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Abstract: Silver nanoparticles (AgNPs) is known as one of the most valuable metal nanoparticles
in antibacterial and anticancer application. AgNPs-resistant bacteria has been documented, but it
is unclear whether cancer cells can also escape the anti-cancer effect of AgNPs. In this study, we
aimed to investigate this phenomenon and its underlying mechanism. The antibacterial activity
and cytotoxicity of AgNPs were measured in the presence of HeLa cell metabolites. The status of
AgNPs in the system associated with metabolites were characterized by UV-Vis, Zetasizer Nano
ZS, and transmission electron microscopy. Non-targeted metabolomics was used to reveal the
metabolites components that bind with AgNPs. HeLa cells were injected intraperitoneally to
establish the tumor-bearing mice model, and the stability of AgNPs in mice serum was analyzed.
The results manifested that HeLa cell metabolites inhibited the anticancer and antibacterial effects
of AgNPs in a dose-dependent manner by causing AgNPs aggregation. Effective metabolites that
inhibited the biological activity of AgNPs were stable in 100 °C, insoluble in chloroform,
containing sulfur elements, and had a molecular weight less than 1 kDa in molecular weight.
There were 115 compounds bound with AgNPs. In vitro experiments showed that AgNPs
aggregation occurred only when the concentration of a-ketoglutarate (AKG) and glutathione
(GSH) together reached a certain threshold. Interestingly, the concentration of AKG and GSH in
HeLa cellular metabolites was 10 and 6 times higher than that in normal cervical epithelial cells,
respectively, which explained why the threshold was reached. Furthermore, the stability of AgNPs
in the serum of tumor-bearing mice decreased by 20% (P<0.05) compared with the healthy mice.
In conclusion, our study demonstrates that HeLa cells escaped the anti-cancer effect of AgNPs
through the synergistic effect of AKG and GSH, suggesting the need to develop strategies to
overcome this limitation.

Keywords: silver nanoparticles; cancer cells; drug-resistance; metabolomics; colloidal stability
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(enhanced permeability and retention effect, EPR)%S
DAE SR TR E R, LRI RS h 44K 245 )
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W I % R OA B R pH 1A
iK% & 1k F0 ik J R 4F Bk H K (glutathione,
GSH)FFIE T A 99K 25 P B AR i i L
LI 1 R A3 P 0T 298 K AR e g AV T 1) 5 i R H:
TE SV A TR I R WL AIGE .

AR HeLa 40 YIFEA R 6 5
UOKHUR S, SR B RHPIEEN . bUsiEN
WAL, 4 6E1% 1 (energy disperse spectroscopy,
EDS)Zrr . 25 AR 412 555t K W HeLa 4f
MY oMW R . SRR . A AR
S5/ R AR AR R e M, R
YU . PURSEAYE RS, PRt EIKIRIE
20 0 T 52 9 AR 18 — g L

AR

L1 EZEMH

R NG GERR (polyvinylpyrrolidone, PVP),
FTAAETAY TRERMARAE, HRE
(AgNO)I B AR AL T30 . KIgtr
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A&7 "0 (the Coli Genetic Stock Center),
HeLa ‘£ 25098 4 M R v 1L RS 2= idy 11 2O
HCerEpic 44 A & B F i) EYHOR & e
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FRAF . GSH W T b i Bk A= R BR 2>
A, o-ff % 2 (a-ketoglutarate, AKG)IWF | i
BB EA M AR AE, FATERR (isocitric acid,
ICA)WA T 22 s A= AL BHE A A FR A H .
CellTiter-Lumi™ Plus /& 7% 41 B 75 F1 4635
T B ERREVEARARAE . A5
It FH JG 4 72 9% J A4 (specific pathogen free, SPF)
2 BALB/c nude /M, AH 18-22 g, W A RS
Wk v sk LR S WA IR A W], TEVE R RS2
2 BE SEE B L SR
1.2 RSREVE AR

e SCHR [T TE B I A& B KR . H
Nanodrop2000 (Thermo Scientific)#F17 4 K
FH R AgNPs I RRAE NS UG, ORI A 4
HrkL B 4345 Al ¢ B0V (the Malvern zetasizer nano
ZS), % 4 B F & 8% (transmission electron
microscope, TEM, HITACHI)ZEAE R 5HFITEAR
13 KB BER
1.3.1  #K4R3T HeLa {HARRYA ARSI

