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Abstract; Urban wastewater treatment plants are important reservoirs of waste nanomaterials in the environment.
Nano metal oxides (NMOs) can contact and interact extensively with another emerging contaminants, antibiotic re-
sistant bacteria (ARB) and antibiotic resistance genes (ARGs) during wastewater treatment process. Despite of fre-
quent reports on the toxicity of nanomaterials to a variety of organisms including bacteria, few studies have been
conducted yet on the toxicity of nanomaterials on ARB. In this study, the toxicity of NMOs to tetracycline-resistant
Enterococcus faecium (TRE) was examined, and influences of NMOs’ type, size, concentration and persistent peri-
od on the toxicity were explored. Results showed that the toxicity of NMOs followed the order of nCuO>nZnO>
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nTiO,. The toxicity of NMOs on TRE increased with NMOs’ concentration and size, reaching the highest at 50

mg-L™" and 40 nm (nTiO,), and then decreased finally. Furthermore, the toxicity of NMOs increased with the per-

sistent period. As for the mechanism, NMOs substantially increased the permeability of TRE, destroyed cell mem-

branes, and induced the rupture and death of cells. This study can be helpful in elucidating the effect of widely co-

existing nano metal oxides in wastewater on antibiotic resistant bacteria.

Keywords : nano metal oxides; Enterococcus faecium; toxicity; cell permeability

YRAT R R A 7 A A HE R AR A
HRREAFLE, QAT 2 — 8575 e
L7/ 7 N AR 2N s s - S B Y
B oG K R E B WA 2 —, PRk
TE V57K PG R AL B A H MR TG g - L7 & mg -
L7740 Tan 8™ $GE V5 K 1 ZnO ¥ B ) AT 34
mg- L™K, FREE T gk b R B A 1 2 Y AR SR
SEAIONE, T BILAA 7 A= A0 N SR S S, DA TG 3
BOHUIARSR 5 AT XA, 99K A R
YRR B AL A5 AT D Sl e A A 7 385 5 7 4 PR 2R T
SIAPTU GO XT 20 B 0 R — I RE A A
BYORG R BA I FEMERUN, WA 99K B R i
BB F I RN B PR K R R R —
ST AR i OV BT T G Tt 245 240 T 1) B A AT
FEUS 2wk bR 25 4 R A )1 A AR R
A EAZ A FVE R B HL 2, R I A oK A sk 3t 25 6
T 245 240 RT3 JS 5 T, DA T - 3550 200 T T 245 1k XL 1) A
Ak, AELH R F 40K b4 R X i 24 40 B 52 Wi 149 R S AT
FABAEEABR

5B DR A H AT v LA 245 PR R AT 1
BRI 2552 T AK AL 0T S 245 4 =2 LGB 1 4 7T 1Y)
SO, e RN KSR A 38 A T T 24 40 R ) AR 4 AR T
DA it 245 7K S5 T T AR A6 S 40 K A ek 5 i i
YRR EE T 2% A TG K4 B
it PU IR R AR PRI EK TR, LA R 65 %8 17 3 Fpis K
I IZAFTE K A A P 9 K AL ER (nTHO, ) L 40K 4R
A (nZnO) A A A AL (nCuO) "™ X6 1 22 [R L4l
HRREETE . PRIGERTE & —Fh i 20y & R SRk
BT, 5 [ A LA R 5 | I R IR 19 5 — K
JEUE 4 DR A BR TR AR T 157K | B B R 7K 4 PR 5 v
W R ARSCIFIE T ANE RS hidd R
A R AR ] Y 3 FP oK AL X5F i DU 34 K
PEDR ARG AR5 SR A5, ZESLSERE )54
T YA AR R 24 P D iz 1K TR 1Y) 4 RS ), R
KT ABEFERE A AR £ 2 it
TR ) 52 e S AL B AR S

