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B ZE: [84#] “AK4(silver nanoparticles, AgNPs)# A Mo tt— A 2 b RER, ¥ K4k
G T TR A BT AF NN % A thth i B R R A G LAY, KRR ZARBIN TR
A a-Bf % =B (alpha-ketoglutaric acid, AKG)AF 44 RARHAT R @GR VAR & LB 9 A k.
[ 517 TAETERTERARE, AEKRKS BT B BE S AT RAE. A2 1 mmol/L
R T Hiet & I7. 87 (polyvinylpyrrolidone, PVP)YE 4 &2 #] (PVP-AgNPs), % 72 10 mmol/L AKG 4§ 4 3¢
3% 7 (PVP-AgNPs@AKG), 48 2 FP4A R4 LA M AT A EF 5 3 L & 4952 (human cervical
epithelial cells, HCerEpic)#9 & AE A , B H47 2 ##4h K483+ KA # (Escherichia coli) BW25113
AR WA E LA RA A LA R L FNRm. [4R] PVP-AgNPs@AKG *t 3 #h%
2 A E Ao E 2 M H 69 R 37 /R Z (minimal inhibit concentration, MIC)#= R K 3 & K&
(minimum bactericidal concentration, MBC)34 tb PVP-AgNPs 1% 50%2k 50%¥A £, @t HCerEpic 4@
Jow) EH R E EF. 5 PVP-AgNPs #81b, PVP-AgNPs@AKG £ MIC JRE T+ E. coli a-B7 /%=
BR L 2 B M 6 37 AR R 38 5%, AKG B4R, ATP K-F 2 Z 41K, F) A7 M A (reactive oxygen species,
ROS)# KT R EF 3, soxS kik L, 122, KA FEA X4 arcA. for. fdnH & B & A EiR 642
B REMEAK, [£#] AKG B45 A R4 GE T ¥ o BFR B AL BRI 4 @i o9 it = Xalf, it
st AR BAR, m RAF LRGN R, AP KRR IE ST T 69 T
KERIA: MR4R; o-BRRZBR; WEANER; BAE
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Targeting alpha-ketoglutarate dehydrogenase enhances
antibacterial activity of silver nanoparticles

HE Yujing, DU Huamao

College of Sericulture, Textile and Biomass Sciences, Southwest University, Chongqing 400715, China

Abstract: [Objective] The biosafety of silver nanoparticles (AgNPs) has been a subject of
concern due to the narrow therapeutic window. Expanding the therapeutic window could
facilitate the application of AgNPs in the treatment of multi-drug resistant bacterial infections
in humans and animals. This study aimed to enhance the biosafety of AgNPs by modifying
their surface with alpha-ketoglutaric acid (AKG), a crucial component of the tricarboxylic acid
cycle. [Methods] Silver ion was reduced to AgNPs by rutin at room temperature, and then
AgNPs were stabilized with 1 mmol/L polyvinylpyrrolidone (PVP) solution to generate
PVP-AgNPs. AKG (10 mmol/L) was added to generate PVP-AgNPs@AKG. The prepared
AgNPs were characterized by a full-wavelength spectrophotometer, a particle size analyzer,
and a transmission electron microscope. The antibacterial activities of PVP-AgNPs and
PVP-AgNPs@AKG were evaluated based on minimum inhibitory concentration (MIC),
minimum bactericidal concentration (MBC), time-kill curve, and post-antibiotic effect. The
cytotoxicity of the prepared AgNPs to human cervical epithelial cells (HCerEpic) was
examined by the MTT assay and flow cytometry. Furthermore, the effects of the prepared
AgNPs on the energy metabolism, oxidative stress, and expression of genes involved in
anaerobic respiration of Escherichia coli BW25113 were studied. [Results] The MIC and MBC
of PVP-AgNPs@AKG against Gram-positive and Gram-negative bacteria were 50% or above
50% lower than those of PVP-AgNPs. PVP-AgNPs@AKG and PVP-AgNPs showed no
significant difference in the cytotoxicity to HCerEpic cells. Compared with PVP-AgNPs,
PVP-AgNPs@AKG at the MIC showed significantly enhanced inhibitory effect on the
a-ketoglutarate dehydrogenase in Escherichia coli, increased accumulation of AKG, lowered
ATP level, and elevated reactive oxygen species level. Moreover, PVP-AgNPs@AKG
significantly up-regulated the expression of SoxS and down-regulated the expression of genes
involved in anaerobic respiration, such as arcA, fnr, and fdnH. [Conclusion] The findings
suggested that PVP-AgNPs@AKG disrupted the energy metabolism by targeting a-ketoglutarate
dehydrogenase, rending bacteria more vulnerable to oxidative damage. Modifying with AKG
would be a potential method to expand the therapeutic window of AgNPs.

