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nanoparticles, ZrO,-NPs) [RH E A3 & ket
A PERERIMLIRIERE , ) Z N TR RE . A=
WAL S RV IE 1R Y7 A G OK R 24 40, 1 SR,
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HEIMER 2 WEHERY], ORI BA i N TE 1L
Jo, B THEAHIE 102458 (serine 10,
S10) WEMRfL (p-H3S10) MHFLkmRik, FHUR
PR cjun TR B R Y MARERER, A
i 22 BE 41 93 4N SH-SYSY 11 H3 57 4 037 #6 & ig
(lysine 4, K4) 19— HHA L (Me2-H3K4) &K
-5 E AR, Me2-H3KO B ik - W) i 35 7 & 22
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By, HAUKATRHK E— 202 4 B Sl . BT
e, ASCHER 37 A A4 L 7 8% (scanning
electron microscope, SEM) . BOGHRIEEAL . X B2k
B ARATHHMY (X-rad-diffraction, XRD) 258 AR F-Ex
X ZrO,-NPs #EAT IR R AR A LAl 1, DAAK A1k
£ UL B4R i HaCaT Sy #ERUAR A, R 4R 1 o A
PEENIE T (Western blotting, WB) S i =41 g £
REEFITF-BL, BEIE T ZrO,-NPs 1E 15 i 4i i A=
FE5 . ANM N 3 B R LA S CZH R 1 HB B M AR b S H:
TELERTRFE AL

1 #M#EFZE

1.1 SEIedfel

HaCaT 4l ( LW RAEDRIEABRA R ) ;
Zr0,-NPs (*E-HJKi12<100 nm, 3% [E Sigma-Aldrich
WD Bwm RO (0.45 pm,  3E[E Millipore
2N Al ) s 3M JE 4L (3 mm, 32 [E Thermo Fisher
TIPS
1.2 38K

DMEM 4l Jifd 1% 7% 7 (01863, 3% [E] Thermo
Fisher 2~ ) ; M2 IiL7E (193254C, 3 [E Thermo
Fisher A ®] ) ; & 85 % 2 Wyt (J170027, 3£ [H
Thermo Fisher 2~ & ) ; 2.5% JE & H i 5 K
(1911594, Z&[E Thermo Fisher /A 7)) ; WB 4l fifd &
B S#E (P0013, i KA ARG BRA
" ) ; #i & (AF1201. AF1180. AFI1207,

AF5614. AF5704. AF5710. A0208, [ i3 =K
Y RERATE); BCAEHFRERIRA &
(BCAO02, JbnidhEERARAR); WBIZFELG
A& (TG268245, 3[H Thermo Fisher/AF]);
B 7 DNA BRI & (KGA240, B atElaE
YRR RABR AT .
1.3 LIRSS

Yy & 4 B B BE (Sugolo, H AR
Hitachi A 7] ) 5 #OGHRE (L (WINNERSO3, ¥
TR IR A A A A RN 7] ) 5 Ho 3 T AL iz o
1% (ASPA2460, %[ Micromeritics A1) ) ; X 54k
¥R EY (XRD-6100, H 4% Shimadzu 2> H) ) ;
I O A EREIY (VCX150, 2 [E Sonics 23 A ) 5
T EA R FEFE (3111, € [E Thermo Fisher 2
")) WEFRIY (INFINITE F50, i1 Tecan 23 ] ) ;
HLYK{L (EPS301, 3&[E Thermo Fisher A #]); HiLyk
f (AE-6500, H A Atto fk X &4t ) 5 55 KX
(TE77, 2:[E Thermo Fisher A ); b & G4
£4: (AI600, ZE[E Thermo Fisher A ] ); F=U4l
A (A00-1-1102, 3% [E Beckman Coulter 2 & ) ;
L R 5 55 B IR B { (7800, 32 [E Agilent
Technologies A 1] ) ; AEY# S ML (HT7800, H
A Hitachi 22 A ) 5 B E 26 RMEE (DMi8, fEE
Leica/A#)) -
14 ZTWHE
1.4.1 s

1] DMEM 2 Jifd 3% 5% 25 v 75 i 10% Jify 4 13
(10% DMEM) &% 0.5% Jits F- 1l 7% (0.5% DMEM)
K 1% HHERE R AL, 4°CIRAFEH
1.4.2  FESHRTA R