1 ##57 % (Materials and methods)
L1 GORMR T

ARSI AT P 9K AR RV B TR R
A RS 7R H) nZnO (30,50 .90 1200 nm) ,nCuO
(40 nm)F1 nTiO,(5 ~ 10 .25 40 #1100 nm),3 Fhali i
K 99.9% R S AR E AL B KL, ik S AT REAFAE
(A 00 X5 ST 56 P 52 M), 498 K SR Ak 0 7 £ R G K
HB 23 10 min J5 TR B FKHIRH 12 h 17K,
BLC S A o A TR, B 90K S A i A B 22
045 pm 1022 wm 2 Ff R 8 R 38 09 — 0T
K T ] e JEE AR [ %) 0 K ORI W , T L
IRAEHER M T35k, 23 5100 49 K S8 A ) 7K
BRI RIS A ) 4 T B TR B B R R B R A%
(AN KA YT B Ry B TR, 1 FH A0 KR B FL A7
Y (Zetasizer Nano ZS, Malvern Instruments, UK) X}
nZnO WK G R RIEATR D, AL, 5 b
THW S I 6 B2 19 i )5, £ 1 ICP-OES (Avio 550,
Perkinelmer, USA )il & 45 ff i) B -1 %

TS PO A 26 PR J 35K 0 43 5 1) T Rt it R T 7K
TGP UE PR S 10T 1% M T Ve A BE A B S R
WEEA VUK GB6 mg- L)1 BR HE BUIE i #%
PERE SRS (HB0268-2, M A=W, v (), AR 90 7R 7%
TER e T2 BRI R 7, sk R G ik 2w
I 4 S T A R S w0 S A TR A S A PR A 3K
W Enterococcus faecium 7039809-1 (MH385356.1),
1117 J 38 (o PCR Az I At DA I P oy A DO 2 R 2
BUPEILA teM Al tefl,
1.2 ORI X i 70 30 28 bR B3R 1 2 P 1 2 1
W

FERSCIRAE T B 1 1L 5 (R PO 2R 2R R g BR A
BLEEEAEZ 045 um 1022 wm 2 Fl ]8R
1 U ) 0 R K (28 AR T EROR DA A TR B T 4 2
BR), A — 7 f 40K A 2 V7 W s TR IR IR
KA PR SO0 30 min, B 1 mL 2 B )5 A 40
MR EINA S AU EB6 mg- L)Y LB #5357
Ferp SR AR SR A 40 &8 10 mL A2 47,
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TR ZNEE S A TEIR S F2 46 1 37 “CHEFR 96 h,id
FRAFIREE P RIS BN, , R B AN K A
Y AR W R R S B8 R IR P IR 5% D SR Es 3R
FEFBRTE RN, ), TR 0 25 25 bR A Bk 1R 19 A7 76 %
).
TEIE =N, /N, x100% (1)
R BN K AR W 28 DA ROk AR ) B M Y R
M, 43951 7% %€ nZnO .nCuO F1 nTiO, 3 FFY KA (LY
1E 10 mg-L ™" 1 100 mg- L™ FUA[E K42 F B 1 oY
PR DR BR T 00 705 585 R 25 28 K SR AR W vk
X EEPE R IR, LA nZnO 1 nTiO, R B% %50 .10,
20,50 1100 mg-L™" {2 Fh g K AL ¥ = N it
DO B 2R PR 3K T 1) A7 105 238 5 R 28 2 40 K AL ) Tt
AT 2500 35 1 0 52 1), 4 99 K SR Ak 1) A T R
0.3 Fl6 h G HATEEMEIE , % Z2 Tt DU 35 3R bR I 3k
WAAETE %,
1.3 GOREE AT U ER 2R B sk T 2 RS 1) s i)
et FH 2L I3t S B TS 7 4 4 oK AL AR % i P
IR 3K T A0 MRS A s o, JHL i 2 24 A T
BT 8 5 210 R A48 P A T O 2 S B 4 A SR P 1
it Rl B B R L H v G A5 T A o R L
IR % Uit (lactate dehydrogenase, LDH), i i 46 i0 A
o RS 22 1 A4 L rh OB AICEI B F Hh  LDH A3 1
S0 AT LA S X 4 L B P A A B SR AR &
(Cytotoxicity LDH Assay Kit-WST, 1 4b2#FHL (-
YA BRAF] o D) HEA TN R | 422 fih 24 K A8 A 1Y
Tiif DU 2R 28 DR N R B 125 00 I T 96 FLAR R A R 2 56
2 4 R T A5 7 B I VR A A XS 7 PR o o

