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Abstract; The wide application of nanomaterials has led to their inevitable release into the environment, causing
adverse ecological impacts to environment. However, the actual concentrations of nanomaterials in environment are
relatively low, and whether they cause serious toxic stress to ecological safety remains controversial. Therefore, the
non-toxic environmental effects of nanomaterials on organisms without significant growth inhibition or toxic stress
phenotypes have attracted increasing attention in recent years. This review summarizes the recent advance in the re-
search on the non-toxic environmental effects of nanomaterials and discusses the mechanism of non-stress effects of
nanomaterials on plants and microorganisms, aiming to have a better understanding of the actual environmental
effects of nanomaterials and provide new insights for scientific research in related fields.
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Az 77 R A A R v 40K b eE 2 AN i A b 4 8 il
FNIREE P IHXF S Y B A s A, A
5 1 2 AT LA A5 R BT RS AR (R AR A
TS50 % A0 M BRI 5T T A IR B, H R4 K
AR SR BR B M BE — A o 38 ) Bl A 5 e
TSI RI TN | 49 K A4 A 1 22 K i BE 2 R 107°
~107 mg L™, UIB T IRBE LR 6.7 ~40 000 pg-
kg ' HIRSE R R e DL S R Y 2 A ) B
PERON Y, GR M REX A= A TE B I AR K ) ok 2
PR F RO B BEPE PRS2 8 R 2 il
IREE SR I 58 S, AR SRR XTI AR SR G A B
BEPEIRBERLN (ORI 5T i0E R IR AT T 253, LUA XS 40K
AREERER RN AT — B AT, I 40K b e 1 52
B o, ™ e A JEL

1 R EEHEERERSEERAVLE (Potential
hazards and toxic mechanisms of nanomaterials)

BEE R YRG0 0K 7 il ) A S AT
B 2URIBEn, AR A 2019 4F “ 9K AR 7 5 E s
JE JE SR K A A 8 902 FRET PEBH A A
BEAAIRL FH 9T IR, 4 oK 4 R B R B 22 R ik 32
KA 3 KoK A v, I 78 30 58 rp AN W 3T A% 2R
P GERRL RSTBUN, RARSE RS & 738
RIS AP DL B W o 4R 55 7 XN FR
B AAYAN©C R, kAR E B —Fh
BTG QTS IR T AT HAE S22
M

H AT, AR B R85 2500 A 90 3 B4 X6 v )

SRR AT AN R e T TR, A B
FEUERR KRB E X AR W A 7™ A= 1 3 M Ak 0 3 25
B LAF JURRHILA] - (1) 2 KA R T 38 2ot i Fi 3 8 o4
PSS 6 T UM 0T, 7™ A SRR , 2 o0 240 A A
(RI25 K 5 B, DT 2 M0 40 XoF o 5L 785 5 W o 14 45
BTV ) KA BT DA HE A W, 5 440 e 5 %) 5
Bk I8 AR R A ML S A0 7 A T AR PR
FL(ROS), M 51 2 i 5T ik Ak | 35 oA M D
DNA #i673, # 2 R EANMIET-Y ; 3) & & i/ 4R
FAL AR REE AT LA T 4 8 25 T, 5 SO A
LS ERE TIPS PAEL /L NERA B Y VAR (= P = i
IS5 g R AR 52 B ik B AT, A A 2 B
SR M F KRR AR AL B ) 7K R 4 KRR ) B A 2
0.01 mg-L™", i A IA B FRB% A= i ™ o 5 14
TR BRI, 9K AR R E B R 85 500 B
FEE WG AT TR, I 2N 24 1 2 45 4 45k
AR Z—

2 R M B E YR IES % S0 ( Non-toxic
effects of nanomaterials on plants)

PR B 2 K Rk A [ A O 2 FE T AR
BRo RAVT ARG RABTBERT B4R TR B
g3, R R BRI AT LR R AT, £
B HEAFEY AT A AR AR PR R
GUKAPRRNZE 1 Z R S B Y AR
Wa A VE HIBLE B R S A% . 3, AR AR XL Y
FEFEE A= 28O0 AT MR8 R AR 2R 4 2 BB
RIBFEE 1),

@ Kbk | APRBPR R T o PR
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Fig. 1 Effects of nanomaterials on seed germination and plant growth
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2.1 FFifk

