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Abstract: Semiconductor nanoparticles generate photoelectrons and photo-induced holes under light

excitation, and thus may influence the growth of microbial cells. The highly oxidative holes may
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severely damage the cells, while the photoelectrons may promote microbial metabolism. In this study,
we evaluated the effect of exogenous cadmium sulfide (CdS) nanoparticles on bacterial growth using
0Dy and colony forming unit (CFU) as indicators. The oxidase activities, the concentration of pyruvate
and malondialdehyde, and the expression of relevant genes assessed by real-time fluorescent quantitative
PCR were analyzed to investigate the effect of excited CdS on cellular metabolism. The results showed
that the ODg(o and pyruvate accumulation of E. coli increased by 32.4% and 34.6%, respectively, under
light conditions. Moreover, the relative expression level of the division protein gene ftsZ was increased
more than 50%, and the tricarboxylic acid cycle pathway gene icd4 and gl/t4 increased by 86% and 103%,
respectively. The results indicated that photoelectrons could be used by microorganisms, resulting in
promoted growth and metabolism. This study gives a deep insight into the interaction between

nanoparticles and bacteria.

Keywords: Escherichia coli; photocatalysis; CdS; microbial growth metabolism; mineral photoelectron
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[KH# (Moorella thermoacetica) 5 i k4848 K
#.F (cadmium sulfide nanoparticles, CdS NPs)
FALHE G M 2 AR -RUE OB A R
g, fOtHkE, ATl S S E R 1R
NIRRT, I8 it Wood-Ljungdahl 38 ¥ [
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FERAS, 0 HT 40 45 2 O0 A2 WL 1 Jm /Y 2R BRI
0L, AIRARIEE YR HDE A T 1T o AR
AR PR RS R T LA

WEERE

1.1 I
1.1.1 iR F

3,5-fHFEK R (3,5-dinitrosalicylic acid,
DNS) W H FiFR b THMRAA; f4ER C
(vitamin C, Vc) W H bl T AR R A
FRSF; %M. (NaPOs)s. Na,HPO4 12H,0 .
NaCl, KH,PO,. NH,CI, CaCl,, MgSO,7H,0 .
CdCly. NapS e HAh Ak 27350 & Sy 43 #r 4l
1.1.2 EHEMERE

TR0 B AR B H The Global Bioresource
Center 1Y E. coli ATCC 15597, R K ) M9
BigRdt (1/6 BUR) EATREFR, WA B mvE T4
IR HT LB [ AR 5 57 2

SR M9 B3Rl BCE 1 mol/L 11
MgSO,-7H,0 AW 10 mL, & i & & K 3
(121 °C, 15 min) & H; BECE 1 mol/L i) CaCl,
VW 10 mL, EEEIEXKE (121 °C, 15 min)
#HH; BUE 5<M9 % : Na,HPO, 12H,0 19.6 g,
KH,PO4 3.0 g, NaCl 0.5 g, NH,Cl 1.0 g, fiiJH]
WZEK R, SREERE (121 °C, 15 min)
s B 3.33% ) A M 20 mL, 0.22 pm
IS ERR T A ] s TR TAE AT 4 D
WiIRA, AMETLHEAKE 1L, 1.

LB [E k5775 B ER 10 g/L, BEEHE
B4 5 /L, NaCl 10 g/L, BISHE 15-20 g/L.
pH ¥ % 7.00+0.02,

1.2 A%
1.2.1 &R CdS NPs

A AR A P A O R A cdst,
T, 4 EH 0.1 mol/L Ay CdCl,. Na,S Fi
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LR, HEVEIR A R R AR DR, BT
TR THET, TR IRAE -
1.2.2 CdS NPs HyR1E