SEE Y H, PR & %) ZrO,-NPs, H 0.5%
DMEM % 55 5L Bt 1 1 10~50 /L (9 2 ik . Ml
ZrO,-NPs 73, fift FH %% P =X 75 AR (XU AE 60 W 1)
A 1 ming 7358, T XSmRS &L
FET AL RAE 1Y ZrO,-NPs B b i 7 Al
2£-50°C., 24 h AR VR TIR AL IS & T TR a8 N
TAEE
1.4.3 GO BIERAE

Y S A 7 BB RAE Kl AR
PIo ke in S e -, W4 150 s J5 B AL
Ko MEASECHEIINE A 10~13 kv, g
W10 pA, IR FHER70~110 Ko

A OCHUF FAE . ZrO,-NPs () i A& 5l ) 27 ki
7B (ZWoRL AR ) B o A0 R H 8 248 6 S ik
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(dynamic light scattering, DLS) F/iF. XS %k
RPTHFARE90°, SN BT A % 1,333, A E
0.000 890 4 Pa-s, LIS F 2 1~10 000 nm,
BEAGHEIR PR IRHE] 10 ps.

X PR ARG RAE . BUE 2 TR AL B 1)
FRIRE i B TR A, FHBE AR R P A
i, FEFE IR S B AERH BE R S CuKo
(2=1.540 56 A), FAH5H EE N 2°/min, H AR
4°-90°,

FL R AL RAE . R AL R AR A
S B - B (Brunauer-Emmett-Teller, BET)
T A BIFREL0.1~0.2 g 25 T4k b B 5 14 75 0
FE BT BET B ICHER, Bl S i L 2s TR <
AXHE 200°CEAF T X RFINAE RS2 he FEARXS R )
P/P, 7} 0.99 J—~195.85°C 25 AF T 3R A5 20 BAF- R B
i, P/P,AE 0.05~0.35 Z A1 ERLA
1.5 fEREpEEEE

HaCaT 4l ifd 28 0.25% IR 85 1 g 75 0 b 15 1R
J&, FERTS 10% DMEM 40055 37 3449 100 mm 28
JEEFEMLA, BT 37°C., 5% CO, K i FlE B i
CO B FRAE TP R BB 4%, A0 B 1 ALk 5] 70%~
90% Z[HIFHEFG 11k
1.6 #HikZmpafSE

B 804 K91 A9 HaCaT 400, $50F 35 mm
YAMEEFEL, 20 AR EE TR AR IA B 70%~90% Z [H]
H10.5% DMEM 4 jfud5 5% 5L v e 40 i 2 U, 4
7 0.5% DMEM i i35 55 3 h 4k 223557 24 b,

1.7 HmESE

HITE 0.5% DMEM H 5352 24 h 5, FidilAss
FREL, A AR i 1R B EF 0.5% DMEM 41 g 15 5%
B, fRE SR AHSE ] 0.1~1 000 mg/L 5, B TR
TR P ER B R E0.5~72 ho ALK SEIR X R LA A
TIAKE S AR 23 G AR, BNk B Bk S g rh
WHEINES, SALRMrEE 3K,

1.8 “HREFERKGEN

BARGEIIM A, S IR, BRI vl
(phosphate buffer saline, PBS) ¥ 40 g 2 X,
0.25% JRER I AW AL I ISR dr i, il 55 54 i
B KBRS S IE R AR 1 1 IRITIR
SRS A M BRI o 687 FH 80 S A ORI 4t i
RO TR 3 (S i o 5
1.9 ZJEHR%EHIZE

Z R EERTIR] AL, A0 TR 2 AR 2 B0
&, PBSMUE2 G 7 IEWR . RIS RIRE & R Es

I WB AN 8 R R, AR R 1 minJ5 T
4°CFE 2 ho FESLVER BT IUS 2 B BCA 8 i
IR GV B TR A P . K Rl R
B RE i 5 8 SR I L vk AR v 1 1
BIFE R . FEMZHTK . FRIE, e, Wi, &
MG, TE4°CTF—HilE®E 12h, BEE, FIET 5
I 2 hJa EHLRGIN . BEEAS 32 4SS i ) H3
THAENNS, A& 515K H Photoshop
2020 FAFHEAT T G T
110 WEHX ZSLIENMEMRA S