$¢ 2x10% 4~ HeLa 43R0 T 96 fLAR, 4=
K24 h 5 PBS BEH 2 K, TETCHLIF /KA seal
T g A BE FEFE(Dulbecco’s modified eagle medium,
DMEM)}555 414 T /1 40, 80 pg/mL #1120 pg/mL
AgNPs 734 FE 2 h F1 12 h, IR
e, AR 3 AN EE AL, H Cell Titer-Lumi™
AN E ATP K- DATEO 40 A7 2, S5
B 3R MR R AN . A
Z(%)=(FF it B G AR R OGIHE )/ BRZH &
{H-ARJE K IE(H)* 100,
1.3.2  HeLa X405+ 44 K 5R B9 40 A 55 4 B9 52 1l

HeLa 4ffl A #EA R 1.3.1, PBS VeSS m
A 100 pL I3 DMEM 355, F37°C. 5%
CO, 6 T E 0. 2. 4. 6 h Al 8 h JFHMA
100 uL 360 ug/mL AgNPs, Z¥Z20H 2h)n, %
AR EAG I ATP K -F- I 55 240 BLAF TG 26
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HERE 3L, LEWER 3K,
1.4 HeLa Z /4K 54 % 49K sR A0 W& 7K
MEEA B0

FEAN 0 40 L 15 55 TR AR T 100 T B K AR 1Y
P Ve ARG, G e bt RV A R o 4%
SCHR[8TIE G KAE X 10° CFU/mL E. coli FFA%
¥ B (minimum inhibitory concentration, MIC)
Flf/INAS B e (minimum bactericidal concentration,
MBC). B 1.3.2 /1 5 ABf ] s Y L 5 3R 5
360 ug/mL AgNPs ZE{(AFURA S A 2x10° CFU/mL
E.coli, T4 hWN#ESMEEMELE. o, 1
K L2 HeLa 4f A M JC 0L DMEM 1557 2
BEE 12 h, BOXIEFRW A% 5%, 10%.
15% . 20%F1 25%JIIA 360 ug/mL PVP-AgNPs
AR, A 2x10° CFU/mL E. coli J5 il
JE 4 h NG A £l 2 Fab PG BL R E. coli
P71 2R

25 8 BN AR AT A 1Y T AL e A v
A, P T HeLa 4 ACHHI YT HL0, (1)
SO0 . W5 HeLa 400 12 h A 5 16 mmol/L
H,0, A, M E. coli 7715 Hhk .
1.5 HeLa fiGHXT 44K RAVEE E BTN

FIRAFSE L PR HeLa 20 A0 41 44 K
WEPLE SRR, EATE H0, WP
TEPE, HOBIHSZmAOKRR T2 M. % HeLa
YA AgNPs IRA (ZHEE 100 pg/mL),
A Nanodrop HrillZ4K4R 12 h PR EEHR-1] IL
(ultraviolet visible, UV-Vis)W G35, N T fif
KRR R AR A 5 k2=, R
W 100 °CAEFE 30 min, =% &5 &AL
B, PRSI AEY SAORELR A, kil
H UV-Vis WIS I 22 4k

' HeLa 21 S A G v AR B (Bl 100
50, 30, 10, 3 A1 1 kDa HIHIER > W AR4H
Ay, B4 100 pg/mL AgNPs 25 A BUR A,
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PATC IR DMEM 352 3 X R4, F 37 °CiF
# 30 min J5, HA Nanodrop £l UV-Vis Wi
i, TFREAURER I RECR

REYCRIT AN BEICR(%)=[(F ]
2H OD 44— S5 2H OD4o4)/ X} BEZH OD404]%100,
1.6 PARIRBEVHRIERTEZDT

4 HeLa 40/ N3 +4H53 5 200 pg/mL
AgNPs ERBURS], T 37 °CE 3 h )5,
12 000 r/min &.0> 10 min, i ddH,O ¥E&IITE
3K, hnidtt ddH,O A I 75 438 30 min,
JH &0 K7 5 fL S (SR I R AR T R AR A ¢ HR
O, 375 S HL R ARG TR i 11 2 T T B RORE A2
EDS BE1%{X (Thermo, 250Xi)F il 44 K 4R R EE )
OpIve2E Y
1.7 RiFHPRENKS D

