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Abstract: Low concentrations of silver nanoparticles (AgNPs) with biological toxicity can produce hormesis and
stimulate the activity of cells. The effect of AgNPs on the activity of Phanerochaete chrysosporium was studied un-
der the stress of norfloxacin. The mechanism was explored by investigating the migration and transformation of

AgNPs as well as the concentration change of extracellular protein, combined with scanning electron microscope
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(SEM), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR). The results showed that the
cell activity of Phanerochaete chrysosporium increased by 1.29 and 1.51 times as the concentrations of AgNPs were

0.001 mg-L™" and 0.01 mg-L™"; it decreased by 64% when the concentration was 1.3 mg-L™'. And the same concen-

tration of Ag ion could only inhibit cell activity. Low concentration of AgNPs can migrate between the solution phase

and the biological phase, thus triggering the change of biological characteristics of cells, and stimulating cells to pro-

duce more extracellular proteins under the stress of norfloxacin to reduce toxicity inhibition. The functional groups

such as hydroxyl group, aldehyde group, ketone group, and sulthydryl group on the mycelial surface of Phanero-

chaete chrysosporium can reduce silver ions to AgCI-NPs and AgS-NPs, which can aggregate on the cell surface.

Keywords: silver nanoparticles; norfloxacin; Phanerochaete chrysosporium; hormesis

KA LISAE | 9K AR (AgNPs) 8% )72 v F AT
HI TR R EA /N RS 25 W iR 18 Fl - R
AR AR AR AE Y AR A Y e TR
g IEAE G Y R , O JR B HR LR 1) PR B AL
N FIAE P REPE 2 SR, Bl U FIT A5 SR R  , Ag-
NPs H-AS R AR HAE R, KR BE ) AgNPs 277 4=
BRI ST RION P E I AR . AgNPs Wk BEAE
FARE A BE 1 12% ~ 31% HF BE 0% X K #1 1 7=
RPNV  NEFLE R ANIE & HT-1080 1)
TEPELE AgNPs Wl 0.78 ~ 625 mg- L™ W4 )L
TEMRIE <039 mg-L™' f1=12.5 mg- L™ B0 HI",
[GRE , A1 J& i 96K B 200 Jiig (PBMCs) ARG BT 41 it &%
C18-4 (R Ih Pt 2 fifi AgNPs ¥ J3 (19 748 £k 72 A 1% ik
JEE ) 9, o e B A B B4R R % A N
(Hormesis) e 01 IR T 75 B 27, M o — 2 Yo il A s 771
A AT RERT AR AR T 9 Y AR
A R AT REXT A IRA &5 REAE Y AR K
H i, AgNPs Y “ B¢ ) 2% A3 500" HLEE G AN G 2, A
Frift—2L e,

TEFRD B (NOR)JE E K Hh i UL 1 Ja s s i 285 24
W PR R A YR AR A AR R AT T, T
LRI RN, AT RE S FE K TP RE S A ES . S
FERPR G A N, 2% K W R R
FENEG YT AR AT RE 2 o8 T A 1 B R R 1
3PV AR RS I 58 1% S s A TR 2 245 ) BRI T
BRI BRI B B KM AT IAH] 7 560 ng
LM e A W S il SR K v EE B AR Y
FEXF A A F et 2 £E P4 B0V A Sl | o P v ) o
BERRPEIR A AR

5 {05 & ¥ 4% 1 (Phanerochaete chrysosporium)
SR U LA AR, B R A DL )
HYTRE , Fe /KA PR A i T 90, e AAS 5%
TEPEHAE R Z XY AN R 2 AgNPs Xf

VIR B MBS A A P S TR A R Y L
B2, A e R R AR JEE T A A LA K
Mo s R AL, AR B L X AT
SRR LI LT3 20 Hr B8 22 BR 3R i 9728 £k, AT
I AgNPs = HEREY) AN B A