F FH 3% 5F o 7 2 {85 (transmission electron
microscope, TEM) XELAHAE P ZrO,-NPs B 5341 i
Mo ARG EE 1Y ZrO,-NPs (0~1 g/L) %#& 1 h
5, AT TR E AR RS B RO, PBS Pk 2
WG s IS W REGIRMA 4°CTVR 1Y 2.5% I
TR RS T 4°CHR B 24 ho FEA L HRIR [E E |
oK. BiE . W, B R W A)E LA
MEZ
111 #k_SHEENERERNEREKRT

I i =X 40 LA 1] £ (side scattered light,
SS) AR ALAIF ST 4 A P9 9 KA R S B 2L A
JHLEE AR RHBURL IS, 20 P HORS 448+ Fn 4 i
BEEAE, Bl SSHEN. EREBERNIL, FHFE
B, PBS RN 2 K, 0.25% JHEEE 1 Ak 30k
LA, IR AR K A B T
XA, PRI, AR BRI 10 000
ANGHRL, RRARE SRR 3 K, >R FlowJo 10.7.1 %K
PR IR S SR 2 R T4 H0T

I FH PR RS A A5 B8 AR B 5 { (inductively
coupled plasma-mass spectrometry, ICP-MS) 5k
ML N ZrO,-NPs Y& iR . AN [R5 45 B2 1Y ZrO,-
NPs (0~1 g/L) %251 hJ5, FRGEHAEL, PBS ik
A2, 0.25% B RS I IC A, &
PAARMLEE , SRIG AT B 110 S 2
B 15 ml B0, BES A 3 ml 65% SR M 2 ml
AHIR, FR TR 2405, BERNUKLEE
180°CRE AR 2 h, FifiJ5 FH 2% Al iR € %5 % 50 ml [ L
IS
112 EEXW

AN TA) ) 5 BB BE (1) ZrO,-NPs  (0~0.1 g/L) % 5%
LhiG, FEE5gR%EE, PBS PRI 2 K, 0.25% R
FIREHE OISR 4R, Hl & R B RS, S IRE
72 DNA B4 K 0] & vl B B b 75286 . RS
25467 . DNABISFRE . mUk. Jeft)s B
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2.1 ZrO,~NPsE1E

& 1a A ZrO,-NPs % 28 0.5% DMEM 43§ 4b 3
() ZrO,-NPs ) SEM #1554 fibr e {5 8 A
— 3, RATECRTI ZrO,-NPs (7)) 2 IRE S H 0]
BISJBRIE ,, AR R (—RBiAR) 28
100 nm, kL2 (B AL B, RO EOES . AHER
SR, FRURLZ B ERAL . £20.5% DMEM
A3 AL S ) ZrO,-NPs (F5) S BB BRIE |
Wokr 2 A AR AR, k2 (R bE B T, B
B RS, Hokide (Rkife) AT 100~
500 nm Z 8] o R T it — 2 PFA4f ZrO,-NPs 7£ 0.5%
DMEM H (%) 2 g &, #6471 DLS il r#r . &
0.5% DMEM 73 B4 3 5, ZrO,-NPs HY 43 B35 %t
(PD) 40.280 6, Rifesr B, WAH T A

R sy, HRAR 3 A FEHAE 200~400 nm Z [H] . 28
L it43 45 i ZrO,-NPs i) DLS #4642 ( 0k
) 7933249 nm, H—yYckife (<100 nm) AHLL,
TR R R K345 (B 1b) . 75k,
P ] Lo T T, IR ot 1 R 5 - Ot B 458k i 2 220 R
IVHE, fEMFEESF, ZrO,-NPs i W% fif i Kk T2
0.5% DMEM 434k BL5  ZrO,-NPs, H:BET [bL3
AR 98 (32.399 7+0.132 6) m*/g K (16.290 6+
0.161 0) m¥g. M) ZrO,-NPs HEFbAL, HALFpR
R, M4 A P59 ZrO,-NPs N iy F R4 2
s, HALEIBRE /N, XRD M4 %M, Zr0,-
NPs [ fa 2 A g (monoclinic) , By AR ATE S 4:
(powder diffraction file, PDF) -k F 5 & 86-1449,
HIwai (A% 56 HSRRHETCH WAL,
PIRe R FF R B2k (& 1d) . SCBeab LR
Hl, £ 0.5% DMEM 43 #Aab 25, H T H R Zro,-
NPs i LEER TR AR N | RiAs s Kk .