X HRA NS sl MU A SR a5 78 43 s g I ST
100 | (a)
80 }
T
1 T
S ! 1
o\\”% 60 + T
&z 40t
=
w2
20 +
nTiO, V2% nCuO
40 nm 30 nm 40 nm

B BEAR A 2 4% FLAE 490 nm (WG, 1 i i
A AR SR ) LDH MR R R Q)),
KA ) LDH 15 P F0 R bn i, s 40 i i 48
TEREAE

LDH 7t 153

LDH(U-mL™")=AA+0.725+Tx10° =92xAA (2)
A AA HIE OGRS 53 B RE 2 25 T Rt
TRUBE SR AR S B B T FH S VR AR FRU(L)
1.4 st

K H P=0.05 7K V-2 5 A [R] 4b 31 22 1] 1) Jib 2 1
225,24 P<0.05 MBS Z [RIAFE i E A E . R
H Pearson FH& M43 #7552 2 41 0 HE 8] 74 AH 5
i HE AL P AR FE Origin 9.0 4P dkA T,

2 452 (Results)
2.1 GOREALY R ST U ER 28 bR BR B PR Y
Al

BT 3 Bl WL A48 K E ALY % i DU R 25
PRIAERGRAF 16 02 (B 1), o LR B, R Uk
JEN 10 mg-L™ 1100 mg-L™' i} 3 Frahk &by
FEMEI T —2, Bl nCuO>nZnO>nTiO,(P<0.05), 7E
3 PR ALY nCuO (1) RE B9, 10 mg- L' B
WA 37.03% MIAHTRFE T, #HILZ R, nTiO, REfkAH
XHEAIG, 78 100 mg « L™ B (19 3058 R AL A nZnO 1Y
63.72% .
2.2 HRPEFVKIAR X K AR T U PR R K
BRI R

Ph nTiO, Fl nZnO N 0I75 %8 1 e J& FORLARE X 44
KA T DU PR 22 R A R TR EE M RS I (1R 2)

100} (b)
80+ e
S 1
3 60f T
= I
=g
&E a0}
=
wn
20+
nTiO, nZn0 nCuO
40 nm 30 nm 40 nm

BE1 AEMHEMKEEHTHEFERFBREEFETENZN
1 1 (a) QR EALY VR BE S 10 mg-L™" 5 (b) 9K SE LM 9 100 mg L',

Fig. 1 The effect of different kinds of nano metal oxides on the survival rate of tetracycline resistant Enterococcus faecium

Note: (a) Nano-oxides at the concentration of 10 mg-L™"; (b) Nano-oxides at the concentration of 100 mg-L™!.
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B2 FREMNKEAHREFHEITHERAERBKEEEENZE
T : (@) N R (1 nTiO, ; (b) A [ # B Y nZnO ; (o) AN FIKIAR Y nTiO, 5 (d) A FIRIAZ 9 nZnO,

Fig. 2 The influence of different nano metal oxide concentration and size on the survival rate of tetracycline

resistant Enterococcus faecium

Note: (a) Different concentrations of nTiO,; (b) Different concentrations of nZnO; (c) Different size of nTiO,; (d) Different size of nZnO.

i1 (& 2(a)) T 401,10 mg - L™ Al [Al 442 FIJE 254 nTio,
AR, A0 REAFTE RN 73.38% 5 243 B M 10 mg -
L' 3 S B AR R R RS, 2 50 mg- L7 BT
AN 58.67% , 7% WH 75 1tk it ok J32 412 o 1 184 58k, (Y4
WeRE i 50 mg- L' 42T 100 mg - L7 B, 7735 R If:
KRBk 2L T B, BOmi A BT T e, BB AE S R
70.60% , nZnO RY7:VE Bl iR B A8 1k i 4 $45 nTio,
o), BVAF 35 R AE AR 5] 50 mg - L™ A A9 e (R A
(36.00% ), 4kl Ft 5 & 48.85%