1 ##1577% (Materials and methods)
1.1 SEEepbR

05 BT 5 B AF-96007 T B I T v [ i 7Y
BFEp o @R3D0), HARERTE 4 C M ffATES
A A BES N B R A D 8 K T B KB
B AR A T VR A v B R Y & 2.0x10° CFU -
mL™" SRJE AT R TR IR R B R AR IR v 7
37 CHI150 r-min~' WA PR FE 3 d, Hp, 5
A AR DT IR B 2R AL AR AR IR 200 gL,
%20 g-L7' 3§ 20 gL' ,KH,PO, 3 g-L",
MgSO,-7H,0 1.5 g-L™" 44K B, 8 g-L™', Wik
Begp bt WA R4k 0.211 g- L7, % %4 11.098 g -
L™ KH,PO,0.2 g-L™',MgSO, -7H,0 0.05 g-L™',
CaCl, 001 g-L™' ,NaAc 1641 g-L™" 4/ EIXW 0.5
mL, TR 1 mL, FrA KR40 T 7E 121
CIHKE 30 min, TR R AgNO, 4l 1>
98% , W4 [ Sigma-Aldrich( ¥ )43 RN ], B FH HeAth
Pl B R A3 AT Al R 2 1R A BR A Rl B4t
1.2 AgNPs [l £5 FAE

Z ARSI Z Al w4 R FEKTs
T B 4 mL RSB 0.3% B9 2K g b
(PVP)AWK .12 mL 15 mmol- L™ BB A LA 5
233 mL KIRA, SRJGINA 5 mL 4 40 mmol - L™ [
AgNO, W, IR AEFE Y 2 h; 1 1 kDa i#EHT4E,
W5 BT AR BT R M 4l K BT, R BR 243 PVP
Ml Ag BT, BI4k45 PVP-AgNPs F 3 H0, T 4 C
KRR
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AT R KN A B8 4 T W oy 6 6 T
(AAnalyst 800 ,PE /A F], L E) I E T Fr il 25 19 Ag-
NPs BB, R 40 0] UL 6B T H(UV-2550,
B ], HAR), Zeta HL X (Nano-ZS90 , Malvern
ON ) [N SR FRAF A A AR 48 KA1 LA 55 A0 AT I
WS A A Bl ) 2 B RN SR THT FLAT
1.3 AgNPs XU b B I0MA T B B A AR RS0

BEF% 3 d JE R e AR T R T 22 BRTE 10 000
r-min”' B0 5 min, 7 2 mmol- L™ NaHCO, & #
WEVE 2 1, SR 22 3R (0.5 g) /B4R
o B2 BREAT LT 3 AN ()i T B E
A RIS Bl S A vE ST L
FEH0.1.5.10 120 mg-L™";(2)AgNPs 4L F4 . 7E 5
mg- L7 WU B AR, 45 A AgNPs, {3
ISP Y AgNPs ¥ JE 4 0.,0.001 ,0.01,0.13 113
mg-L™";(3)AgNO, AbFHA . 7F 5 mg- L™ i D A 1Y
e T, A3 A AgNO, , B 1Y AgNO,
WS4 0.0001.001.0.13 f113 mg-L™"', Y4724 h
J& oK F MTT B yk™ e /e s i L3 WA
534 nm AR AIOERE , 3T LAS 6 B AL AT B 4y R
71N AR 5 T T AR
1.4 HEAMEE A BT B

SEEH B2 mL AR S T RSO, E 5 000 re
min~' FIFEE B0 15 min, SR HUH 1 mL _EVER
MFMAMEHIE , 6% 1 mL FEE A S mL
O s e AR TR A, EIEFE 3 min /5,
TP 595 nm b bt SEIOROEEE , th AR & IR
JE (B A bR i 2 R AT SR H R ) B i
1.5 VAT VAR e B I

R T AgNPs LUK Ag B FHEIR R W BT B 7
b, T EAE AgNPs 5 Ag BT 18 708 )5 B 7 F 1 1Y
TP S ] S 55 v B AR ot A T A AR VAR B A T
ZH B DA B ] A B 1 R ) i TR A il 4
LA PEAT I AR PR FH LB A 55 B AR T i A
(ICP-MS)(Agilent 7500, % & BL 4 (1 [H) A BR 2
A, 6 X IR ) SR R T AT
1.6 BRI 1T