K HTH A TR 24t my JEM-2100 3551
LT /%% (transmission electron microscope,
TEM) M%< CdS NPs WAMRIER:, [Rli X-
B RE B A EUE 71k (dnergy dispersive X-ray
spectroscopy, EDS) ZrAr £ cE A W, Fl
A 2 A9 REY X Pert3 PowderX S 2k i 44
X CdS GRPRLIEFT X ST (X-ray
diffraction, XRD) 4r#7, WX EE 10°-
80°, FAMEEE 10°/min, ik 508 b iE HAL
WA MRTAEA AR TU-1901 £840-11 DL Uk 43
YA (UV-vis absorption spectrophotometer)
PEAT S A0 - 0] W18 S 63 (UV-Vis diffuse
reflectance spectroscopy, UV-Vis DRS) 43#7T,
45 RE i A3 (ahv)’=A(hv-E,) #ETFHH Tauc
plot™, 115 B4 KA T 4 BRYE . EAT
Mott-Schottky Fl I-t FFHL AL 408 (FEAL2= TAE
uh, L¥IRAE, CHI-T60E), 43 HI3kAFF-r i f
FIGAKRLT R E IR B ma BLAF O 4 CdS K& 7E
Pek il AR TAERAR, Pt AR MAH B FAR
Ag/AgCl fERZ M, I 0.2 mol/L
Na, SO, VE N H i i A7 4 DU
1.2.3 E#HBIEL

HeR AT 250 mL H A 100 mL 98 R
9 MO SR FERHEIE L, T 37 C. 200 r/min
BRIk IR M 597 12 h (ODeoo=1.0), it
R T 5 25550
124 SEERFH

BS mL FRCAIGFRIFER, EE
50 mL HALAT 25 mL 2 B M9 53R FER R
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o AR SCATE R W AT TR A S AR R CdS
NPs, B TR T HATHE R, W%
FEOC RS T X A A K B g . SIE38 i
WK B TATE G, Sy 1 500 1x; 52
Bl A R B R SE T ORI AR B, WSO [V
) CdS NPs. i FHAS [FFh 2 FIAS [] v 2 ) 4k
FURE AN A= K AR . A0 A KR 0 I 2
W YEAE (ODegoo) #1 CFU #4743

P PUN o LD O A R S B
e AUREER SR (dark), [OGHRREFE (light) .
JEHEES N CdS NPs }55% (dark-CdS) FDERRE
fil CdS NPs £53% (light-CdS).
1.2.5 HEMAREMNR _ZBERENE

FEANRTALER . E. coli TEHdE A K &1 T 8
FRALH 24 h J5, B AL O BT AR DTTE ] T e 22
SEE

53 R FHAS B0 A BB A BR A w2 4
A HHR ] & (GO105F) . i %8 Ak Wy il ik 37 &
(GO107F) Fl A Ak Wy B AL il 157 & (GO101F)
X4 B AR o B B O AR B (catalase,
CAT). d5 LY (peroxidase, POD) A% L
YAk (superoxide dismutase, SOD) 474G
30T A SEBR A SRS S P A T

it A% R AE DR A R | A P9 ik
F & (GO109F) X 4 b AF K ok A& rp 19 9 88
(malondialdehyde, MDA) F¥¢ B JEA7AG I . F
A L0 BRI FA R G Ul AT

x1 HMERKRYIESY

1.2.6 R ERES IR E 4G

AR A L AR BURAE R
PR 2> R R N B AR 1GR] & (GOSOTF) X 4 I A 1< i
RN EIRR (pyruvic acid, PA) FHEEEHEATHE:
W P 2y L BRI Ul B T .
1.2.7 EHREEE PCR

W E. coli Tetpeidi 51 TR SR, 324 h,
48 h F1 72 h B A PR TR B B T R R R B0
MLrRES.Cy, 4 °C. 8 000 r/min B.L» 10 min, 37
L, KRR AR E WA TR . R
TaKaRa 2\ w7 &#E4T RNA A4, FRRf
RNA 5% cDNA, {HRZRTHH cDNA 7£
LightCycler 480 AU{X g% b k4T S0 2800 & &
PCR (real-time fluorescent quantitative PCR,
RT-qPCR) [, 7 DI REHE R AR Rk 6

RT-qPCR S W ® 3 NEE, HHYRER
Molang 1 i, PCR WWIKZR: cDNA
(45 ng/pL) 2 L, ETFHEZI% (0.1 nmol/uL)
£ 0.8 pL, ddH,O 6 uL, TB Green Premix Ex
Tag 1l (Tli RNaseH Plus) 10 pL, ROX
Reference Dye 0.4 pL. PCR KW FE/F: 95 C
30 s; 95 °C 5's, 60 'C 1 min, 40 PMEH;
95 C 5's, 60 C ZEM 1 min, SRAH 274kt
AT ERHE, —AAC, FTARIE LA R ARGE .