Keywords: silver nanoparticles; alpha-ketoglutaric acid; antibacterial effect; therapeutic
window

HTZm Mg H a2z i, S8R X R I R R e I AN OB 1/ T
BT BN R A2 R T, R RO Appapalam 25418 AgNPs XF £ & Hitk Kt 25
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PR, Tsmail 54738 AgNPs JA 8 T Z i
2T 5 | Y B R g AR K R I EL Y T
B AR RPN , X 221 245 19 i 4R v
A (Klebsiella pneumoniae)™®! . 4l 4 15 B2 ifd 14
(Pseudomonas aeruginosa)™ | B4 40 i 1 4 4=
1747 B (Listeria monocytogenes)® | [ 64 &3k 4
(Candida albicans) 14545 B i i 7350 - il
He 1 4R (reactive oxygen, ROS)J& 4 J& 40 K p
TN e R ST B VR i B AL =2 — ),

FRILLAAN, AgNPs iRfE S & B sE Al & il
Z A HH T RUEYA S A BN 2 1A
REXFALE, nsMHERED . YA RSN fi R
PR AR T AR R AR AT
RE X B 4 & A KR AR I . R Y
CUsABC i[RI g i P W) TE UM HFSE . F 2k A ML
P Ag'. Cu® HEH M &M i 2 B0 s i 37 11T
Ag AP RRE S 2 KIGFFRXT AgNPs
Az Tif 52 U4, Panacek SEMFST K BLK AT B 42
MV BHE ) B RAR AL B 13 105, 9RER T Ay
fe/MUTEE ¢ B (minimum inhibitory concentration,
MIC)fE M 3.38 mg/L T % 108.00 me/L, %4
SHEAME M MIC A 1.69 mg/L #2F+5] T
54.00 mg/L, —F T} 30 504 ES, Gliga %%
5T R A KT-1 Ag il AgNPs %58 i 2%
T2 R A (e AR TR X B A AL
B T L A B X AgNPs B HTEN,

Kaweeteerawat 55 & PR PR % 2% T IV AL 5 1
AgNPs 1, 5d 5%t AgNPs [T 32 P38 n, o
KW #F T 1Y 2 250 K 0 i) ¥k B2 (half-maximal
inhibitory concentration, ICso){EL M 11.89 mg/L 34
JNE] 17.59 mg/L, 4 5 (03 % BRI /9 1Cso fH
6.98 mg/L /N %] 18.09 mg/LI', ek, AMEMN
W kA BB AT e R BOH T 52 AgNPs,
AnarH FUEERIBR BRBETE &7 100 pg/mL Z0K R
(8 MIC {B0) BB P B A= R U™ 5 st 4 i 49 Ok

BRI PRIV AN AN %

KR A A M L AR R R R R 2 B
HHIER . Kife . MR M. REBHAHE,
W5 AR FISE . AR G, X &
PR S0 ) 5 ZE AN [T S, B 8 AR A A
e — B2, X R R E ] R R
DNA #if55 . A e T G2/M >, Curlin 4§
X/ EGEZE 28 d S HAK (0.1 mg/kg-b.w.), W
Mg ERSBUNRIET, EHR L
0 KR T e B 2 1) 2 R TR AR, M R AR
Al 07 384 0 g e BRI KRR KA e
TN R S BOR R, PR T E M E
IR REYE . GOKRERTE FaR A e 0k 5 T Y
) AR KRR B IR FIBIT s 25 BY, Anfar i 9 4
KARMIBUIAE . PUWTEE . DURAE R B AT AR .