ML X K B AL ) 1) B S R AR AR
K, 2% F SRR AR 3 SR W F5 PR AW K, ks
# 90 nm Y ZnO %ki4E 30 nm i i DU % bR i Bk
B AOAE I R T 32% , K48 40 nm A nTiO, (44
A2 5 ~10 nm 1 nTiO, FEH T, i 25 40 1 /Y 77 1%
RN T 16% o SR MK ALY B B 1 I A Bt A
R AR K 24 nZnO AYRIAEH 90 nm 2 5
F 200 nm B EEME AR B R BRAN , A0 PR A7 05 R AR

T 19% ;nTiO, 7£ 100 nm B} ) F P L 40 nm | F
T 9%,
2.3 IRAERF RN 9K S AP ) T T DU A 2R BR g Bk
bR eRio Al

SEIRBEE Y 3 ANRAERTE 0.3 16 h, ilIAH
B T AR A BHHE R K TP R RRRAS i A7 0 h
KUK EAL IR E A G K RAE 3 h R KRR
E5 K L HEK S W HE A5 K B)i& A7 6 h
RAETS KAL) KRB Y B, LA nTiO, Fil nZnO Wy
], 5% L3k 3 FAE R ()X 9K B AL B A5 )
(1 3), nZnO ELIFGEAEI AR 0 h 40 B 40 AEs
B 48.85% I 6 h JG MG R FIET 22.15%
[E AL, 100 mg- L™ nTiO, & iF IR AFHT A 0 h B
B AN IAETE R M 70.60% , 148 6 h J 40 4l A7
TR TRET 834% , RIVKEE AR ] A 28K | 4 TR 1)
FETE R EFRGEH(P<0.05), 40K AL W i 2
NN
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2.4 Tii 24 40 A 1 2 P A2 A K AR 1) S e R
I LDH I M8 >k B WAt e v i
HEEAFIFE RiAR e B RN AF A ] X 0 K 48
BEVERYSZ I BLE (B 4), IWRPSERUSZ R | X 40 i
T8 335 P 5 A A /NI A nZnO .nCuO F1 nTiO, , 1%
T 5 TR 9K A B BRI A A 25 5, B8
& nZnO B nCuO B W 38 375 M 42 =5 fe 22 1
28, RS B SE R A A 3 1 i v T 1) o R B
L, 40 nCuO HeFE M 10 mg - L™ 4K 3 fin 5] 100
mg- L™ i, LDH M{E#2 & T 1.809 U-mL™", 4
nAlL O, HEEM 10 mg- L™ KK %] 100 mg- L™
imf, LDH F{E4R T 0.708 U-mL™" . MURIAR A 20

100F (a)
80f
X I 1
e 8 l Il
=2 6o I I
=
g
I
£ 40F
w2
20F
—
s ) /h
Time/h

BB TEREE QK E AR B T AN B
U nTiO, FifE M 5 nm KK MNE] 100 nm, LDH $2
B 70269 U-mL™" . >4 nZnO ki M 30 nm 34 %)
200 nm f,LDH #2557 0.892 U-mL™"', MK A7
() PRS2 T 7, DR B ) 0 S K ol 30 38 M R W 8 v
W nCuO(10 mg- L™ )EVF R AFHFEIM 0 h F] 6 h,
LDH #£# 7 0613 U-mL™", fif£ 100 mg- L™ B9 5c1F
TS T 0474 U-mL™', #E—2 5081 T 4047
T R R B M 2 (AL AH MR (R 1), R BAE Tk 2 R A
Fis [ 532 i) PR 28 7 S 36 v 7 3 35 AH G (P<0.05), HLAH
SRR 5 PRI AR 2 A 52 e PR 32 3008 T P
IR AR S 2 HH G (P<0.05)  (BAH e PER 55

100} (b)

——

AETE /Y%
Survival rate/%

HH

3 6

il /h
Time/h

(=]
oF

B3 AT B X i P 2 bR AR B B 7 i ZE A 50
#:(a) 100 mg-L™" nTiO, ,(b) 100 mg-L™" nZnO,

Fig. 3  Effects of different persistent period on the survival rate of tetracycline resistant Enterococcus faecium

Note: (a) 100 mg-L™!' nTiO,, (b) 100 mg-L™" nZnO.