T 2 S ) A A AU A, R A Akt
AR R T e BURR P B 2 — o B AR AR
B EH AR AR ) A DA A A e T R
M A AR 7P FE SR

T PR I 4 T S AL oKk B T B 4 S8
B AR B ) 4 JE B F R LA R A
MR ERD T8 &, WFFRUESE L3R 750 mg -
kg™ 1Y ZnO 4K IR RE A5 4 150 28 46 7 Bl T 1
KR 25 BB (Zn) B A KT LT B E 3R T
0K ZnO X1 & B 4 HE2508 v IE R = or
B e B BA R AR, &) T, A
MEHEARNF AR, Acharya 501 & BUAR (Ag) 40K
WARL(31.3 mg- L™ )RR Ag' REAS 28 355 Fh iz 1E AT
TULGL, LR N B 22 WK A LA BRI RE B | a0F i o]
BT VERRR T

FOEMEGUORA BB A BE R & 8 & 7, (R
IR i 2 R K SR 6 4 o 1 0 e R 9K
RM Zhang A5 KB40 we-mL T ALK A BRI
(GOYWT LU i Z Al A 11 . AR BRZAAR L, GO
AbFREE S TP 8 & R 5 43% . Pandey 4517
KIENN 50 we-mL™" [ GO Fl L BERR AN K AT (multi-
walled carbon nanotubes, MWCNTs)fE i & £ = Wil A
BAP IR 2% R E T 3ReA 7 B &,
K 4 (AW)TE 10 pg - mL™ AR E T 0] DI i 2
i A W /K 6 G 25 DL R ST D T i & 1T, ks
YA BT RP 1 & B R4 AT I3 T H R 2 %
Foft sz, X6 ol iz s S B 463 40, AT AR 3 7K 4 g T
W, 2 v Bl T 19 & 2 R Khodakovskaya %5 IE
SEREFRIE TS IIRGIK A (10 ~40 wg-mL ™) AT LA
BB BRI IEIEFP T %, J34h, i ad K KE
S R PRAAK TiO,(20 mg- L™ )t ] 7 1 5 iz |
XA R & 2 — s B E T,
2.2 HEPHEK

YRR 0 AR S sy AR R AR
HEB e Y K A F DL SR A R EE
18 BT AZ (R 1),

Fr A YA R A JEm T R R N E R R,
DA AT A Al A A G Bl AR B B 4 K 0k,
A DMENE TR, A R e 4R I8 57 DA i
AR, SEEA BT U L, 98K BURLLE [n) H AR
Yk B SR A S AL BRI, O & Bt
Jin50 mg-kg™ W4 @ E ALY ZnO MR LY ZnS fE

AR E RS AETS K TS ek R 3P AR R AE KDY,
Liu 5PV 5T & B, 1K & B 1 499 K 4 (Min) (50 mg -
L OYEN DR AEE IR A 25 4 I8 B 7 AR X
SEFPF- A & BCR W AR (HR 2R i A KA
AH S (A RO, TR E AR 2 . AT PEZK
MBI RE 2 W AE 4 19 42 K . Seddighinia %52V & 31
50 mg-L™' iy MWCNTSs fE i 13 # 2R Wi, £ 175 K
RRFZEM M, GORMPRA BESE i 5 IR 0 2 KA
XFREH A AR, 500 mg - L™ A48k CeO,
AILAFE 0.72 mmol - L™ (IR A IR BE h 3 i 2 5 &[]
A I B St e 5 BT (GS) 4 2 Tt JHg o 4% TR
5 Z [ (GOGAT) LA N2 4 2 R i U i (GDH) 19 1 1
PR 9 S RN 5 A 7.15 mmol - L' 1
RIS TR HL A RS 2R U S AE &R
(55 i, 98/ DNA R F 405 , 338 s v 00 38 1) Tid
ZHER

GRORAA XA A A 1 SRR ARy 3 A B
FE A X 5 TR A R i DL RO TR
PR PO R AN R 5T R 2 A A2 1

YRR A AL R L4 R A 4 6T B T 38 1 T 27
Ye SEPVRBLANK Mn(0.1 .05 Al 1 mg-L™ ") LLBi%
TRz HETE B T AR T--HL 2 A0, (A BRORUAR
R E R 2 33% , 8 T Eh Wi, Wan S5 & 3
FEER A 250 38 2k E i TE T S0 mg - L' A4
K ZnO BE & 48 v O A AR = B AR R A it
R AEASE AR R TR R R
it DA SR PR B 1) B e, DA 4 1 R R 1
B S KA At B X 0 P 2 7= A BB S
Pandey %" % 1 GO 1 MWCNTs(50 wg-mL™")#A]
YR ) AT R, AN E B2 2 i Rl IR AR 1 s 5%
FIIER R &, i Bem i W B 25 B Na™ >k &
ERAR R XA A K ], 50 mg- L7 ER
BEBR 20 K i (single-walled carbon nanohorns, SWC-
NHs) 1] DA FG A R0 B, 2 fp b il s
[ TE AT