XTAARR B RST . BRI e
3t ) A PEAT ek nT DA G 5 LT R AE A . ) an
Ajitha 1] pH Z2fb ] AgNPs iz Reg iR
PUERTEPERY, Kumari 2538 i #5551 4 WS4,
FHA PR AR AR TS T A FIEARE) AgNPs,
XL AgNPs eI TR [F BB R G PER s S
WATRRAE AgNPs T fins A F &G HEHTA i
SRR KRB BE L T AgNPs (194 92
TEPE, AEGH e AL A4 B 98 T W4

o- i )% — iR (alpha-ketoglutaric acid, AKG)
5 ¥ B R [8) O = R BR & ¥F (tricarboxylic acid
cycle, TCA)WRLGT , FPAEIR & A UMK AR 138
JE TR R fg e R0 2000 S oA DL e R 4
KARPUEMERE M HIIE . AKG AU HAE Wik
PR A PR A AU PR DG 5T, R Bshak B AR N
ou- IR 13 FR AR AR 1 UM 4l 5 IR 1 PR TS 477
E—FEA ZROE MY, S 5HENZ
PR RN AR RATHEN T AKG &1
KRR 5 2 HXT AKG & 500 & 2
BN 7= A TAREAM IVE T o A o —
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R A i 9 KB DS i LT R AR T, 38 ek I sf
) - 2% T I e L G A0 B 0 AR ) B B . XL
ol o ST U BE R AT, JF 4 & B 3Rk
REERSE T IR ALIE,  [RIE i e oA W2 4>
P, I NIE % & 8 F 4 M (human  cervical
epithelial cells, HCerEpic)i#E47 1 4 g 75 A

1 M5

1.1 FZEXFH

T AATAY TRE(EE RO ARA
A 5 A PRER ISR I MM e Bl (polyviny Ipyrrolidone,
PVP)¥ g A AR TR AL TR )5 o —
MR A i e A5 R 2 B B A R A ]
3-(4,5- — e mE -2)-2,5- 7% Ik U G R £
(3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium
bromide, MTT)ZH /i 1 5t K 40 i 5 e A i 3K 5]
W H b DAY R A RS\ 5 Annexin
V-FITC/PI i T 350 & W A A6 50 oK 58
AR A Eali s RNA P BGAR & A
O EH B AEYHEARAIRA A oo R
Z M A Sigma-Aldrich 23 F] 5 ATP 7 & fa
) DA K Dt B A4 IO H IR 5 1 A TN 3R] A 1y
W H 4 b)) HE ARG IRA A A
T PR S A I K 7R 6 T YL O i S Sk A R
ol AT oM IR I A S PR &L 2
o 18 R ARG 1R 2 LA K 2 e A R A
WA A Btk A RHEA R F
1.2 BRI AE

KB FF 13 (Escherichia coli) K-12 BW25113
] H CGSC (the Coli Genetic Stock Center); E. coli
8099 Fl4x % (14 %45 BR i (Saphyl ococcus aureus)
ATCC6538 W H FifF & B A R R il 2
5% B Jifi 74 (Pseudomonas aeruginosa) 1118 Fiifif]
S ANBFT 1 (Acinetobacter baumannii) TY-19
PG4 H B e F RS LI, % 2 BRI R

<l actamicro@im.ac.cn, & 010-64807516

i R o> B bk, XF - . Z RS . M
A2 | B 2R A 2R R B P4 R AU,
NIEH B #0E Fz 40 i (HCerEpic) W [ 5 1 (_1- 1)
HEYIHR K SR PR ] o
1.3 KRIREIE SR