@ ZrO,-NPs (dispersion) &
10 |- 3 : Frequency/% 100
— : Accumulation/% e
8k 180 S
D, =332.49 nm 8
£ 6[D,~11528 nm 160 &
= | D,=21839nm E
41 D,=413.35 nm 140 8
5| PIF0.2806 20 <
g 10 100 1000 10 0000
Particle size/nm
© (@
ZrO,-NPs ZrO,-NPs (dispersion)
E 140+ E 100 -
£ 120k == Adsorption ) == : Adsorption
's0 e : Desorption o 80  e—:desorption
mg 100 mg & ZrO,-NPs (dispersion)
= 80f 5 60r 2
Q Q ‘g
ERCUs £ a0 a
S a0r € ZrO,-NPs
£z - 2 201 —PDF#86-1449 :
§ b 8 == ||| L LN
: ; ; ’ ’ ; . 3 ' 30 40 50 60 70 80
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200°)

Fig. 1 Physicochemical properties of ZrO,-NPs in dispersion medium
The morphology and microscopic structure informations of ZrO,-NPs were acquired by the SEM (a), DLS (b), BET (c) and XRD (d).

22 ZrO-NPsEEZBRHMEGFENTH

} T H %E ZrO,-NPs X HaCaT 4 il 4= 77 5 i 5%
Wi, ) FH & B i e € 10500 22 ZrO,-NPs %2 52 )5 19 4f
MaAfER (E12), SCIRE5 RN, ANFE S
) ZrO,-NPs (0~1 g/L) #:%% 24 hJ5, HaCaT 4l

AAFRIEA T, (AR, SERE AR (1g/L)
EM24 hf5, HaCaT i EfFRAUFIEL10%, 5
SR AR (92%) HA—F (E2a). 75k,
WA I 7 4 114 ZrO,-NPs K 1] 8] 22 &% % HaCaT 4]
LA A ZE ISR o AN [ B[]0 32 1) S 45 SR 3R
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0.1 g/L ZrO,-NPs K I} [A] 5% 5% J5 , HaCaT 4 i (1) 4=
FERTCH AR, (HTE5EEE 36 h )5 i BT B #
(FE2b) . 4if—H RHRIET K F B E ABMA

RERICAT G, DA M EHE 36 h 1 DRy i R 2 i 1 1]
T2 A iSEs .
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Fig. 2 Cell viability after exposure to ZrO,-NPs

(a) Dose-dependent, (b) time-dependent. Cell viability after treatment with ZrO,-NPs was determined using the Trypan blue exclusion assay.

2.3 ZrO,-NPs¥i4HE B H31& IR EI 520

R T i ZrO,-NPs X 20 85 11 H3 H WAB M 37 55
(5, ) 2R 1 5T 9% B0 v W4 ZrO,-NPs 7
#% J5 HaCaT 40 Jf1 1) p-H3S10. £H 7K [ H3 45 9 {3/ i
Z M (lysine 9, K9) My & BEft (Ac-H3K9) .
Ac-H3K 14, ZH#E 1 H3 56 4 i & 1R 1) — W L4k
(Me3-H3K4) M Me3-H3K27 & i 7k F- 28 4k (&
3), A& ZrO,-NPs (0~1 g/lL) % &% 1 h/7,
p-H3S10 &M /K- Fifi 5 2% 5 0 s i T s i ks,
B B R (K 3a). 5 p-H3S10
45 S AL, Ac-H3K9. Ac-H3K14, Me3-H3K4
K Me3-H3K27 & 7K ~F-th i 5 % 5 39 1 9 - v i

(a) Treated dose/(mg-L™") L

ThE e H—Jri, K& 0.1 g/L ZrO,-NPs i [i]
(~36 h) ZEEMZREY (K3b), ZrO,-NPs # %
JG %A T p-H3S10 & M /K F 09 T i3 I 5 22 K ik
24 ho [AIRERY, BEAE 8% A R 38, g E
Ac-H3K9. Ac-H3K14 } Me3-H3K4 & i /K -1 i
FiE. BN, 0.1 g/L ZrO,-NPs 2 5 J5 Me3-H3K27
B K F L T2 h, SEIEE KR, ZrO.-
NPs 2 5% J5 /i if |y (1 h) BP505E T p-H3S10,
Ac-H3K9. Ac-H3K14 M Me3-H3K4 i & ik, If
Frekkik 24 he H4h, Me3-H3K27 &M i) I J#7E
ZrO,-NPs 255 2 hJ5 th L R R