YUK R BE S SR AE Y G T R, Kim 5P &
B,0.1 g- L7 R ZEN Bk (nZ V) R I3 0L pig I op
B T- BRI R (H T -ATP) 3 1 | AR BT S A
(%) pH E, DA B3 inm i BUR A FLFLAR 56 B2, DT
YT S, 100 pg-mL™ 9 GO @ it 15
TP AEAL RS PE RO S AR, BTG MR R 4
R A A A R e Pk LA TR I PR 200 B AN A0 A
1) 58 B MR D e T S 3 B 4545
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Table 1 Effects of nanomaterials on plants
G KA [ETAOE Tt 5 v LR/ eA S 3CHk
Classification Nanomaterials Objects Application method Biological effect References
LRl Zn0 e T4 R T ARG R -
Metal oxide (10 mg-kg™', 90 nm) Lactuca sativa L. Soil addition Increase biomass and net photosynthetic rate
ZnO » o RS R AR
BIEE 5SS i T .
. (50.75.100 mg-L7", . o Reduce oxidative stress 29]
Metal oxide Zea mays L. Foliar application ) )
20 ~30 nm) induced by cadmium
WET o PR AR A Y S T
SR ALY Zn0 T , N
] Sophora . o Increase plant biomass, total protein [27]
Metal oxide (50 mg-L™', 20 ~45 nm) ) Foliar application
alopecuroides L. and soluble sugar content
R G| REIRR R R
SIRAY Ce0, , N o
) Hordeum Rhizosphere Increase plant height and [34]
Metal oxide (250 mg-L™', (231+16) nm) .
vulgare L. addition chlorophyll content
T BTG EU(ROS) , B3 I A 11
AR IT » PR SR A RO R
IR A CeO, o - T i )
] Arabidopsis . o Remove reactive oxygen species (ROS), [35]
Metal oxide (50 mg-L™", (10=0.6) nm) , Foliar application .
thaliana enhance the potassium content of leaves
and improve the salt tolerance of plants
P i AR TR AR X R R
FRE HEBRES I SR YUK AE )
SR A Ce0, L A ) _
] Fragaria Rhizosphere Increase the relative abundance of [26]
Metal oxide (300 mg-L™', 2 ~50 nm) . ) )
ananassa Duch. addition growth-promoting bacteria and enhance
plant disease resistance
IR A CeO, KA HEBRES N Gk R A A 221
Metal oxide (500 mg-L™', 23.5+6.7) nm)  Oryza sativa L. Rhizosphere addition Alleviate nitrogen stress of rice
o, PAAT IR E i AL
A Piaae HRFR A - 3
IR A Fe, 0, ) _ fedERRRA: &
] Arachis Rhizosphere o [36]
Metal oxide (2 mg-kg™', 20 nm) Regulate hormone content and antioxidant
hypogaea addition o
enzyme activities, promote plant growth
- R0 A A - o- R R U BT 2, PR A I
INUIN
& e A4 CuO P Regulate glucose-6-phosphate
Rhizosphere [371
Metal oxide (0.5 mg-L™', <50 nm) Zea mays L. it dehydrogenase activity
addition
and promote plant growth
HEHN /N AR R AR ) B4 T R
INE HEBRES I Hore e R
SR Cuo ) _ S
] Triticum Rhizosphere Increase the nitrogen fixation efficiency [31]
Metal oxide (50 mg-kg™', 28+14) nm) . N i : .
aestivum addition of wheat rhizosphere microorganisms
and enhance photosynthesis
_ . PRI T B SRR R R R B A RE
LRBILY Cus KT nf )
) . o Regulate the production of plant hormones and [32]
Metal sulfide (50 mg-L™", 249 nm) Oryza sativa L. Foliar application
enhance the defense against Gibberella infection
e HEBRES N RIS K TS R R I IR R L E
EEmi ZnS FMATH , -
» ) Rhizosphere Enhance the root development of Lepidium [19]
Metal sulfide (50 mg-kg™', 15 nm) Lepidium sativum N ) a
addition in the soil improved by sewage sludge