AC=C( H #3 3 H)-C( N = F A, 16S
rRNA),

AACEAC(ER ) -AC (VT IEAL)

Table 1 Target genes and primers

Target genes Primers Sequences (5'—3")

16S rRNA (loading control) 16S RNAF TGGTCTGAGAGGATGACCAG
16S RNAR TGCTTCTTCTGCGGGTAACG

fisZ ftsZ-F CTTCTCTTGACCCGGATATG
ftsZ-R CATTCACGACTTTAGCAACC

icdA icdA-F AGTTCACCGAAGGAGCGTTT
icdA-R TCTTTGCCAGTGTTCGGGTT

gltAd gltA-F CCACCGTAATGCGTGAAACC
gltA-R CCAGCTCCATAGCCACTTCC
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Figure 1  Structural characterization of CdS NPs. (A) TEM (inset: EDS image). (B) XRD pattern. (C) Tauc
plot (inset: UV-Vis DRS image). (D) Mott-Schottky plot. (E) I-t plot. On and off represent the state of the
light source.
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2.2 4ME CdS NPs gL {2t
mIEEH

PRI He B 1 CdS NPs il A B R [ 4 o %
FrF IR ODeoo M1 CFU W B Bk A= KR
#lo H1 ODgoo 1 CFU fHMLINF], CdS NPs Hyfil
AR KA EARK B ARH#EEN, HEE CdS
NPs ¥ BT Al & . MRyEE 2A. 2B Al
2 BARTTH, KIBAFRAE KSR CdS NPs
BRI, RIER RS R, Y CdS
NPs AN 60 mg/L B, KT H 4K

ARy

BERkE, RIEWERN 134 15, Z25ER
#. 4 CdS NPs ¥ JE = T 60 mg/L B, 7]fig
F CaE T MBA S TRERN N, E4EE
PR E LR R, S SR

CdS NPs fE sl ik, ORI AMT
SRR - O, BHmRSE A, R
FALIRJRRE ST o A SO N R A
Wﬁﬁu, A 50625 a5 | A i 4E B B 1

R, THFEGZS o, HEmR G -8 X
E’Jéﬁaxii BOmJGAE FIAR RRE ) o AT
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P —————— *” |—=— Control
o = _, 0.8~ ggg‘: IL
07 —vy— 5mt;10;]/1[?10
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S0 ) i S 04
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0.1 T lomer 02
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—— 60 mg/L
00L _ —— 70mg/L 0.0 0 0 L
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Vitamin C concentration
E F 0,50 G e H
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/. Q025 Q0.8 Y
S 0.2 +Control S 3 Q
— ggg-l mmol/L 8%(5) 0.6 C
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0.1 —+— CdS-10 ]n/*nmoI/L 0.10 0.4 - B,agl‘](t
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0 10 20 30 *‘CP%%\ \\ \ \‘3\6 012243648 607284
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2 A[E CdS NPs iKE. EFIFHESIREXS E. coli BIREKIER

Figure 2 Effect of different concentrations of CdS NPs, different types and concentrations of sacrificial
agents on the growth of E. coli. (A) Effect of different concentrations of CdS NPs. (B) Effect of different
concentrations of CdS NPsat 24 h. (C) Effect of Vc as a sacrificial agent. (D) Effect of Vc as a sacrificial
agentat 42 h. (E) Effect of methanol as a sacrificial agent. (F) Effect of methanol as a sacrificial agent at 24 h.
(G) Effect of optimum growth conditions. (H) Effect of optimum growth conditions at 84 h. Compared with

Control/Dark, *P<0.05; **P<0.01; ***P<0.001.