Untreated group Treated group
0 01 03 1 3 10 30 100 300 1000 Treatedtime/qh 1 2 4 8 12 24 36 1 2 4 8 12 24 36
p-H3S10 mmﬁ p-H3S10 . T
Ac-H3K9 -—-—-—6—.—-——-| Ac-H3K9 |
- o
AcH3K14 -b‘-w Ac-H3K14

Me3-H3K4 [mm v— = .ﬂ

H3 - e T OF WS W

Me3-H3K4

Me3-H3K27 [

H3

» >
(CBB) (CBB)

— — e ———— i i

Fig. 3 Histone H3 modification after exposure to ZrO,-NPs

(a) Dose-dependent, (b) time-dependent. Histone modification after treatment with ZrO,-NPs was detected using Western blotting.
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24 HWBIRNZrO,-NPsHINHREERE

AN TAEGMBE, GURM B2 5 ik A4,
M AR P 5 R A Fh D e e > S TH5%
ZrO,-NPs Xf 41 £ [ H3 &AM iy AL, WER ZrO,-
NPs 4l N3 A fE L (Kl 4a) . Fl#E ZrO,-NPs %
5 PR, A0 N AT I ZeO,-NPs k7 % 7% 7
1 TAMO R S g (ngepifk) b, {HIF AR ML
SR E ARG . 40, R 4n i
(R [ TS S SS 43 M AGH I 4 S Y ZrO,-NPs (1) 5 FX

(a) Untreated

4K

10K

., LSRRI, ZrO,-NPs (0~1 g/L) ## 1 h
Je . SS A DS E O 1 gy =S (B 4b) . i
SSHRE I ARREZ 1 g/L ZrO,-NPs 2 Z& I 8] 5 54 i i
R, 2SRRI A R S 1 hi A3 (&
4¢) o A T LI UELH N ZrO,-NPs 1 & i,
{8 ICP-MS 7 40 B P9 VB 1 7 . S X4
A28 S — %, BE# ZrO,-NPs 2 8% 7 = a4,
YA BB ) S EBEZ I, TR T B K
Pk (El4d).

100 mg/L 1000 mg/L

(W] (© (d
100 100 10 000 - 451065
== Untreated i ]
80 :0.1 mg/L 80 ) 1546.55
:0.3 mg/L = 1000 -
% —: gL % kS 500.20
= 60 —:3mg/L = 60 £ 15224
Y Gy =1 .
° : 10 mg/L S 8 100 |-
ES 20 —:30 mg/L = 0 g 4033
==: 100 mg/L @
==:300 mg/L %l 10k 11.05
20 —: 1000 mg/L 20 g -
- 1.48
0 0 e 1
200 400 600 800 1000 200 400 800 1000 0 0103 1 3 10 30 1003001000
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Fig. 4 Intracellular distribution and accumulation after exposure to ZrQ,-NPs

The intracellular distribution and accumulation of ZrO,-NPs were detected by the TEM (a), the flow cytometry (FCM) in dose-dependent (b), the

FCM in time-dependent (c) and the ICP-MS (d).

R T — AL B 2 I P ZrO,-NPs i B 5
B Z ] C R, {#FH Photoshop 2020 {4
5E 5 & 3a HP TR 19 p-H3S10, Ac-H3K9 K Me3-
H3K4 545, IR T SS FIK-2H 5 11 H3 18 e i
- 2415 . BE % ZrO,-NPs (1) 5 52 7 1 59 34,
ZrO,-NPs [ & B (SS 5% & ) HI p-H3S10,
Ac-H3K9 } Me3-H3K4 fif i B - 4530 m (K 5) .
A H A R BN R=0.818 63, R>=0.881 28 % R*=
0.584 59,