F TR IEGRAE pH 11,0 Z50F il 24
RARPA, 28 2 WSO RBRARBUR AR 1, A
L A 1 mmol/L PVP 1E AR E I . 7 200 pg/mL
PVP-AgNPs JEARIEW A 20 mmol/L AKG,
T 37 cCOLid B, FHEE T KGRI
PVP-AgNPs@AKG . & I #8 1l 2 43 6 6 it
(ThermoFisher Scientific /3 Fl) . % 5 H 7 2. f 5%
(FEI 28], 4K B LA { (Malvern A F]) . R
I BEZ ARG AL RO A R AR X 2 A
PR FEATRAE
1.4 HRIBMEGMEER

Fie SCHR 33119 J7 6 AE 96 fL Al H A6 il
PVP-AgNPs Fl PVP-AgNPs@AKG %} E. coli
BW25113, E. coli 8099, S aureus ATCC6538 .
P. aeruginosa 1118 #1 A. baumannii TY-19 X
5 R4 A A9 B/ N T R B (MILC) R B AV A% T
(minimum bactericidal concentration, MBC), LA
KXt E. coli BW25113 A1 S, aureus ATCC6538 1)
I ] - A% T 2 AT AR SRR R0, b 40 R Ak
JEHI2h 1x10° CFU/mL, MIC F1 MBC {8 i 6 )
H YR AR 2R BE ARl 100,50,25.12.5.6.25,
3.13. 1.56, 0.78 ug/mL, B [A)-7% B ph e ik
IR T E. coli ff FH B AH KAR VK FE 58— K
6.25 ng/mL, %I S aureus fdi (44 K 4R 1k i 42
— 4 12.50 pg/mL, FRSEEE 3 NFATEK,
1.5 PRIRAVMAMRESH

¥ HCerEpic 4% 5% 2 X550 AE K (e 20
IR A9 80%1 1), PBS £ il DMEM 3
Ml SR EH AR AN, %% 96 FLANMIG MR, &Y
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8 000 4t /AL(4FAL 100 uL), T 37 °C. 5% CO,
B FRFaTh R SR 18 h, FHMRIE /3510 20, 40, 80,
120 pg/mL f*) PVP-AgNPs Fll PVP-AgNPs@AKG
03 2 h, FEESTYORERREFROF A PBS
W 1R 4% MTT 32005 240 185 7 e A R 2 1k

¥ HCerEpic 40 i 1x10° >4 it /FLAd e,
B35 24 h S0 9 12.5 pg/mL F1 50.0 pg/mL
i PVP-AgNPs Il PVP-AgNPs@AKG #b#H 12 h,
FEBH 45 Annexin V-FITC/PI 251 €0 20 i i
Tryeta, e 58 s 7E T X4 (BD Biosciences
oy ED) BRI A IR AE . TS O o
1.6 KRIRBEMIRE T

WU SR 200, 100, 50, 25, 12.5, 6.25,
3.125.1.563 pg/mL K PVP-AgNPs@AKG ¥R
ABRAE A 10 kDa FUEBIEE S, 4 °C. 3 000xg
B0 15 min J5, % 1.4 B9 EEAE 96 FLAR HR i E
HRUERT T Y PVP-AgNPs@AKG E. coli BW25113
) MIC F1 MBC {H o [ Bsf 0l 22 ¥ B >4 200, 100,
50,25, 12.5. 6.25. 3.125, 1.563 pg/mL AgNO;
VWO EE R 20, 15, 10, 5, 2.5 mmol/L #Y
AKG AW E. coli BW25113 f MIC il MBC
[ER(ESROpiE
1.7 HWNAFENAKRRBAZ

¥ 4x10° CFU/mL E. coli BW25113 44k
FEALFR 15 min F1 30 min J5, 5 000 r/min &0
10 min WA 1A, PBS Vi 3 ¥kJ5 A 1 mL 65%
WeRSBR T 80 °CALH 2 h, 524l f# )5 ddH,0
EARZRE 5mL, £ 0.22 pm U8 U8 5 8 ik
A B TR TS (PerkinElmer 2 &) )46 77
WP RS R, IR RSOGO R, oY
4 T A R