XPIEH B IR (25 (1 41).5 mg- L7 i #70 2
BATEAL) .S mg- L iEHR P EU L 1.1 mg-L7!
AgNO, W2 (Ag & FAbHI4) 5 mg- L7 g 2
P& 0.01 mg-L™" AgNPs il 41 (AgNPs Ab B 4H)
P4 7LD S SR TR K, 43 0l R AT 4 R P M g i
/3 #r(FEI Quanta-400 , Fei 2 ], fif 22) X 5 £k 77 5t

M1 (D8 Discover-2500 , Bruker 2 ) , 7[5 ) L) K fd B
LA 1 43 BT (WQF-410 , b 5% Fi A1) 20 M AL #8 2>
A, E),

2  Z55 (Results)
2.1 AgNPs HFEAE

FH Il 1(a) T, T il 45 1 PVP-AgNPs £ K
397 nm AT BRI RAAE M0 | X — S5 R S AT A
BLHY) AgNPs i 45 1 — 5" H PVP-AgNPs 7f 2
mmol- L™ NaHCO; ZZ #h ¥ 1 I % (1) Zeta HL AV &
(-17.8+0.6) mV , SIAEGEE G H 1ty A 3h ) 24 kit
J2(76 4+56) nm, & 1(b)AI A, & A AgNPs Kifs
SYAEVE AR FTRESE R T AgNPs Z [ &4 T IR,
BEAb, 28 I TR W IS 1 vk A 0, B A5 43 1O
PVP-AgNPs {4 18.38 mg-L™'(0.17 mmol-L™),
2.2 B BT IE R S T

H I 2() 7 , TE VR0 B A BEAE v B 2 45 9
U LN S G A0 M T R T A R 2
(L), 75 AgNO, AbERZH v | 240 i 35 14 o [R5 Bifi %5
Ag BRI TS 2 EATE SR X SRR A
TP 1 DLAHRL, Ag B TR BEEAE 0.13 mg-L™'
13 mg- L7, 40 B & MRS E T 29% , 5 0 JEZ 11
55% A HG, 16 R AR 47% , 7T Rl HY T 78 0 i vk B
PR BT AT LUR v 0 B AR SR B R RE UK
TR AR H =T OIS A TR

W 2(c) i, B BE Y AgNPs(0.13 mg-L™'
1.3 mg-LHAFRLA i T AgNPs DL RID 2
(R EEPE 0 R, 5 000 00 5 6 1 A5 T ) 40 9
HH S R ARG, B MR ASR 20% , 5506 B AL AR LE , 16 T I
64% , MTE0.001 mg-L™" F10.01 mg-L™" i}, AgNPs
B S A 1 R A R o T ) A PR M 0 R
2 71% F183% , RV HEA B4 =5 1.29 £i55 1.51 4%,
X W] AgNPs (135 52 1) 2 v 20007 ol 84088 7 i 6
S5 BRDG EREE H AS R PR 2 AR R B R
2.3 MAMEAWENZ

AgNO; Ab38 (4 Jf A1 85 1 5T v B 1) A28 G
mFE 1 FrR, 545 HAXT T, Ag BB RTEE
il A1 B R LR S TR R (R RIS, Y AgNO,
WHEM 001 mg-L'38n%] 6.5 mg-L™", M dh (15
W PE B RAEATG, BA W] Ag 85 193 fin & BUL A
(VAR RIS 2R B Ag B Mk 32 1% 384 Jin %o 8 76 )5 6
PR RGN, WX T AgNPs ZbBRAH, gk 2
iz, B AR BT R B AR IR B AgNPs 13133
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Fig. 1 Characterization of synthesized Ag nanoparticles (AgNPs):
(a) UV-Vis absorption spectrum of AgNPs; (b) histogram of hydrodynamic diameter distribution of AgNPs

120r (@) WD RAL B 100 (b) fSERARALFRL (+5 mg L' B RID L)
Norfloxacin treatment group 90l AgNO, treatment group (+5 mg-L" norfloxacin)