FAERE AR ZHE AR KT HeLa 2 MO AXH
Wy I N K AR TS Y 25 S A A b . BE SR
HeLa ZH i -l % 6 #LACH P LA E N 1 kDa
(ARG B AR, /N TR A
B 400 pg/mL AgNPs 5 /N FARU =P (R B H
J 1:3)1R4], 37 °Ci¥%E 3 h, 12 000 t/min, 4 °C
ZMF N B 20 min, BB K6 /T
TR e 6 0y RS DIRG9 b 35 % I N i
oK AR Y B 2 B A BR S w7 AR S g AR 0
AT -
1.8 B—HS AN KRR EEH

ST ALAC LR, 255 IR AR
AL T T e R AR, F S — A G P s
YA ATAORR IR ST, Kl /57328 UV-Vis
PR . STREREDKRE M 5, FREEE
A P2 W B0 52 5 (enzyme-linked immunosorbent
assay, ELISA)E H.)Z HeLa 40 fu4e JCIMIE K557
HIG 2. 4. 6. 8. 12h A WFIEFR M PR,
1.9 frfE/ N RILE R 4K EIRT2E S

¥ SPF 4% BALB/c nude /(4 J&1#%, MEME)



WIS SEBABN o BT EAABE KRR HeLa MEHSHKE

BEALAT A 2 20, X RE A B L/ INERUIE s 19 25 200 pL
A BRER K, S 2H I I TE ST 200 pL R E N
2x10" cells/mL HeLa Al Bk, T55 14, 21,
28, 38, 48 KR IMIF/r B IMLIE . #51Mis 5
200 pg/mL AgNPs SF{RFURS), T 37 °CIF &
30 min J5, F Nanodrop /f UV-Vis 4 K$1
i, WOKRWBENRITEAKXFET 1.5, i
S ST RA VM R S e B AR
BoHEEAES . IACUC-20230222-01).
1.10 BUEHKIT 247

{# ] R £ mixOmics (V 6.8.5)/ropls (V 1.16.0)
HEAT IE A W d5e /N — 3 H 591 53 HT (orthogonal  partial
least squares discrimination analysis, OPLS-DA),
ggpubr fL(V 0.2.5) compare% b& %17 H. A
R 2081, vegan (V 2.5-6) adonis pREIES T
Bk Zoudi 20, - BH % (benjamini &
hochberg, 1995)Z1E P {E, W\°h P<0.05 2571
*. HAEARG T SPSS 22.0 #fFilk1Tr
53 M1 #1 Duncan 2 L (P<0.05).

2 ZR5OM

2.1 AgNPs B& B ANRAE

FET IR B T, SOV R IR B
U, WERiRE, IR UV-Vis RIBCETEAE
404 nm ACARFAEPEIONCIGE ,  HOE(E R (A TR
ISR (B 1A), TEM EEFR AT AgNPs 2
Bk, RiARAE 2-20 nm (& 1B). /il 1 mmol/L
PVP J5 4K R 7K G kiR A (72.7+1.2) nm 3K
% (124.842.6) nm, § HLA7M(-19.2+0.5) mV J+
% (-9.04+1.16) mV (& 1C).
2.2 HeLa #fB{X it 30 H 49 K SR AT 9=
m=E{ER

FeH T RMG R B2 HeLa 4HMVER S
FH 2D KR AL PR 2 h AT 12 h, 1Cso 505N
120 pg/mL #1 40 ug/mL (& 2A)., B, [H¥EE

&: 010-64807509

>
N
1

Absorbance
s o
N o0

s o
S5 =N

<
(=]

1 1 | | | |
200 300 400 500 600 700 800
Wavelength (nm)

@]
|
=)}

—~ 130
E {-8
— 120
8= 4-10 =
[+
g 10 | E
=1 ]

100 F | 4B
E 14 5
< = (e}
g 90 1-16 &
=] e
= 80 4-18
)
T 70k 4-20

1 |
AgNPs PVP-AgNPs
Bl 1 RBEIRIE A UK UV-Vis T

BOLHE. B: 9KMRA0ES BB, A7 10 nm.
C: YHKERFRE WIS A 7K A KL A H A7 &

Figure 1 Characterization of silver nanoparticles.
A: UV-Vis absorption spectrum of silver
nanoparticles. B: TEM image of silver nanoparticles

with a scale of 10 nm. C: Hydrodynamic diameter
and  potential of AgNPs with/without PVP.
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2 HeLa {HRREIIFIANRROTBBINREIER  A: 9OREALE 2 h 80 12 h B940E7E. B: HeLa
AAEACHY) 3L 180 pg/mL GKARPURMEHIREK. C: HeLa 4HMIAS R R L) 73 2MIC GOKARBTIRAE
JHFEAR. D: HeLa 4f1fifd 12 h AR EAORRBTR A IR, E: HeLa A0 U HO, BIBTERI1H]