51 LHIEIHRAGE QR BRI RE PR PRI RN 5T i i 19
Zik1
o KRR e it 5 % A= HI00; Z:7% 3CHik
Classification Nanomaterials Objects Application method Biological effect References
_ G| iy Sl el
SIRBALY cds w , ,
o Rhizosphere Induce the changes in plant [38]
Metal sulfide (10 mg-kg™', 10 ~ 100 nm) Vicia faba L. - .
addition metabolic pathways
B . P HEAAR B, ZEfi 2k it
45 )@ H Mn ) 7RI i
Capsicum . Promote the elongation of pepper [23]
Metal element (0.1.,0.5.1 mg-L™", 50 nm) Seed soaking )
annuum L. roots and relieve salt stress
s . RO 2 8 B 1 (L EAR A G
G Jm L Mn B 7RI . )
) . Release beneficial metal ions [20]
Metal element (50 mg-L™", (80+25) nm) Lactuca sativa Seed soaking )
and promote root elongation
. Hmm R AR LR FE R,
BRI ARBRAN R
G B ET Fe o ) F Y Ry S
Arabidopsis Rhizosphere ) [24]
Metal element (0.1 g-L™', (54£1) nm) Increase the leaf area and stomata aperture width,
thaliana addition
improve the drought tolerance of plants
Fe . W HRIE SR I R AR
EA=L N iR =aii) )
(5.10,15.20 mg-L™", . . . Reduce cadmium stress and [25]
Metal element Triticum aestivum Seed soaking
50 ~100 nm) promote plant growth
)AL Ag s HREFRES N B e 4 S A A Bo]
Metal element (40 mg-L™', 22 nm) Mimusops laurifolia  Rhizosphere addition Increase the number and area of leaves
L . VBT 43 2 S0 0 AT A4,
MR HRBRS R )
& Jm HLT Ag o . (3L IVERS
Arabidopsis Rhizosphere L . . [40]
Metal element (50 mg-L™', (25.6%5.1) nm) Regulate the division of cortical cells in
thaliana addition
meristems and promote root growth
i G| SRR R RUA L RE T
4% }% $ Ei_ Cu ' ) =] =] =4
Solanum Rhizosphere Improve lycopene content [41]
Metal element (10 mg-L™", 25 nm) . . L. .
Iycopersicum L. addition and antioxidant capacity
LS Y (DR I T T R L T
RIS R HEBRES I
GO Rt ) I8/ ROS FL &
Carbon-based Rhizosphere 28]
(100 pg-mL™") Paeonia ostii Enhance photosynthesis, increase antioxidant
materials addition
enzyme activity, reduce ROS accumulation
M =5 Sorghum bicolor L.
- GO .MWCNTs nm o Fh TR UTEZEEN | BTN
Carbon-based WiIE#E Panicum ) . [17]
. (50 pg-mL™") . Seed soaking Relieve symptoms of salt stress
materials virgatum L.
RIS R Wt R, R E R
MWCNTS et U i} T N TR
Carbon-based . - . o Increase photosynthetic pigment content, [42]
(50 mg-L™") Salvia verticillata L. Foliar application
materials improve photosynthetic efficiency
TRIERT R =N HREBRES N
- MWCNTs e , RHEARFIZE A K
Carbon-based Momordica Rhizosphere . 21]
(50 mg-L™") Improve root and stem elongation
materials charantia addition
PRI CERER B,
RIS KL WET e HEFE a0 T B se R
SWCNHs TH- T W8 it
Carbon-based Sophora ) o Improve photosynthetic efficiency and [27]
(50 mg-L7") Foliar application

materials alopecuroides L.

sugar metabolism, maintain membrane

integrity under salt stress

1 : GO K A1 880 ; MWCNTs 7R 2 BERR YN KA ; SWCNHs F/R FLEERR YK A,

Note: GO stands for graphene oxide; MWCNTSs stands for multi-walled carbon nanotubes; SWCNHSs stands for single-walled carbon nanohorns.
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YHKATRHA PT84 XA A K
jf . Rizwan 255 % B 49k ZnO (25 .50 .75 Al
100 mg-L™")FI44K Fe(5.10 .15 120 mg-L™")iZFh,
AT AREARERTE /N ZE v ) SRR, 3G hAs ) e Sk T 1
P IR AR E BT B /N I B B AR DB R
24K ZnO(50 75 F1 100 mg- L") A4 - W% i, 1, fE ¢
F R KX G W e, DN 22 % 1 175 2 1 Ak
AT USQ VA

FEY) B AR A T 5 A= W A EAE
AR B L) A A AR HESON R 1 XA A B Y
FLHEER AN, AR BT LR A - A W ) A
T SRR W RE S IR T A DL A R 5 1R BRI e o
EEdh AR AR AT LG I 52 ) - SRR 3 e R
V&AL, T T AR A RIHEY . Guan Z8PYAFSE
I, ) RN 50 mg-kg™ F CuO 44Kk BT
TR A 25— RE A% 38 0 /N 22 AR PR 0 A= 1) [ AL
AE , (A0 6 B Al Ak A T, 02 22 1 R IR 6 1) 2R
R, T T2 R NS BRI . S A ESE R, %
# T 300 mg-L™ A4k CeO, MT 38 ik 388 i 5 4T 5 )8
(Flavobacterium)FIE F I 16 J& ( Pseudomonas) 55 H 4))
R ZR A2 A= TR AR == 5 B 400 4 S0 1 AR 08 T P A
Kok m AR AR R RIBTR e 12 KRG I T e
FIANK CuS(50 mg-L ")l SR8 Bl A 5 1, i
F—J7 T ELAEAN T AR AR, O — T T AT A
VIR, TS AF I8 3R KA R RS AT R 1 ™ i, 3
ST I 2 D 1R % i B ARV T, AT 4 a1 A A
i B