YRR A AH TR PR Y BT A LR
K A H(%/x10° CFU)=(I 45 3 A 4158 P 1Y
N A AR S i < A TR T A TR AR ) (A KR R B <

R AR AR < TR MR > TRV R ) % 100
1.8 KGR E BN E

K gy K AL RS E. coli BW25113 ffl/N
ATP . ROS. AKG DI AR (Glu) Y 5 Bk i
54k o 6.25 pg/mL F 12.50 ug/mL PVP-AgNPs .,
PVP-AgNPs@AKG F-37 °C4bH | mL 4x10° CFU/mL
E. coli BW25113 15 min £ 30 min 5, 5 000 r/min
B0 5 min YWAE B ARIE A PBS P&, B A 2 mL
P O P R A, AR B T oK IR
PEFTREFE IR, S5 AEIZE 100 W, TAE 1.5,
5 2.5s, FLALFH 10 min. 23 51 JUURR 354t 32
FEYNRE N ATP i, F ELISA dEAai 4 i i
ROS &, HAARM i A B4 a0 & i i A5 0547 o
FHAH R 5 B 4b B 4x10° CFU/mL E. coli
BW25113 12 h F124 h, B 10 pL &7 EH
TG RITEL, WURILARTEAR, A 200 uL B4
JEPIHER: (radio immunoprecipitation assay, RIPA)
SRR, IRAIJE UK EFRE 2 he 4°C. 3 000xg
B0 10 min, B 25 pL b3 V& FH B Se 2 W fH
% (enzyme-linked immuno sorbent assay, ELISA)
PE AKG Fl Glu ik B B ab R 3 -2
MIfL, SERRER 3 IR MRYEARIE L il bR v i
&, R RS
1.9  ZKRIIRANS] o-BR X ZBG B S BRIE 14

A ddH,0 & B o- B % R B A
(alpha-ketoglutarate dehydrogenase, a-KGDC)Z%
#7400 IU/L, ZrnlfcdldkEh 64, 32, 16, 8.
4. 2.1, 0.5, 0.25 pg/mL BIYARERIER . K
FHEERBURS, 76 37 CRiFRA PRI E 1 h,
WEHE G LAV E FUk E, A o-KGDC {1
ELISA a5 &5 4% 150 W 5 07 145 0 5 o

# 1 mL 4x10° CFU/mL E. coli BW25113 [#
T MIC e FEEAKERALFE 15 min, 30 min, 12h
24 h, BUDRERSHIT PG R, A
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AXBAINA 200 pL RIPA $RZ4#W, 1RA1E VK F
#E 2 h, 4 °C. 3 000xg &[> 10 min Ji5, BL 25 pL
FIEWH ELISA B0 E 41N a-KGDC Tl
1.10 A& 4H & A KR B FH A Rk K

PRS2 28 628 fE PCR KGN 2 Fofr 40 oK 45 40 31
E. coli fi7 arcAP**7 fnrB%3 fdnH**!  soxS42+
1 sucBM 5 A JEH 55 Sk EAE Ak, DL =R
H Vb A g L gapA ERMINZ, P
HEIWFH IR 1 (519 H Primer 5 #1531,
E. coli BW25113 £ 12.50 pg/mL K440 3
15 min 1 30 min,

FHE RNA PSR BOLH 3200 RNA,
H3APATER, M RNA EERI3 K., bt
SR Z (20 pl): 5XTRUEscript RT MasterMix
4 uL, gDNA Remover 1 pL, RNA (10 ng/uL)
15 pL, RESEPHRIAEET PCRAY, BWHEKX
MFRF: 25°C 10 min, 42 °C 15 min, 85°C5s.
FIrfSH) cDNA 774 F NanoDrop Kl i J& A4l i
JE s, R T-20 °C. 7£ 96 FL PCR H ik vk
JA ddH,O 8 uL, UltraSYBR Mixture 10 uL, I,
TS 194 50 umol/L, ¢DNA 80 ng, ST :