http://journals.im.ac.cn/cjben



ER F/AHMNE CdS PRMFR KT EERIZZNT 4687

JyE5R CdS NPs 5 KW #T# Z W] /Y HL 115 32 BE
J1, SEEREMREE Ve AR LR a1
W, LI L, AN Ve Al CdS NPs fig it
KIGFFEA KPR (K 2C. 2D figk 3), 1
HBEE R m, ARKEBOTE; Y
W& 10 mmol/L i, HA & e #E4E T,

[ 5 HJAnA Ve BEA BN CdS NPs [ BR 41
B KES, 25WEE . WP EE R

PRI, IS EAG, XK A e
AR (B 2E. 2F I 4).

M ERGERFTLIE 1, [ ODgoo AT LK
RHEE N ERRS . fEfR R AT, WNE
Jl CdS NPs ¥ 5k 60 mg/L . 4447 Ve He N
10 mmol/L ¥55% KMFTFHHT, ﬂ?ﬁﬁit’tﬂﬂ%
(1 2G F12H), HMEATH, YA KRS
FEBARS, Light-CdS 1iFR RAHHLHE) ODgoo

*2 AMAREKRE CdSNPs FHEEKH CFU &
Table 2 CFU value of bacterial growth after adding different concentrations of CdS NPs
Concentrations of CdS NPs CFU Concentrations of CdS NPs CFU

Standard deviation Standard deviation

(cell/mL, x10%) (x10°) (mg/L) (cell/mL, x10%) (x10°)
Control 2.15 0.54 40 (P=0.098) 1.76 0.51
10 mg/L (P=0.766) 2.22 0.06 50 (P=0.394) 2.35 0.08
20 mg/L (P=0.830) 2.20 0.04 60** (P=0.005) 2.88 0.08
30 mg/L (P=0.653) 2.25 0.11 70* (P=0.012) 1.51 0.14

Compared with control, *P<0.05; **P<0.01.

Table 3 CFU Value of bacterlal growth after adding different concentrations of Ve

Concentrations of V¢ CFU Standard deviation Concentrations of V¢ CFU Standard deviation
(cell/mL, x10%) (x10%) (cell/mL, x10%) (x107)

Control 2.10 0.15 Cds* 2.64 0.28
ontro . . . .
(P=0.047)
5 mmol/L V¢ CdS+5 mmol/L V¢**
2.36 0.20 2.85 0.25
(P=0.320) (P=0.009)
1 I/L +1 I/L Vc***
0 mmol/L V¢ 544 035 CdS+10 mmol/L V¢ 362 0.38
(P=0.182) (P=0.000)
15 mmol/L Vc¢* CdS+15 mmol/L V¢
2.70 0.50 2.30 0.21
(P=0.029) (P=0.422)

Compared with control, *P<0.05; **P<0.01; ***P<0.001.

x4 AMAEKREREREAEEKE CFUE

Table 4 CFU value of bacterial growth after adding different concentrations of methanol

Concentrations of methanol CFU Standard deviation Concentrations of methanol CFU Standard deviation
(cell/mL, x10°%) (x107) (cell/mL, x10%) (x10°)

Control 1.56 0.40 2.91 0.58
ontro (P=0.000)
1 1/L methanol +1 1/L methanol
mmol/L methano 0.88 037 CdS+1 mmol/L methano 154 0.55
(P=0.016) (P=0.969)
10 mmol/L methanol* CdS+10 mmol/L methanol
2.40 0.55 1.93 0.35
(P=0.030) (P=0.177)
15 mmol/L methanol CdS+15 mmol/L methanol*
1.43 0.18 2.75 0.91
(P=0.662) (P=0.003)