3 KM R R 9 B0 3E F 1% 2 18 ( Non-toxic
effects of nanomaterials on microorganisms)
3.1 GOKRBREXT B R KK 5 7 10 52 ) S AR
BL i

ITAE K, A= & PP & [A (antibiotic resistance
genes, ARGs)IMEY # C 1 B™ 8 A A 3t T A 42
I GO ARIASME RELE = BEOGIOR S50 T
FANHITH 25400 S ARGs (97K F-56%% | iF BE 7RI #
PEM 30 R 8 G B S| Al A B T A R AR R R i
ARGs PRI (3R 2), TR BRI 7 A AR T R A%
7, Qiu ZEIH R & B4k AL OO ~50 mmol-L™)
RENS e EPTIE Bk RP4 K #F 5 ( Escherichia co-
W) E U 1] K B (Salmonella) W 1% 5 ¥ % 85 %, Liu
LW BTFEIE BT, A0 10 mg- L7 945K ALO, &
FE LA NLN ROS & 5 BYSE N, B2 = 20 i 1 i 375

PE I T AN R ompC FHES AL in-
tA 35 NTTTIEE ARGs M E. coli 3| K 1 (04 5
I (Streptomyces  coelicolor) 1) 5 J& 7K F- 5% %, Lu
FWIIESE 0.1 pg- L7 ARG K BURL RE 9% 175 2 I
ROS 7 A=, i 55 4 A IS 453 493 91475 & oL 8 B i, AT
PE15 ARGs )15 )8 #3008 . Han 5 1 YCGIE 52
0.5 mmol-L™" (4K TiO, AI {2k 22 4R W5 i 14 gM13
XI E. coli TG1 W% :54%, TG B T ARGs 7K
VEERS bR T N T A BN B, — S8 R IR YK
MEHELAEE F ARGs FUZKFEHERS, Li S5 UESE K
SRINBED 4 K R (0.5 ~ 50 mg-L™")BEMs & Hd
ARGs 7E E. coli Fia] () 7K-F-EE 408

YORBRHIR T it 2 8 NN BB AR Sl PR R vh
ARGs /K545, W AERZ I ARGs 16 KR IR A B
B 534G . Zhang S5 & BUERGNK Bk (0.5 g- L7
Wi Fe,0, A1 g-L™' nZV)IKEIN, BEE AR B-N
Tk P A7 P A B 5 DR (Bl ) RIS FE 1 AT I
JELRE DR LA SRR B AE IR U Ak T3 e rh A TR R 1
M FEAIR ARGs 94Xt F2 5 Xiang S5 & B 0.5
g L' G Fe,O, FI1.0 g-L7' i nZVI AJ LIt 5R R
ST AR N 8 A RCRE T il 2 PR AR T B T 2 3L R
ermA Fl ermT %) F . Chen ZEPVEH 02 ~ 1 mg
L7 I4K ZnO UKL RE 16 52 i 7K 4 b B AR 9 T R
2ER) AR sul | tetA  ermB Ul J gnrS 544 3 A
FERE RSN, L E BN LK s ARGs BB