—_

MTTHEXHE /%
Relative MTT-specific viability/%

0 0
Blank 1 5 10 20 Control  0.001 001  0.13 13
Wi W (mg- L) FARALHE 2 /(mg- L)
Norfloxacin concentration/(mg-L") AgNO, concentration/(mg-L")

110~ (© GORHAL L (+5 mg- L WD i)
AgNPs treatment group (+5 mg- L' norfloxacin)

— N W A
S O oo o O

(=]

Control  0.001 0.01 0.13 1.3
KRR B/ (mg- L)
AgNPs concentration/(mg-L™")

E2 ARREAMFEREELERERFEENZID
TE 25 AU TE R B3R, X B4y 5 mg - L7 s v B e 2
Fig. 2 Effects of different groups of exposure on the cell viability of Phanerochaete chrysosporium

Note: Blank is normal cultured group; control is 5 mg-L™' norfloxacin stress group.
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T(0.001 ~0.01 mg-L™" )&/ X B4, X R,
fIRHE AgNPs 764038 T AT LA 355 440 i 7= A 45
ZIMANE AT, TERE AgNPs W (33, A1
Fe TR B Ag 25 T AbBRA, o A1 25 13 5 B P 1)
T MEAE R £,
2.4 TRWR R R AL

W 3(a)fim , 4TI i SC 54, 7 B4R
WEETERT 12 h KIAZ I FEALR X R, Ag-
NPs FHABIE R WA R 24 M, BB
IERBAFIEF I, X ] BB )& AgNPs 2 5 Bl )i E
VR AN EY RS T RS AR ESE S
HAREASS A, DI i rh SR v B R RN i AE
12 hJ& , B SRR AR 25 AR E 13
mg-L™" AgNPs BT, FLET A TE X AR gk 2 %S
WAHIERS 2R YA, S8R H SRR 2212 T RE
7E 108 h J5 B BRIk BERE BRI IR EE Y 3% . FE
0.001.0.01 F10.13 mg-L™" AgNPs R F , Hoir g
T AR ST AR P AH A B 28 R TR, B AV T h
SRV R T, I B U6 VR 3 AR X A AR £k 1Y)
A B, FE 108 h JE RVAR VR B R 4R v Y

84% 68% F1143% ,

W 3(b) iR, AgNO, #1 IR E M 0.001 mg -
L7 BEINZE 1.3 mg- L7, 8 40 J5 B 5 B R P
BRI RBRIIIRE] 95% LA b, wTLUE I, FEFF LRI 12
h P VAR TP AR R AR 3k B B I, T B
AgNO, ¥ FE 38 R, W B F% 3 88 B P, 3K ol 434 i 144
AR T AgNO, B A3 Il 2 45 3 KA
9K 5l 7w Ik 0 D R - B TR A 2 TR Y A% T REL
D1 EMIR BT RS Ag B 7 Z A i flk 4 )L
R, Ag B T2 5 1535 B A s, T4 12
T AR AR R
2.5 PHEBMRIE

P L 4(a) il 0, 28 1 40V 3 0 D T 7 A B 1 B
ZL A AR S R G5 R, LR ER R T A B 220 T
e VAT AT RIURER 1 10 J0 A FE B 24 1 TR 22 [B) A
[ B, S A 25 A0 A7 ) T H X AgNPs AOREE, anf&l
4(0) 7, X BE AL B ] DL B 6 i 6 1 o TR 1 B 22
VT LR R 28 SR TEDRG B A /D A WA o, R v
05T S 5 ) AN 2 B R B A A, A
Kl 4(c) i , HMEHIE AgNPs AbFH I B 1 2244 0 14

F1 FEREMERR(AgNO,) WM ERRENZME

Table 1 Changes in extracellular protein concentrations at different concentrations of silver nitrate (AgNO,)

(ng-mL™")
THER R BE (mg - L")