Compared with control, *P<0.05; **P<0.01; ***P<0.001.
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{5/ 9% Dark. Light Fl Dark-CdS ;3740755
32.4%. 153%F1 11.8%, Hbnl%n, SeME
R CdS NPs Xt E. coli f94: K HA 83 A4
#EM
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SR AR R AIBE )T, IR SRR IR
HrE AR KR BT P4 (reactive oxygen species,
ROS), Xt E. coli i bt 5 220 it A A &
HA WX ROS MR MEIMLE], 4ny™=4: CAT. POD
il SOD %52 J i, FEARAH P A N Ak s )
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PR EFRRIAFTE, E B 5% 24 h 5 BRI N
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fiti i J& . Dark-CdS>Dark>Light-CdS>Light, Hi
TRl AR R A AR A R R, R
Light-CdS AR &AL, HESEE,

1M CdS NPs [IAFDGKE Z A ASfL, TFARXT
P SOD YA s ok W& ; mARAR b
HMFT POD AR SIE, HEZH SRR
it 1 AR 23 X B AR R 1 i i 2 s e, AT LA
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MDA &ML N Z A FRg 5 2 T 1 1) g
Bl A Ay, HW B s, BT B 2 AN R
I BRI 1 P g o ik A8 A e 22, BV 24 T 40 i
I PR . I, R MDA ¥R AR T
B AILAAR PR o 3k AEL Ak A R B, T b S ke
21 i 5 3 a7

WS PR, 4FhAbFE 09 MDA Hk ¥ %
%J&: Light-CdS>Dark-CdS>Dark>Light, Jt:[i#
TFAIA CdS NPs f=E i) MDA ¥R BB . 5 .
Hrfr Light-CdS Ab#EZ5 4 #9 MDA ¥ JE Lt Dark
b MDA RS T 32.3%, RIATEIZLM
T 2 A A R LA T A A . XTSI
CdS NPs SGA: L sz rs i, St 75
A SE A E. coli MIEIES 53 L8
B, MG CAT NG A1 MDA ¥k J¥ 1945 5] L&
t, Light-CdS #H E. coli A &4 AE

500 F
400 | . B Dok
s I Light
- C
S 30T . . [ park-cds
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E20F oy w w - - - B 1ignt-Cds
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Figure 3 Activity of CAT, POD and SOD after different treatment for 24 h. Different letters indicate

significant differences.
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£S5 24h WHARLEEHET MDA BKE

Table 5 Concentration of MDA after different treatment for 24 h

Dark-CdS (P=0.174)  Light-CdS* (P=0.025)

Groups Dark Light (P=1.00)
MDA (nmol/10* cell) 0.000 096 0.000 085
Standard deviation 0.000 068 0.000 023

0.000 185
0.000 023

0.000 320
0.000 135

Compared with Dark, *P<0.05.

J1, FECEALAY CAT BEHE FIE SR B 1 MDA
BN LR Sl g i A, B2
M R A PR v, A R R ROR
R BR R A AR CdS NPs AU T CdS
NPs XA A K A8 PE, i H B Tk E K
IVE
2.4 AERER K E B

PA J2 4 G O B A A EE  E] Y,
RE A i iR AR I 2, SO —RIRIE IR 1Y)
HEIRY, EEFRYRAREIRR Pl EE
MK ALE R . i, PA AYAL B Sz e 1 40
R A AR L

PR IGFTF R AR MR B MO 8537 385 37
24h 5, K PA MUMREE . WiEk 6 i, 4 Fhkb
PRAMEE) PA WRIE LR 2 Light-CdS>Light>
Dark>Dark-CdS, JEIZ&MFTFIIA CdS NPs &
it 20 R HLAT BE R Y PA VR EE . i Light-CdS 4k
PHEF Y PA W [ Dark ZEFEIY PA WS T
34.6%, BIWHIEfR & 12 1 — IR IR 1 PR & 4% rh ik
R KA g mt, WEEREKER PA 5
SR, & E. coli 4 K TR 7K
H2%ES PA MR RWTREZH T/R2m R
R AZ B, PR X S5 S AT i 3 DR A X 5k
AT

F6 24h AR IEEZET PABIKRE

2.5 CdS NPs 3 & RF RIiEHI M

FtsZ #5 [ U8 45 40 1 43 24 1) b 75 T i
F, HfisZ SRRt TEANEE 240, Z Bk
AC ANy 24, FtsZ A4 Z ST
2P R, fisz JER PRI KT
O03E F TN Al w9 K 2R E . 5
iR ot S il AT A6 R 1 I — R R 1V B4 1) OC i
fit, S 5H icdd A gltA FER ifit . AR FTAG
T 24 h B icdd F gltAd WOMIXTFek &, DABLIT
W E. coli = FRIRAGIFHIRAS .