YK R I ARGs 7K 55 8% B9 /R AL, 7]
H&FLUFRE, &0, 99 KMRE) 5 K 51w i
P2 T AR L AR A 78 2 S AR I A, DT 4 5
ARGs fILARHE 8 DNA | 41 B A1 B 14) A 32 7R B 11
B e ARGs K FEER kAT, A BFIEIE
B, 492K AL, 0,(0.05 ~50 mmol-L™")BEM ff T i A7
T, PR LR B 5 22 AR 2 [ B B2 B M, AT
F Pt B RP4 15 8 119 56 A2 50 42 55 200 F5 L I,
NGB RS RCR IR I & 250 £5 L BT HAA 8
TSR K PERI K TiO,(0.5 mmol - L) ) T B 14
FEPE AR R SR A T A S0 1F ARGs DA% 555X
VAT KRR (ER YRR B4 4 BRI B A
Bl AE 30 ] ARGs 38 i 5% 4k J7 X 347 K - 1% 4%
Hu ZPVEFLAK ZnO (AL O, LI TiO, FIH B <50
mg- L™ i, AR RE A% WK fFHBL 14 ik pUCT9 , i 2 BH A%
E. coli X} 5 B RPUHEIL 8L, K, MR ARGs
Teie LA Ah 7 itk A 32 R Al B, BT 2 28 0y 2 Bt
P, PR 40 A R E PE X T ARG ¥ BRER 2 ¢
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HE, HUORAPRI AT Gl 3 B 0 B A et
2R B AR T DU I & ROS Sk P AR 41 it fis
fRRE M, DT R A 41 I XS ARG 32E A 440 Jifd 1) B
TEM BT ARGs BBk A SZ ARG B (H 2t
A PR B B G B T B & S B AR AR R AE T, A
MM ARGs BIKFEREBACRD, Tioh, Tig#EhH .
SR SR LR D R A T 5 ) B T A2 PR 4 T
WEMS S, B, 98K bRk 8 i 5095 0 A DG
PRI 3, 14 o 4 T 2 1T 0B 0 B, e B T
ARGs HEAAN, $2 @ KPR R
3.2 YORMRHE T A P E B AR FH AL
AR A SR A AR ) — R R
2, I B BRI T 15 5 20 F I8 4 0 40 1A 145 B
AEP I EL AL A AR AR AR IE S AT DA
XA A Y B R FE R S A MR
Ouyang 25 & B HE 44K ZnO(0.5 ~30 mg-
L) E R A i A K AR W R B, — 7 IR R
BEYROK ZnO AT A A /N EB 43 FE T 4 BR R A A P
DNA RNA JR T B 15 UM S5 1 by 376 20 i 1 7 5%
Yo, O A0 AR R 0 5 55— 1T, 442K ZnO W]
A 20 PR A BN B PR ) 65, 5 S Al e e AR 2
A5 573 5 (c-di-GMP) , DT 4 555 200 i 17] Fr) e THOF:
i v A X PR R 7 438 I, I A ) A 4
FIE L, SR Rk Ag21.6 pg L)
BUESE W] LISE i b IR AR B FOAE 220 A 1
DAL B A= oy s 5 JoT v o R B 1 S N 55% AN
114% , 8 T4 Wy I8 (A i A b A 24 I 02 1k A i
EE®, HJE Xiao LB 100 mg- L' A4k
TiO, FEARSR AL S5 T B = A 1 6 E ROS &

ANEXF E. coli K12 X i . (¥ 40 i 75 1% , (H 20 B i
ot AR ARRON T B 5 A5 5 Ak iR IR A R —
fifi(autoinducer-2, AI-2), %EIR FE AR 8 5 22 42 11 flh %
MATITA 61 #8602 B LA Z2 B 0 5 B, TF R A R 3L
E. coli K12 A= W5 K & IR T
3.3 YURABHE R K A Py b BRACRE KA HIBL I
IR ORI G oK R AT S K G PRI AR A
TGIRAKAE LR GE , ORI R AR TR S 2 40 A
T LR B K AR BT AR v AHE: B T TS TR A
P HUHT AR08 S o Ve 8w L 41 o 35 42 K Ak 2
TR DR ARV B 40 K AR X R 8 K Ak B 1 R
BEMERUON A2 BIOC T, B PRI R, 44 K bk g
i 52 TR A PR B 25 R L) Bg , DA X B2 KA AL
2B BRI BRBERLRE = s i
AN AL AT L3 2o Ab 2 S B AR K A4
Vs i S o, DT Ay DR AU AR W BRIk R 47 () A A7 2R
¥5. Chen ZE™HIESE 20 mg- L' 1) nZVI 7] LLiE i 4k
YRR AR ITE R KA B R G i A 4R, i
TN A DRSS AR T IR AT AL, [RIEHRE )
Fe* RRfR bt s R AN 3 b R E , BmB A &%
PETICE MR P AR IR K ) A7 5 U 2B
R 164.3% , eV T BOK AR ZER,
YK pERL BE K 5 2 K b B R 4 A AR
Wang 46V % B B 8K i 1) 40K Ag(10 mg - L)%
FE o FEUEOK AL I R Ge b ad 5 ROS B R ALE ST
FALBE T (T-AOC) 1Y R AR, 410 T i £ F0 B2 i Ak Tl T
PR, WD D) RE R R 5 B, JT RN A i AL AN B A £k
(coupled nitrification and denitrification, CND)%{ HE .
ER R0k Ag(2 mg - L™ )R PR AU WA

R2 KRB RERIEER(ARGs) KEHEBRZ N
Table 2  Effects of nanomaterials on horizontal transfer of antibiotic resistance genes (ARGs)

R Ir BiEs ELUE RS Hrik A FAIERES 27 30k
Transfer method  Classification Nanomaterials ARGs Results References
B Y nZVvI - P TeR #E E. coli FhIAI A% 5 551
c
Conjugation Metal element (2 ~5000 mg-L™") Promote the interspecies transfer of Tc® in E. coli
{3k ARGs TE E. coli F[a] 5% %
B4 4 LR Cu pCM184-Cm =