R1 ARNEETRNLDH (/522 EExE S

Table 1 Correlation analysis between cell survival rate and LDH production
LMERETH HRFRE) Py
Linear fitting parameter Correlation coefficient (;2) P value
RTRIFR K A AL AL 3 5 DR BR T 7= A2 1) LDH A .
) 0.85 (10 mg-L™") 0.18
LDH value produced by Enterococcus faecium after treatment
s . . 0.66 (100 mg-L™") 027
with different kinds of nano-oxides
AR BE AN A B A A B R A BR T 7 A2 1Y LDH {E
093 (nCuO) 0.036
LDH value produced by Enterococcus faecium after treatment
i 0.87 (nAl,04) 0.068
with different concentrations of nano-oxides
ANRPRLAR A A b 35 R A BR T 7 42 1Y LDH {E '
097 (nTiO,) 0.01
LDH value produced by Enterococcus faecium after
L . . 036 (nZnO) 024
treatment with different size of nano-oxides
ANTFEIRAE I TE] nCuO AR b BR T 7 £ ) LDH {8 .
092 (10 mg-L™") 0.13
LDH value produced by Enterococcus faecium after treatment
0.54 (100 mg-L™") 032

with different storage time of nano-oxides nCuO
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£ g
2 2
= L T L
= 1.0 B 1.0
A | — L
0.5 |_F "X’ 0.5k m
oonr~—t—r—+t-----4 L r-----d 0.0=— —
nZnO nTiO, nCuO 10 20 50 100
30 nm 40 nm 40 nm We P (mg-L)
Concentration/(mg-L")
2.5r 2.5r
| © [_InTiO, (@ [ 110 mg-L™! nCuO
20k [_1nZnO 5ok 1100 mg-L"' nCuO
L o1st ]L o 1SE ‘I‘
£ £
2 2
= L = L
= 1.0 E 1.0
- | =
0.5F l_x_[ ’—l_l H H 0.5k
00335 % 100 30 350 9 200 Q=== 3 6
k4% /mm R
Particle size/nm Time/h

B4 AEFREGRE BZHDNKELY KA B WA 8 T 5 3R R 73K E R &S H LDH &
(@A RN, ()RR EE , (o)A RDRLAR , () AN [RIAE i) s LDH Al i i 09 LB SR PR, M FRR RGP A AL 3
TiEf PO 3R 2 BRI BRI Y LDH {H
Fig. 4 The LDH value of tetracycline resistant Enterococcus faecium after reacting with nano metal oxides of different types,

concentrations, sizes and different storage times

Note: (a) Different kinds, (b) Different concentrations, (c¢) Different size, (d) Different storage time; LDH indicates the measured lactate dehydrogenase

activity value, and the dotted line represents the LDH value of tetracycline-resistant Enterococcus faecium without nano metal oxide treatment.

3 1118 ( Discussion)

TE nZnO .nCuO Fl nTiO, 3 FL KA  nCuO
BRI i, T RE 2 KA nCuO i i Ccu™ B
R RN BB AS U AU S B A st T fE—
T4+ % nZnO .nCuO Fl nTiO, X ¥ £F 5 i FE T 5%
i [ARE & B nCuO Bk A 3P AH I b, nZnO X
T PO FR 25 R iz BR DAt 22 30 Hh B iR B M 7E 10 mg -
L™ BB R IE 30.56% , Al fE & i T nZnO %
fife ™ A Zn® B 40 M B S B AE AR D
nZnO TENNAMEE F7 10 mg - L™ BHA R Zn™ W
iK1.03 mg-L™' Zn® W HRAE AT LURE YR 41 i A5 ot 441
JHL PN S T 400 ) 200 B )5 R, 4900 o) 4 L )
ZH AR SR 4 AT ML Z R, nTio,
A FE VAR AT GEJ2 8 nTiO, W g MR, i

AR T M B A, T LA L O R EE PR IR T
Cu™ Al Zn™, T LA R B AR M 22 1, Wi 4 )
EPOYERF AT R B Ti A9 RGN T Cu, B
Hh ,nTiO, %55 1 B 1 1l g 5 JLy s pEAT O, R4
18 nTiO, 2 1a B L Ml (3230 TP vk, AN B 5 iy 1
HL AT 25 A BRI 25 6, BRI R AR,