MW 4A FTLLE 1, 7EO6R AT i m
CdS NPs J&, fisZ tHXTRB A I,
Light-CdS ZH YA #ik &84S Dark. Light
Ml Dark-CdS #ME LM, 7 24 h B,
Light-CdS ZH 1) fisZ B AR X R8240 il 2 |
WT 228%. 270%A11 76%; 48 hif, Rl
T 91%. 201%F1 91%; 72 h i, BT
Light-CdS/Light 4k, XSk & 735 Bid T
65%F1 51%. WK L, fseZ BYARNT ki i
WA, TR T R B A BRI AR, A R AR
WKW E. coli ERKATRE. AR, 7F
B, Light-CdS 4 3EAR 8 T0OG R
X IR LR b iR 50% LA B, Xk
By, JERRAPE T EIN CdS NPs 1 LIAT R 38 &

Table 6 Concentration of PA after different treatment for 24 h

Dark-CdS* (P=0.022)  Light-CdS* (P=0.012)

Groups Dark Light (P=0.114)
PA (ug/10* cell) 0.163 600 0.198 260
Standard deviation 0.004 233 0.015 003

0.069 690
0.008 301

0.220 250
0.050 990

Compared with Dark, *P<0.05.
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B Light-CdS/Dark

[ Light-CdS/Light
Bl 1ight-CdS/Dark-CdS

Relative expression (fold)
w

24 48 72
t(h)

4 fisZ. icdA T gltda ERBHENRIEE

o]
w

B 1ight-CdS/Dark
[ Light-CdS/Light
B 1.ight-CdS/Dark-CdS

Relative expression (fold)

gltA icdA

Figure 4 Relative expression of fisZ (A), icd4 and gltA genes (B).

E. coli 938, B E E. coli R, X540
W ODgoo A5 —3L

RAEE 4B 4558, AT EIn CdsS
NPs J5, icdA T gltA FAXTF 5w ¥4 e .
Light-CdS 4 icdd4 FEPIMIX ik &L Dark.
Light 1 Dark-CdS [~ 86%. 25%#1 82%, i
Light-CdS 4 gltd B AHXf KA L Dark.
Light fl Dark-CdS 1 103%. 38%F1 75%.
M, AT 45, Light-CdS 4 =R RIEH
XA A BT m, XSGR 5ME PA i
FEREE R —B. E. colifG 5 1) PAFL B Al =
RIRVEA, W] LAHERT A CdS 5ot e 2
W E. coli BARIHK .

3 4k

ARWFFEHRT T CdS NPs ¥} E. coli A= K 15
M o BF 5% & BB RS T, A 60 mg/L /) CdS
NPs, F1:L2A 10 mmol/L W) Ve YE MR, Kz
FFHE B ODgoo 325 T 32.4%., 45 R0~ , (K& |
PA 1 MDA WY BE 51045 1 34.6% 1 32.3%.
STE ARSI frsZ FIXT B HTE 24 h 48 h
72 h 435 BT 228%. 91%A01 65%, =K

http://journals.im.ac.cn/cjben

FRAG PR S H LN icdA T gltd KL RAIXS F A& F
P T 86%A1 103%, VLI —RIRIEI /KT 4w,
EAHTIASEE T PA Y B R B B, TE A B
KA B . R fisz BEPIAE T F ki —
A TR K, I E. coli — EARFR R 0903
SUIRAS . BUSRIRIN CdS NPs 425 E. coli B
fEETT, AHJRC R SR 45 TSN CdS NPs X
B AR AR HEVE TR TR R sg A o 25 bk
TEEIRAAMT, 2S5k CdS NPs 7= A (L F
AT A R A AT R A 2R K
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