AENO, concentration/(mg+L1) 05h 1h 2h 3h 4h 12h 24h 48 h 72 h

0 0.802 0.864 0872 0.857 0.728 0.879 0.782 0.702 0.737

0.001 0.762 0815 0.836 0.809 0.799 0.787 0.768 0.749 0.763

0.01 0.798 0.803 0.766 0.837 0812 0.792 0.783 0.722 0.729

0.13 0.729 0.794 0.749 0.693 0.739 0.692 0.689 0.729 0.682

13 0.749 0.758 0.842 0.820 0.794 0.723 0.739 0.748 0.723

6.5 0.696 0.729 0.782 0.723 0.725 0.794 0.736 0.729 0.698

R2 AERE AgNPs IHHARSNE B iR BRI

Table 2 Changes in extracellular protein concentrations at different concentrations of AgNPs

(pg-mL™")
AgNPs #fE/(mg-L™")
05h 1h 2h 3h 4 h 12 h 24 h 48 h 72 h
AgNPs concentration/(mg-L™")

0.001 0.832 0.793 0.776 0.802 0816 0.763 0.758 0.732 0.718

0.01 0.849 0.893 0973 0.823 0.870 0.876 0.863 0.857 0814

0.13 0.820 0.843 0.826 0927 0.827 0.796 0.749 0.852 0.759

13 0.727 0.723 0.745 0.776 0.739 0.701 0.685 0.672 0.653

32 0.749 0.698 0.669 0.649 0.702 0.731 0.673 0.651 0.639

6.5 0.737 0.759 0.643 0.678 0.652 0.679 0.669 0.652 0.623
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AgNO, treatment group
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Fig. 3 The total Ag concentration in solution in different exposure groups

22 IRSRT LT G /D R ORDIR P T, &8 43 AgNPs AJ
I AN R A AR MRS BETE AT (B 4(e)), Bl
PRI 22 3 THT PR 3 e 40 K 2 0 9 SR 40 S 5 % o 4 1
2541 AgNPs, HNIE] 4(d) TR, 7E AgNO, 4b 32
Hh BT T A P 22 R SR T B A A R I A A
TURL , AR BE T 20 Hr (181 4(D)) , 3% BEJ00RE N 40 K 9 Y
FACAR AR ALER
2.6 X SEATH

H & 5(b) T AT, AgNO, Ab B4 JRR R ZI ) X
SR ATEF(XRD) I | 3% 86 2 £ 47 5 M 4 Bk 8 T
B I AR AR (111), (200), (220), (311), (222)
F(400) Fh T I FHIEATSHE 5 . IO AgNPs 2 HiLZH
(K 5()), I 1A & BRIA Sk (0 Ak A b A it T ) 4R A
ATHHE S, (R B A RE & L X G4t
(EDX)/ M al B B A S JCRAFTE, f L,
BRI 223 11 19 75 B 35k AT T AN BB AT A% R 48 13 AgNPs,
AgNPs i NAEWIAHE RS 22 WAH . Ah, 28 AgNPs 4b
P HE A0 B B B T Y XRD EE Ww , 7E 200
2 A A W S A AT SR 3K RT RE 2 B T LY AgNPs
TR 25 # B TC e HE BN D, X R B (IR B Y AgNPs
T A5 B S T A R B AR R IR o —
o s 80 1) Sl 2SR RE, 3 R TG A T IR S TT RE A
AgNPs JEH AR A
2.7 AHEMLIAMESIGTE ST

W 6 Fias , X e Xt BEZH F1 AgNO, AbFRAH | &
PICTERAE A, FTREH T Ag B X T H i £ 1m
() BE TR B 8 Xt T om B0 Ll EL R AR T
7£3 500 ~3 300 cm™' 7 [l P, N—H (4 45 4z 2h ]