Figure 2 The inhibition of anti-cancer and antibacterial effects of silver nanoparticles by HeLa cell
metabolites. A: Cytotoxicity of silver nanoparticles treated for 2 h or 12 h. B: Inhibition of the anticancer
effect of 180 pg/mL silver nanoparticles by HeLa cell metabolites. C: Inhibition of antibacterial effect of
2MIC silver nanoparticles by time-dependent HeLa cells metabolites. D: The 12 h metabolism of HeLa cells
inhibited antibacterial action of silver nanoparticles. E: HeLa cell metabolites did not inhibit the antibacterial
action of H,O,. **: P<0.01; ***: P<0.001.

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



SIS ZAEEA RN o MR EMANEIK(ER Hela IS KR

J B4R A G LT DMEM JF0 % 2. 4. 6 h
M8 h, Jil AgNPs 22k & 4 180 pg/mL, AbFH
2 h JE A B AETE 3 5 37.6% . 46.8% .
71.2%H1 100%, XA 16.8% (K] 2B). X
W] HeLa ZHANKT& B BRI
ARG B ) 2 K AR 1 A VR

B )2 HeLa 400 1. 4. 8 h Al 12 h 194¢
WY SR 2MIC BPORERERFUR S G,
HyrdifE g mmEl, mA 4 h R s %
SR T HHEEFHE 20). HARFEELFIIA 12 h
) HeLa ZHMIACHHY), &a@id 10%LI5, 94
KRBT AE 584k (K 2D), A2, Xfh
12 h AR A6 HoO, IIHTH/E T (] 2E),
X ]V FH & A A K B 300 4 A LA
HiT, $2/~ HeLa G nT REMEIA R IATR E 1
23 INDTFEFAREE AgNPs BE

YOKERFE DMEM 555 P RS E, 12h N
PR AR I W A AN A8 (18] 3A). KF HeLa 40/ 12 h
R 5 100 pg/mL PORREERPIREG S, &
LI ODyos B FEAR, FFTE 500-600 nm B i B
B S 3B), = IR ECE 12 hJE P A R IR
WS, B UTTE ] ddH,O FEA AR K AR E
(419.9£10.8) nm, ¢ ML H-152 mV, Z4H
Pk 8 %4 (polymer dispersity index, PDI){H K
0.499. B4 KA 5 HeLa 4l 2 h AR &R
HAFHHIR A (1:1, 1:3, 1:7 f11:15), ODyufH
EERPEREAL; YRS 2, 4. 6. 8. 10, 12h
HeLa 4IEACHI#4+# 1:15 (RS BORA,
OD o4 M F#K(E 3C. 3D). ¥ 12 h HeLa
A S 100 pg/mL GOk EATIR S G
R MTTTE TG4 TEM WL, Al gy
KH R A R (K 3E).

A AR A, R 12 h AR
WV R IRAL BE(100 °C . 20 min) AR {5 K B,
(AR RGO ER(E 3F. 3G),
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VLA R A e e 2R BT . FER R OB
HAF RN AR S, ZIMET 1 kDa
(/N AR R A O K AR (B 3H) . £ BEIEY
SIMTRESROCE, FLAEZE R BRAUKRE R EY H
AT R (A 30,
2.4 HeLa HRKEY o-BEK Z B F0 A Bt
HKEKS1ERF AgNPs B &

J T % 5E HeLa AU RO AP,
X 0K AR A BRI A A R A T R R AR A
SO, GERMEH 115 R, Hip
A 77 B T S AOKR RN HE S TR R 90% L
(l 4A. 4B). WL 10 RSP et
gy, HPORARE. KRS, FUREEE. R
AT . FRRAZ2 A0 N7-H 38 S AN R 40 AR )
FasErk, (B 10 mmol/L AKG (MR Jy Buite kit
BLETOIE 2 h N 100 pg/mL KA S22, T
ICA ffiH—pREREE 5A. 5B), 5 mmol/lL
AKG 5 5 mmol/L ICA AI1EF 5 10 mmol/L AKG
HHIE(E SE), GSH &8 el 6.76 i, {HAENE
ARG RA TS, JF A 5 umol/L
GSH (F& i 48 R0 A i 9 K AR A e Pk
(8 5C), A5 5 mmol/L AKG 1B4 5 BENN g K
HIEE(K 5D, 5 ICA LR (K 5F).