Conjugation Metal element  (0.005 ~0.05 mg-L™")

Promote the interspecies [53]

(AmpR®, Tc®, ChI?)

transfer of ARGs in E. coli

=8 &) Ag RP4
(AmpR, Km®, Tc®)

Conjugation Metal element 0.1 pg-L™)

ek RP4 BRI E. coli ¥
0 SRR RN D Y 5 SR e S us]
Facilitate the cross-genus transfer of

RP4 plasmid from E. coli to Pseudomonas putida
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s
R Ir s EE S UL A ESE S E= PN
Transfer method  Classification Nanomaterials ARGs Results References
ik RP4 ORI E. coli %]
745 SImEY Al O Salmonella /)% & ¥ %
. ) RP4(Amp®, Km®, Tc®) N [43]
Conjugation Metal oxide (0 ~50 mmol-L™") Facilitate the cross-genus transfer of RP4
plasmid from E. coli to Salmonella
{2 RP4 WKL\ E. coli %
e EIE=R A7) CuO P. putida (W15 )8 557
N . RP4(Amp®, Km*, Tc¥) i [56]
Conjugation Metal oxide (1 ~100 pwmol-L7") Facilitate the cross-genus transfer of
RP4 plasmid from E. coli to P. putida
) £k ARGs M E. coli [] S. coelicolor B J& %
s BIRALY Al 05
L . pSET152(Apr®) Promote the cross-genus transfer of [44]
Conjugation Metal oxide (10 mg-L™") . .
ARGs from E. coli to S. coelicolor
2% ARGs 7E E. coli #l 14 %
" EEE ZnO RP4(Km®, Amp"®, Tc®), KA BRI 5L 7S 571
Conjugation Metal oxide (1~10 mg-L’l) pGEX4T-l(AmpR) Promote the transfer of ARGs in E. coli and
aqueous microbial populations
P75 ARGs 7EIEMETS Ve U MR R IG F RB R0R
B SR ALY Cu0 .Zn0 tetC, tetQ, sul I , I _
) ) ] Improve the transfer efficiency of ARGs in [54]
Conjugation Metal oxide (5.20 mg-g TSS™) sul Il
activated sludge microbial populations
£y KIRT W) [NEER™ Sphalerite b {3k ARGs TE E. coli T a] /K 5652 7]
mcr-1, bla,
Conjugation ~ Natural mineral 0.5 ~50 mg-L™") o Promote interspecies transfer of ARGs in E. coli
IR GO 405 BOAL , AR 3 L I A5 405 B
e eAER R 6o Fr A W B ARGs $4 7
] . ) Carbon-based RP4(Km®, Amp®, Tc®) High concentrations of GO damage plasmids, [58]
Conjugation . (0 ~100 mg-L™") . .
materials low concentrations do not damage plasmids;
all concentrations promote transfer of ARGs
- AER R Go WA T WK S8R IR (Y ARG 2B
N ) Carbon-based it 1, sul I, sulll Reduce the abundance of ARGs in microbial [59]
Transformation ©0~1mg-L™"
materials populations of urban lake water
WIRFARFNALEE ARG,
WAERT R e
etk GO tetA, sul II, PRIk T5 K o ARGs £
) Carbon-based ) [60]
Transformation - (0 ~300 pg-mL™") ermB, ampC Destroy cyclic and double-stranded ARGs,
materials
reduce the abundance of ARGs in urban sewage
PEHEALAERRIXT E. coli il
edl Bk 47 Al, Oy PBR322 B A AR L 521
Transformation Metal oxide (0 ~50 mmol -L’l) (KmR, AmpR, Tc?) Promote transformation of resistant plasmids to
E. coli and Staphylococcus aureus
) MHIBTHEBORLI E. coli INEE R
- R ALLO, ZnO .TiO, ]]fﬁJI‘Ll‘-i'J Rl E. coli ’.J5r<$§xﬁl$
. . pUCI9(Amp®) Inhibit the transfer efficiency of [51]
Transformation Metal oxide 2.5~50 mg.L’l) . . .
resistant plasmid to E. coli
_ TEHEVER AT E. coli TGL HIH: 0%
BT AN TiO, . )
. . Amp®, Km®? Promote the transduction efficiency of [46]
Transduction Metal oxide (0.5 mmol-L™")

phage to E. coli TGl

1 nZVI FRGUREM 4R TSS Fom BB TF Bk,

Note: nZVI stands for nano zero-valent iron; TSS stands for total suspended solids.
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A S (R OO . AR 4K Ag FR 58 T LR T
TEALEED narG 19 =56 B | 3 5 fiF 14 T (22 B0 42 il
(AMO) 2l A b 34 J5 T (HAO) IV i iR 6 48 1k it
JREFNOX)) F S il b il (il 12 55 34 J g (NAR) FlIE
fil iR R340 I il (NTR)) A 6 72, DA TTT B2 35 3 58 CND 4%
ik, Peng 2L YK Ag(108 mg- L™ )AEE &5 Wi
KI5 U6 P EBFLAR R EBE T A1, 4 i R AL 2 AU
A 2 it (LY A PR R 38 i B (NS ) Bk U S (HLdh) Al
BE A BUER(HZS)) B 16 1, AT 384 55 IR 4R 4 AL 1k
LT 6 1 A K TR R R E

