135 132+081" 155+149°
1 1.17 £0.69 176 +1.73° 233+1.10" 342 +194"
10 3.90 +2.50" 403 +135° 5.15+774" 550 247"

AT 5 HIPERXT R A1031 £047) L E, P <005,
Note: * compared with negative control group (0.31 +047), P <0.05.

%3 BPA 5 nano-TiO, Bt & £ EX DNA {5185 £ &8 mRNA RiEH &I
Table 3 Combined effect of BPA and nano-TiO, exposure on the expression level of DNA damage repair enzymes

BPA #¢J¥ /(umol-L™)

nano-TiO, ¥ & /(mg-L")

it 45 Bk . ) 1
BPA concentration nano-TiO, concentration/(mg-L")
Enzymes J(pmol- L) 0 1 5 10
0 163 £0.13 144 £0.72 127 £0.65 1.04 £0.81
0.1 147 +£0.12 141+030° 129 030" 1.19 030"
hMSH2 1 158 031 128 07 120 +0.89 1.04 +0.68
10 322+041° 4.14 061" 487 +0.69" 577 031"
0 1.69 +0.53 126 +0.69 149 +0.80 179 +0.72
DNA-PKes 0.1 159 + 0.13# 155+ 0.771# 127+ 0.41a 260 = 0.60#
1 209 +0.15 198 041 248 +047 255+061
10 3.18 £0.14" 404 +097" 465 +0.67" 478 +0.75"
0 182 042 172 £0.84 201 039 248 +0.36
MGMT 0.1 153 + 0.72% 168 £0.15 112 £0.16 336+ 0.14X
1 121 033" 1.82 092 204 £049 355+069"
10 259 £0.14™ 3.02+092% 349 £045* 5.17 £0.69™

© 5 hMSH2 BT BR 41 (1.63 = 0.13) 1L 48, P <0.05;7 5 DNA-PKcs BA#:%F B 41(1.69 = 0.53) b4, P <0.05;

H:’&,P<04050

Note: * compared with hM SH2 negative control group (1.63 +0.13), P <0.05;

5 MGMT BIPEX) 184 (1.82 = 0.42)

* compared with DNA -PKcs negative control group (1.69 = 0.53), P <

0.05; * compared with MGMT negative control group (1.82 £042), P <0.05.
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YUK BHE B AR TS 5 T R4, NI 52 ) 44
K IBURL 1Y 4 A A& M. P25 nano-TiO, %) 4f - 14
RiFE R 25 ~ 50 nm, KA R . BT R R H fap
Z B H.AHHEJF® , nano-TiO, 1Y 2 i i, faf 7 76 — & F2 J&
b AR RE A HOME . Y nano-TiO, I fff 76 K % W
H,-OH W M KT ME Fl o Fass T
nano-TiO, £ M , M ZF nano-TiO, ) & I H fof M 1fij i
Wikifg —E B R, BPA M8 9.7, NIk
£ pH =7.7 B}, KM% 2 19 BPA 7] 5 & 3% T nano-
TiO, % 1l B9-OH 4 55 4, Il /> nano-TiO, % T £
-OH, Zeta H1 v/ | T}, nano-TiO, A1 3 42 & 14 4, I &
I I ) RN R OC 2R o VAP I B IR 2 I
W nano-TiO, ) Zeta H v A1 A R #2 % . nano-
TiO, #l BPA 7 CaClL Fl % K & & ¥ i) DMEM i W
WY Zeta HL A AT R FR BE T B R T AR BRI TR
AR R E R RN R

H9K nano-TiO, FEA A it 1 1Y) Zeta HL A A A
RREFEEANR HIEAS 52 e Ho BPA 1Y W B g 7, 15
AT 1A 3ROIR 285 O A 52 e 494 2K A4 RE W B fE Y 3 2
., HAZRIREH nano-Tio, 75 7T LA A 5L W Fff BPA,
PR] I 999 K A ) 7E 20 55 rh 9 8 7 3 MR SO0 (A5 = B
=,