2.5 ZrO,~NPsiESDNAR G

TR RE HE A0 LN Y ZeO,-NPs S 7 5 i
DNA i, f# & 3 AH [FAEAILER ZrO,-NPs %2 5
J7 DNA $5t 03 b 75 0 20 85 1 H2AX 55 139 3 22 1R
IR IE (y-H2AX) MK AR & Zro,-
NPs (0~1g/L) %F& 1 hJ5, y-H2AX Bk F-pEE
TR R TR, R I AR A
(K 6a). 0.1 g/L ZrO,-NPs KIf[i] (~36 h) ZFH)5
WS T y-H2AX B MK F FF2k K 35 36 h
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(a) (b) (c)
5t 5t 51
R=0.818 63 R=0.881 28 R>=0.584 59
4+ 4+ ° 4+
2o = £o .
z 2 Z 3 g2
883} 283 £83r
= e o=
S 2< Mo o °
wn © 2} n © 2k E' S 2+
23 T3 43
TN 9 S O 4=
==t <=t ==L e
o
®
o
0 . . L . . . 0 . L | L L L 0 | . . . . |
2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
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Fig. 5 Correlation between intracellular accumulation of ZrQ,-NPs and histone H3 modification
(a) p-H3S10 and SS, (b) Ac-H3K9 and SS, (¢) Me3-H3K4 and SS. Histone H3 modification was determined using Western blotting, where the
intensity of each band was extracted using Photoshop 2020. The extent of histone H3 modification in cells treated with ZrO,-NPs, versus untreated

control cells, was calculated. Correlations were calculated using the least-squares method.

@ Treated dose/(mg-L™") ®) Untreated group Treated group
0 01 03 1 3 10 30 100 300 1000 Treatedtimeh 1 2 4 8 12 24 36 1 2 4 8 12 24 36
YH2AX |7 s s o m — o o——— Y-H2AX [P ﬁ*M
H3 » H3 b s mmee . omams oo i e SRS S O (R R
(CBB) (CBB) SRR PSS " ke i e ”
© Untreated 1 mg/L 10 mg/L 100 mg/L

20 pm 20 pm 20 pm 20 pm

Fig. 6 y-H2AX modification after exposure to ZrQ,—-NPs
(a) Dose-dependent, (b) time-dependent, (c) dose-dependent. DNA damage after treatment with ZrO,-NPs was detected using the Western blotting or

Comet assay.
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Fig. 7 Correlation between DNA damage and intracellular accumulation, and between DNA damage and histone H3

modification
(a) y-H2AX and SS, (b) p-H3S10 and y-H2AX, (c) Ac-H3K9 and y-H2AX, (d) Me3-H3K4 and y-H2AX. DNA damage and histone H3 modification

was determined using Western blotting, where the intensity of each band was extracted using Photoshop 2020. The extent of histone H3 modification

in cells treated with ZrO,-NPs, versus untreated control cells, was calculated. Correlations were calculated using the least-squares method.
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Abstract Objective The effects of zirconium dioxide nanoparticles (ZrO,-NPs) exposure on the histone H3
modification in human skin keratinocytes (HaCaT) were clarified, and the underlying mechanism of histone H3
modification changes was explored in this study to provide a theoretical basis for the further safe application of
nanomaterials. Methods The ZrO,-NPs were firstly characterized in detail by means of scanning electron
microscope, laser particle size analyzer, X-rad diffraction, etc. Subsequently, the effects of ZrO,-NPs exposure on
the cell viability, intracellular accumulation and histone H3 modification were evaluated by Western blotting and
flow cytometry. Results The results showed that ZrO,-NPs after dispersion treatment exhibited obvious
agglomeration, and their specific surface area decreased whereas the secondary particle size increased. The

phosphorylation of histone H3 at serine 10, the acetylation of histone H3 at lysine 9 and 14, the trimethylation of
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histone H3 at lysine 4 and 27 were induced to upregulate by ZrO,-NPs in a short time (1 h). Through further
analysis, it was found that the intracellular accumulation of ZrO,-NPs and the level of DNA damage caused by
ZrO,-NPs were linearly correlated with the level of histone H3 modification induced by ZrO,-NPs.
Conclusion These results suggested that the changes of the common modification sites of histone H3 in HaCaT
cells were induced after exposure of ZrO,-NPs. The intracellular accumulation of ZrO,-NPs is one of the key
factors in its induction of changes in histone H3 modification, and regulation mechanism of histone H3
modification may be involved in DNA damage repair pathways.

Key words zirconium dioxide nanoparticles, epigenetics, histone modification, intracellular accumulation, DNA
damage
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