F1 XBEEFEDIERSIIFT
Table 1

95 °C 10 min; 95°C 15s, 60°C 60s, It 40~
PEFR; 72 °C 10 min. ff5 #EA TR RT 27347
111 HIES 0

FiT A BE R ) SPSS v21.0 JE4T B [H % )5 22
3 #T (one-way ANOVA), #4740 0] l# . #
Leven’s ful Jy 2255, SR MR/ W& 1M 22 J vk
(least significant difference, LSD)K: % E47 Wi R
#t; #7255, A Dunner’s T3 #0560 .
*F R 225 B 3 (P<0.05), **FR2EFIEW BFE
(P<0.01), ***& K2 F 4 H B % (P<0.001), A
B2zl il Origin B 58 . it =X 20 B 4SO I %
PRl FlowJo v10.6.2 HE1743 4

2 HZRE5OM

2.1 PVP-AgNPs@AKG HI& B 5 R 1E

P HERRE 5 TR Ag R IR TR
WA TG BB ik, Wi, B, £
PR AT UL 404 nm 404 B — TR I | A
AR A BT (18] 1A, 37 5T H B UL S 7T L4
KAREBRIE, RiARIMAAE 6-22 nm, FIkiiE
13.2nm (Kl 1B, 1D); V3 {HLAA-17.1 mV,

The oligonucleotide sequences of primers and the functions of related genes

Gene Primer sequences (5'—3') Product Function of gene product References
length (bp)
arcA F: ATGCAGACCCCGCACATTC 717 Anoxic redox control, mediating the [34-37]
R: TTAATCTTCCAGATCACCGCAGA metabolic transition from aerobiosis to
anaerobiosis
fnr F: TCAGGCAACGTTACGCGTATG 753 Global transcription factor, managing the [38-39]
R: ATGATCCCGGAAAAGCGAA distribution of RNA polymerase in
response to oxygen starvation
fdnH F: ATGGCTATGGAAACGCAGGA 885 Functions in the formate-nitrate [40-41]
R: TTACTCATGATGATCCTCCTCGTC respiratory chain, rich of Fe-S cluster
soxS F: ATGTCCCATCAGAAAATTATTCAGG 324 Activator of superoxide stress [42-43]
R: TTACAGGCGGTGGCGATAAT
sucB F: ATGAGTAGCGTAGATATTCTGGTCCC 1218 Alpha-ketoglutarate dehydrogenase, TCA [44]

R: CTACACGTCCAGCAGCAGACG

gapA F: ATGACTATCAAAGTAGGTATCAACGGTT 996

R: TTATTTGGAGATGTGAGCGATCA

cycle enzyme
GADPH, universal reference sequences  [45]
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Figure 1

oLl I | | I I |
4 6 8 10 12 14 16
Size (nm)

Characterization of silver nanoparticles. A: UV-Vis absorption spectra of AgNPs. B: PVP-AgNPs

under transmission electron microscope (TEM) observation. C: PVP-AgNPs@AKG under TEM observation.
D: Size distribution histogram of PVP-AgNPs. E: Size distribution histogram of PVP-AgNPs@AKG.

KAE2F4EH 39.23 nm. JILA 20 mmol/L AKG fE
S ) 5 AR SR K A e s, kAR S AT 7E
4-16 nm, FHPRif2 10.6 nm (K 1C. 1E); F1
¢ H-3.58 mV, KAEHRZEH 89.61 nm.
PVP-AgNPs Fll PVP-AgNPs@AKG Ji 1417 & i
pH {E 439k 5.5 #1 2.3,