FHl ELISA V£l 5 HeLa 4 it 1 1F % & & I
B¢ 40 il HCerEpic 43 GSH #1 AKG HI/KF, &k
B 12 h N HeLa #iffd5r i GSH Ry 2 EFHE
#, M 10-30 umol/L, T AKG FHXHMEE, £
50 pumol/L /45 ; HCerEpic 4l 43#hAgixX 2 Fli
R IIET 10 pmol/L (B 6A). # 0. 3.
15, 30 pmol/L GSH 5 0. 5, 25, 50 pmol/L
AKG WA GG 5K F 60 min, FHIE
P SPR U4 ODyo4 FEA%, FEAIRIREE 5 GSH. AKG
W R B EIEME, WHE T 2Z0I(EH)
INOK R ETESZ AKG WREE M E K, Hrh
GSH P=4x10"*, AKG P=2x10""¢ (&l 6B).
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Figure 3 Aggregation of silver nanoparticles caused by HeLa cell metabolites. A: Changes of UV-Vis
spectra of silver nanoparticles in DMEM medium. B: HeLa cell metabolites lead to changes in the UV-Vis
spectral characteristics of silver nanoparticles. C: HeLa cells secrete metabolites that aggregate silver
nanoparticles in a time-dependent manner. D: Dose-dependent aggregation of silver nanoparticles by HeLa
cell metabolites. E: Transmission electron microscope image of silver nanoparticles aggregated by HeLa cell
metabolites with a scale of 50 nm. F: Thermal stability of metabolites inducing silver nanoparticles
aggregation. G: Lipid incompatibility of metabolites inducing silver nanoparticles aggregation. H:
Aggregation effect of different molecular weight components on silver nanoparticles. **: P<0.01. I. EDS
analysis of silver nanoparticles aggregations.
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Figure 4 Non-targeted metabolomics analysis. A: OPLS-DA analysis of metabolites before and after silver
nanoparticles treatment (n=6). B: Heat map showing the components of metabolite with significantly change

after treatment of silver nanoparticles.
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Figure 5 Three metabolites of HeLa cells cause aggregation of silver nanoparticles. The concentrations of
a-ketoglutarate, isocitrate and glutathione in A, B and C were calculated according to the mass spectrometry
results. D: 5 mmol/L AKG+5 umol/L GSH. E: 5 mmol/L AKG+5 mmol/L ICA. F: 5 mmol/L ICA+5 pmol/L
GSH. To mimic HeLa cell metabolites aggregate silver nanoparticles, the UV-Vis absorption spectrum
changes of silver nanoparticles after different treatment times were detected by Nanodrop-2000.

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



FRESIS BRS8N o-FR BB E (2R HeLa MR Z40KE 4199

i B
éo 60
: e 0.30
EX . i T
= 50+ \‘ g P 025
% 40— HeLa-GSH o 220
% —s— HeLa-AKG 015
© 30F  -=HCerEpic-GSH s
2 —+—HCerEpic-AKG e
2 20} il
= T
: ;
(&)
0l— ' ‘ '
é : 4 5 12 0.25
Time (h) 2 0.20
Q
SEAET
0.10

6 AKG 701 GSH hEBEH KR A:
B: AKG. GSH REY KB M ERR R

OD,,,: main effects and 2-way interactions

OD,,~GSH|AKG OD,,~GSH|AKG

e, T *]

&

| AKG (umol/L)
—0

Q u T =
1 [y

OD,,~GSH|AKG

D o | \ GSH (umol/L)|
L '._‘ S

0
3
15
30

1 1

25 50
AKG (umol/L)

0 3 15 30 0 5
GSH (umol/L)

4% HeLa 4 fifl 5 HCerEpic 40143 AKG. GSH /K.

Figure 6 AKG and GSH synergistically aggregate silver nanoparticles. A: Comparison of AKG and GSH
secreted by HeLa cells and HCerEpic cells. B: Correlation of concentration of AKG and GSH to aggregate

silver nanoparticles.
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Figure 7 Aggregation of silver nanoparticles in the
serum of tumor-bearing mice. Silver nanoparticles
was aggregated when the serum of tumor-bearing
mice was incubated with silver nanoparticles at
37 °C for 30 min, the data expressed as X =S, N=6,
*: P<0.05; **: P<0.01.
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