AESs SR M i M 4E ik shig A", 7F 3 300 cm™
DX IR BRI 06 SR T B INFE—NH Fffialy b iR Ik
()58 Z1 55 —OH i i 4z 2y, i 46 )57 6 O 5 1 3% 1
I—NH FIRILHHE N Ag B FHROLE Z 145507
M3, 1M AgNPs Ab LA 7E 3 433 em™ b ZH—4
g | Sy BTN (%) 22 JE R i ™ | R BB i T AgNPs il
R =R I 5 2 454 ,—OH fi it nl fig
25 Ag B 73 A" BB JEPY, 7E 2 854 cm™ ANl
2925 om™" AbWRER S Ay W i 5 TR AR T A
LG CH, FE AR XS FRATR XS BRBLAP 4R 4 5GP
AgNPs 4b B 5, IE{E 2 348 ecm™ R sh ] 2 362
em™ FEH7E 2 140 em™ HBL— AN g, R BHAF
E—PHLL—C=C =0 affigh THESH
AgNPs ERB AL B, 76 1 554 em™ A1 1 318
em™ bR AT RIS , 3 IR N = O %3
PIRRR — AR ) C—O 4543l , 75 1 655 cm™
A1 037 em™ Ab i 3 U6 T F D55 B e I I e e
iR B Bk I CN AR 3)), I AE 410 ~ 839 cm™
BN — FR 50 e A3 20 L BE 25 4 v Y P—S B P—
S—P 4R 3, 7E A AgNPs J5 ixX $E 15 K 2315 %
AIREH TANMEEESS MR Y S 5 AgNPs 254 (R &
) AgNPs fR AT REERAR S B A, MM 25 76 2 1t )5
BV TR 22 3R, TR AR B4 A AN

3 iTif (Discussion)

16— E L N (0.001 ~0.01 mg- L) &
AGNPs AN 23X 4 L™ A= AN 52 e, T2 15 55 240 Ffd
TEVE R TSR B R v B e . Ag-
NPs {193 F 8 P 2% A 800 AT BE S i TR BE0S T
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208m L EHT= 3.00kV  Signal A=SE2  Mag= 500%

(2Mm_ EHT= 500KV Signal A<SE2  Mag=5.00k< WD=57mm USTC -

2
’L EHT= 3.00kV  Signal A=inLens Mag= 5.00kx WD=59mm USTC g

4 ERFEELEEFHREHEHBE(SEM) BMEEEE X &KL (EDX) 94
1 (a)aF FAL; (b)Y BRAL; (c)AgNPs A FRA 5 (d)AgNO; ZLFRAL ; () M (o) HRic X I EDX; ()4 (d)E Hric X I EDX,

Fig. 4 The scanning electron microscope (SEM) micrographs and energy dispersive X-ray

spectroscopy (EDX) analysis of Phanerochacte chrysosporium surfaces

Note: (a) blank group; (b) control group; (c) AgNPs treatment group; (d) AgNO; treatment group;

(e) EDX of denoted area in (c); (f) EDX of denoted area in (d).

TRV BB S AL, X b 18 52 A T BE XT3 0 Y
Tk HEAT R BEAMES | MTIT S S50 200 TS P S 25 ™
AgNO, AbFRATH | Ag 5 1Yk JBE Y 16 i e 7 2 0
B R A2 I8 R S PR, v Y
AgNPs 1] gt 2l i AL A B KR Ag BT
T Ao 248 7 A 4 ot £

HT Ag B 1 USSR UD B2 14 5 B 2 % i 1

(I P HE T T3 5, 7 290 6 ™ A 50 22 9 B A/ 2 1 o
AN S A (B RS s e L A AT
B AR VA A A RO v Y AT
JEE It % ke I ) A 3 i i FE AR . AgNPs m] DL fih
240 M A ) = P ) A A AT 552 ) 200 6 14 W82 A0 A
st Behh, ENTEE RS E AR e
AT AE A DT fef 2 960 i 6 - A e
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(a) PR AL HZH
AgNPs treatment group
(200)
(b) FRHAL ELH (220)

AgNO, treatment group
(111)

020 30 40 50 60 70
20/°
B 5 AgNO, 1 AgNPs A IBEHMEETER
i) X STE&AHTS (XRD) Bk
Fig. 5 X-ray diffraction (XRD) pattern of Phanerochacte
chrysosporium sample impregnated with AgNPs and AgNO,

b 2925 1552
® 330 1655 1

Kl
854 - 5521 376
(© 3300 2925 1655 1153

BHE%
Transmittance/%

2
1 554
3433 3,85 2925 1655 1153
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