2.2 AKG #ERMKIRBAMEIER
PVP-AgNPs fll PVP-AgNPs@AKG X E. coli

BW25113 . E. coli 8099. S aureus ATCC6538.
P. aeruginosa 1118 #1 A. baumnnii TY-19 (1] MIC
I MBC {E L3R 2, £55REW] AKG B X 5tk
T MIC {HIIFEAE 50%; B A. baumnnii TY-19

) MBC {HIRFFAAE LIS, FHARTRIME MBC {3
AR 50%5% 50%LA I .

il 6.25 pg/mL PVP-AgNPs@AKG 4t B
E. coli BW25113 9 h J& & i £l F R 3 4
FK(K 2A), FH 12.50 pg/mL ¥ EALFE S aureus
ATCC6538 BE T FE 1 MR (K 2C), TiAS
St N AR AEAH R B T X 2 MR A BT S B0 A il
YER. PiAERERBOVERE R, BIETE 1 MIC ¥
JET, AKG Humg KR A fF BW25113 BRI
SRR FEIR 0.79 h, ATCC6538 kkAIK 5 1k K 4E
iR 0.07 h (&l 2B, 2D). HMHKRE, AKG ©Eif
KA S U P 9

http://journals.im.ac.cn/actamicrocn
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% 2 PVP-AgNPs #1 PVP-AgNPs@AKG X 5 #h#f &9 MIC 1 MBC {&
Table 2 MIC and MBC values of PVP-AgNPs and PVP-AgNPs@AKG against five bacteria

Strains Silver nanoparticles MIC (pg/mL) MBC (pg/mL) MBC/MIC
Escherichia coli BW25113 PVP-AgNPs 12.50 25.0 2.0
PVP-AgNPs@AKG 6.25 12.5 2.0
E. coli 8099 PVP-AgNPs 12.50 25.0 2.0
PVP-AgNPs@AKG 6.25 12.5 2.0
Staphyl ococcus aureus PVP-AgNPs 25.00 50.0 2.0
ATCC6538 PVP-AgNPs@AKG 12.50 25.0 2.0
Pseudomonas aeruginosa  PVP-AgNPs 50.00 >100.0 >2.0
1118 PVP-AgNPs@AKG 25.00 50.0 2.0
Acinetobacter baumnnii ~ PVP-AgNPs 50.00 100.0 2.0
TY-19 PVP-AgNPs@AKG 25.00 100.0 4.0
% Y[ —a- PVP-AgNPS@AKG
7 sk
v 6 3}
=l 51 = 4
4 3
3 L Types of silver PAE (h)
—=—Control 2k paris
2| = 6.25 pg/mL PVP-AgNPs e
|| 7+-6.25 ug/mL PVP-AgNPS@AKG 1k atpc ©
Il 1 1 1 1 1 1 1 | 1 |
0 1 3 5 7 9 0 2 4 6 8 10
t/h t/h
—4—12.5 ug/mL PVP-AgNPs@AKG oF
5 =
@)
e 4r
3 -
Types of silver PAE (h)
nanoparticles
24 PVP-AgNPs 0.57
PVP-AgNPs@AKG  0.64
1 L
1 1 Il 1 1 1 1 1 Il 1 ]
0 1 3 5 7 9 0 2 4 6 8 10
t/h t/h

2 BB AKG HimHETE AgNPs B E &S

Figure 2 Comparison of antibacterial activity of AgNPs. A: The time-killing curves of AgNPs for
Escherichia coli BW25113 within 9 hours treatment. B: The post-antibiotic effect of AgNPs on Escherichia
coli BW25113 under the concentration of 1 MIC. C: The time-killing curves of AgNPs for Staphylococcus
aureus ATCC6538 within 9 hours treatment. D: The post-antibiotic effect of AgNPs on S aureus ATCC6538
under the concentration of 1 MIC.