Kb R BEA B TR OK PR L BR. Li
EORI10 ~60 mg- L™ 42K TiO, i T A AIRK
7 ROS 3458 | 2 WM EL B (PPK) Fl 22 B W R 46
TK A (PP X)) 6 1, 1 SR B3 A 11 8 R R R LAk
ROREBERERR, TN, AT ARG R ) A1 R
FE s IL AT B PERIK )5 S0 FE R G0 oK URL 2 187
A BT B 0L 4 AR B 4 K URE nZVI/Cu®(10 mg
LYy, LT LA TR A I A, X KA R 1Y)
W BRI o (] A L XL 4 TR A K AR 1 3 ok fr =
A= S SRE B A B 1R Ry WP W A Fi - B 184 4 AT
A R X R SRR AT 1 R A B
3.4 YORMRHE IR A YRR IR AE 7 K AE RIBL

EYIREIE R — R @ TTTs Y B A AT
PRRNZE GR35 BT A REVR . A= W B URZ A5 B
RALATRETR T B M FiT A 23 R SR HRiR gkt
REXT A W BB R AR 7 1 5 i 320 5T A2 B AT G

fCAE T 3 e R AR R BN AT P G Ak R L
APl EoE MR Y R R R A P R E E R, AN
KA AL/ IN e RS R R ) 2R T B 5 G4 A A
ARG T 22 B R 37 BT, AT B4R T AR
FRARCENY JIAh AR R R 3E A
B8, 3 i A= Wi URH Sl 1 T, DTG 2R A P U
H:77, Zhang F1 Shen” A 5 nm 44K 4:(0.79 ng-
L") AT A3 g 3 T sy A e 1 RO 0 0 & 1 7=
A IR i S TR A DT R AR
5 56% , Y7 R E 46% . Beckers S %
BAETEZ AL — A ALREN Y A1 K Fe,0,(107 mol -
L™Y)BEK: T IR AR 8 1 A ) & B R = et T
38% F158% o X T ZHCM T4 KB BLE B G K 1
T RO LR RS R A SRS TR 4R T, S
it R 3] LB A AR ) SR A A LY 2 FhE, B
AT TSR SR & A BN N & JE B LT gk
WAL, RSN 20 A= 90 B 0L v B R P KA

MRS, AT DL S X Sl i AL 45 & 3T i T
FERRE N4 B A= Pyl A e i T

YK B4R AT DL 3E AR W e Y AL Aok
TiO,(1 g-L™HABE 5IRE 15 R h st 2 R B %
S54RI R AT b AR AT 38 i e A A T
Aguilar-Moreno %57k P 7E R A 48 3% 04 72
AN 20 mg-L™' 4 Fe, 0, 44K B0k i i & 2 =
eI A 7= 2 2377 1, 73K Fe,0,(750 mg
LRy — B S B b RL, BEORG BT 41 i 2% 1, A2 i
HL - FH UK R T 200 o 2 7 PR o oty T 1) o ) FL - B
&, NI 0 T HBe 7= i, T2 i il A R i A ALY
(153 f#7" . Bk Fe, O, GKRIRISN , nZVI(1 g- L")l
REAE 15 YR R AT AL R RE , Y 5 A BILJSE 1) R 32
IR e B3 5 20% DL BB

YRR A RELE B w2 T2 W 7 i T A AL
YRR 5 (500 g - mL™) B B IE S ] 8 A BL ES
# (Shewanella oneidensis MR-1)/8 %W WAL, $2 155 20 fitd
AR, 1M 248 RS B 0 P B P A1 2 F - ) i R A
1 AN RS NS S. oneidensis MR-1 TE# 4= #)
SRR v ) FEL Y U R g i 2D 3R 3 S 4R v 7.34
£ 6.46 £57 i HIAK Ti &6 BB AR , NUH
W7 N 1) FELBR A e B G B2 I B T o
H [CHF & (Klebsiella pneumoniae L17 )4 i 75 Bk HL b
AR IR SR G A P i e LR

4 BE55RE(Summary and prospect)
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