PRI A 5E B H UK (single cell gel electrophoresis,
SCGE), X & B 525 (comet assay), A 1% R 8 4
I DNA Wi%d, Hod ik 2 5 BE I € DNA XL
BERT S, ARLELE R WOR, SR E BPA(10 wmol-
LBaoph e 7 0] 5 3 DNA W HE W22, nano-TiO, ¥
ML FEAEAS SL B0 50 & R AT B ) DNA XUEE 8 43
RO, (R ER A YL B2 5 n] (2 2 BPA 14 XU T 24 452 473 2
(P <0.001), M & BA Pp A 2500 . B[]/ A IR &
7 TR AR AR FE B) A T WIS i DNA W 2443 45 (3
2), W R B BPA Al nano-TiO, Bt & %% 75 I i 7£
F14) A 25 A AU 38 I o DA AT A 9 3% B A oK ks
A SR 375 R L, E A B A A PN GOk A FE A Lok AR
rfie = A4 ROS® . ROS fE M58 (5 Ml & 15 15 5 %
L8 B Z R M AR ) 2E ROV . H S A B A IR N
JEPE R S Y ROS M 1 9 3 B g 01 B, T 25
TECAN A N B — 28 A W Ry 7 (IR B LA 1 BT . DNA
SV BN . BN R TEEAL LA T i ROS
KT B MUK BRGE 1, T DL i DNA 4 F
rh IR B S B L R A% OBE T 43, 38 0 DNA - BE IR 24 Y
hnt® ., Matsuoka %" % Bl 20 mg-mL" %) nano-TiO,

53R AR, 51 i S A6 R3O Y, ROS
4 7= A R o A M BT R R G TS R AR T o I IS
2 B nano-TiO, Al — % b Bk Bk & 2 55 8 N 4 ROS
A, fie 2T BOUNR 3 4Lk R R DNA Ji 451
L4 LA SCHR, AR 525 nano-TiO, 5 BPA BES YL 5
fF, X DNA 5145 ) I [R]85 0, 7R W] fig 5 ROS 7K~F- 7t
A G AR EARAL A R — 25 R

DNA i 1 & & Wi 75 16 2 DNA i 24 5 4k 9 41
M ASsE i A EEAEH ., MGMT &2 5 kit ik
05 0 6 A T hMish2 J& — Fh B 22 ) DNA 45 iic
BEREN, H=Y 2 588 2 &% iR 5 DNA
G TC IO BB RN FE FH"Y  DNA -PKes 5 ku &
456 TF B DNA K 3 (1) & 11 3G 4§ (DNA-PK),
FERUEE DNA W24 1 A [F] U6 K i 45 & 18 2 i 18 h &
Y5 AR A, [ i DNA-PKes b A LA 3@ 5o # % 1k
Spl.fos P53 % — RIE HRIEY 122 55 5.
fHo e LTS 72" ABF5E 7R, nano-
TiO, AR, IE A 51 DNA WiZd , AR50 DNA
T Z4AH S 1Y) RNA 3235 7K -, 12 nano-TiO, 5 A [H]
WL BPA BK A YL 5, 5 A 0 5 & (19 BPA B
B LA, 45 FP DNA 8 & i 32 35 K 7 ¥ T =, 1k B
nano-TiO, i 3 /il BPA [ DNA it £ K Bl 5 & A= 19
DNA i 15 & &2 K ¥ %e 3 Ak 18 52 55 i 18 &2
DNA Wi & B E &R ¥ 25 nano-TiO, 5
BPA k& 2 58 T 5 DNA #ifinB= .

25 LR  nano-TiO, EMRIEFAY A i 5 F
A%, (B A R 1 nano-TiO, 45 ] A W MR & BPA,
JEHE N BPA ) DNA B340 . P& 1Y) DNA #i45
Vi B A T 6] 2800, ) IR 384 in DNA 16 52 1 9 26 .
PR TE 25 S5 9 K bE R 19 B 1 2800 B, 75 22— 2D O
i 5 11 40 K A R 1 15 A B 1 RN

WBIREEE N : 3R1967 -), %, L, #%, 2R AT &
AR HEEF K AL 80 2%,
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