<l actamicro@im.ac.cn, 010-64807516
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2.3 AKG RIBEX IEFHAA S HEER
F MTT A TANKRAR AL 3 2 h A 20 i 2
PE, Z55LEIR 2 BRI AN i EE R R B
FIR AR E T, AKG 3585 X L IE & 4 i
HCerEpic ) #E M JC I8 2 48, 1Cso {551 R
104.39 pg/mL F1 100.82 pg/mL (&l 3A), KT I
SCRIM AN MIC H . Zi=Can Lo 2 #h
QUKARAE IR 12 h J5 AL T FIIRFEAE O, 45
T AKG B3 A 7] i B 94 K 4R A 3 4 ]
TRFEZES, WEEHFFAMMMT-(12.5 pg/mL:
65.74% Vs. 62.40%; 50.0 pg/mL: 50.24% vs.
51.12%), DEAf &R EIRSE(12.5 pg/mL: 0.23% vs.
0.14%; 50.0 pug/mL: 0.31% vs. 0.15%) (&l 3B-31).
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TEATP &5 TR 30.65%F1 61.30%,12.50 pg/mL
PVP-AgNPs AbFH 30 min LU FF&E 51.94%,
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Figure 3 Comparison of the cytotoxicity of HCerEpic cells induced by AgNPs. A: The cytotoxicity of
HCerEpic cells by MTT assay after treatment of AgNPs for 2 hours. B—F: Respectively as normal control
group, 12.5 pg/mL PVP-AgNPs, 50.0 pg/mL PVP-AgNPs, 12.5 pg/mL PVP-AgNPs@AKG, and 50.0 pg/mL
PVP-AgNPs@AKG treated HCerEpic cells for 12 hours were detected by flow cytometry. G: Fluorescence
intensity of Annexin V-FITC dye in cells. H: Fluorescence intensity of PI dye in cells. I: Column analysis
based on B—F flow cytometry raw data.
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Table 3 The amount of silver nanoparticles entering Escherichia coli

Silver nanoparticles Concentration The amount of silver” (pug) The ratio of silver (%)
(hg/mL) 15 min 30 min 15 min 30 min

PVP-AgNPs 6.25 2.70+0.01 2.92+0.02 15.37 16.60
12.50 2.85+0.02 3.29+0.02 8.11 9.35

PVP-AgNPs@AKG 6.25 2.63+0.01 2.76+0.03 14.93 15.67
12.50 2.81+0.02 2.92+0.02 8.00 8.31

" N4 10° CFUE. coli o VR it
*: Calculated as the total amount of silver per 10° CFU Escherichia coli.

CIPVP-AgNPs 15 min
O PVP-AgNPs@AKG 15 min
PVP-AgNPs 30 min

A PVP-AgNPS@AKG 30 min B —=PVP-AgNPs ¢  12.5 ug/mL PVP-AgNPs
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Figure 4 The enhanced inhibition effect of PVP-AgNPs@AKG on Escherichia coli energy metabolism. A:
The changes of Escherichia coli ATP level after silver nanoparticles treatment. B: The inhibition of
Escherichia coli-borne alpha-ketoglutarate dehydrogenase activity by series concentration of silver
nanoparticles in vitro. C: The inhibition of alpha-ketoglutarate dehydrogenase activity of Escherichia coli by
1 MIC AgNPs invivo. D: The expression of Escherichia coli sucB gene after treatment of 12.50 pg/mL silver
nanoparticles. E, F: The concentration of AKG and Glu of Escherichia coli after treatment of 1 MIC AgNPs
for 24 hours, respectively. *: P<0.05; **: P<0.01; ***: P<0.001.
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Figure 5 Comparison of expression levels of arcA
(A), fnr (B), and fdnH (C) genes of Escherichia coli
BW25113 by treatment of two types AgNPs.
*: P<0.05; **: P<0.01; ***: P<0.001.
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Figure 6 Silver nanoparticles induce oxidative
stress in Escherichia coli. Changes of SoXS gene
expression level (the left axis, bar graph) and ROS
content (the right axis, line graph) in Escherichia
coli treated with silver nanoparticles. *: P<0.05;
**: P<0.01; ***: P<0.001.
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Figure 7 The antibacterial enhancement mechanism of AKG coating silver nanoparticles.
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