TERTT R E X 4 K S A ot i DU 2 2% B i K v
BEMERIBIFSE T R B, 9K AL v B AR v B
YK A A TR FE 9 T = TN (P<0.05) , 33X AT RERR 25
TUEA, GRS AL AR B 1 35 Mt 2 BN TR AT
TR ZE L ARG R AR B T =1 I -5 4 e 1Y)
P AR =, LA R B TR BE AR L AR, TR
R — R R R T B I TR i — 2
FEE (U0 nZnO 7EHRFE A 10 mg- L™ i Zn® B H IR
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1,03 mg-L™" ZEHRIE M 100 mg- L' B Zn™ #r
JER 1216 mg-L") (R @ ik B i 0K A AL 4
Sy R B T8 G S PRk A% T8 A TG vk B s (A
ZnO TEHE J 10 mg- L™ I /K Aki42 4 401.80 nm,
TEHRFE S 100 mg- L™ B KA k42 917.38 nm),
IS BN K AL B 2 i S PR AR 55, 98 Kk S Ak
FERTETE TR, X R BIGK AL i ki A2 %o Bk
) S M) T R 4 s A ok 4 i i T LRI
&

ST AR N 4P A SR B 1 1) S e A o R £ T
R L AHJERAEE ., REM IR/,
KUK A BEPE AR R, 2 B2 R R AR N o
BRAF 5 T S Y il AN RSB INET BB A
TaJE B T A I vEg RB Y SR Ay
9 & BN KSR AR K, BEPE RO, e T
KRN TP RS 5y R B R AR
TF5% 2% B K S AL 00 B AR A28 18 R S R i i
B H T BERRYCHGIE 1 49 2K JORE A 122 fioh 0925 it 4
J& B TR AR, BN AR R/ INRLAR Y R B 25 5 1 i
FEA BT HR GO BURE S 1A R (Wnki 4224 30 nm f)
nZnO KA K2R 401.80 nm, I BAHECH 13.39), 4%
B RIS NN | SR AR R R, N
KUK P B8 s 55 (i 42 S 200 nm f) nZnO 7K
GRS 85749 nm, I RAEECH 4.29), A L EEPERYS
JNEe=n RAR B INE | B TR, gk
SR P 42 i 2t FAAER, DR IG B M A

Xof T A7 s 0] X 25 %) S e AR 5% K 0 i 2 TR A7
I [) P JEE K, 200 B ) A7 05 SRR R, 31T g2 PR A TR AT
I ) P S KA AR S A s s 1 4 T B Ik i
(e E A 10 mg-L™' 1 nZnO 7£ 0 h WE 4 )8 5
T EMREE N 1.03 mg-L™' £ 6 h i BRI N 1.62 mg
LY, R RR R AT A 45 SR A AT BB ST
B AR, U Ma 2P BIEST T 0K AR R K A AT
] 1) 2 5 5] TR R R 38 1 G 3R, R IR R o [T G
YK AR BT RO 8 TR Ry 2 R B () B i
) 4B B T MR B A R

21 if 0 A7 P Y 1R 5 R AR R B 2 T 1Y)
AL FERIAEAEAE AL Z AL (A A R A L F
ZERER X AT e N A —Fh gk S e 2 N TR Y
AR PR, L A0 A A P (R A7 T B P A DGk
Wi HA 94 K S AR A FH 1 200 B S R 200 e e L3 5
PR K, SR )5 4R B T B4 K A Ak A Uk 0E A 4N
PR ILIET 5 1A [F] A S oL A2 1 40 oK Sk ) 2

[i) 22 FE AR, T A B AR A 28 A
ABIFERIA , 9K AL A T5 7K Ak B 72 o
TS DU PR 28 bR B BR R 2 AL ) S Y R, LR P2
AR AL IS AR L AAEK F (4 A7 P[] 25
SN, 3 FRAOR A 1R KN A nCuO>nZnO>
nTiO, ; YK E ALY RENE Bl v 2 MDA 48 7 24 S B
SET e PR AR R F s WA R TRD B 9K S A 0
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