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Abstract Bacterial infection and resistance have threatened public health and it is necessary to develop a novel and efficient
antibacterial agent. Metal-organic frameworks (MOFs) have been widely studied and applied in the antibacterial field. The
porous carbon frameworks could provide intrinsic conditions to avoid the agglomeration and avail the stabilization of metal
nanoparticles, which may be some synergies. Herein, a novel kind of AgNPs@ZIF-67 composite nanoparticles was prepared
by a green, rapid, and cost-effective method, during which zeolitic imidazolate framework-67 (ZIF-67) acted as a template
and small silver nanoparticles (AgNPs) could be facilely prepared in sifu by the reduction of silver ions with fresh sodium
borohydride (NaBH4). Specifically, scanning electron microscopy (SEM) and transmission electron microscopy (TEM) im-
ages confirmed the existence of as-prepared AgNPs with average diameters of (7.0530.09) nm and the introduction of
AgNPs did not alter the size and rhombic dodecahedron-type morphology of ZIF-67. Energy-dispersive X-ray spectroscopy
(EDS) elemental mapping revealed that AGNPs@ZIF-67 mainly contained uniformly dispersed C, N, O, Co and Ag elements.
And the loading ratio of Ag weight content was 0.98% in it. The X-ray diffraction (XRD) pattern of the AgNPs@ZIF-67
sample showed a series of typical and sharp diffraction peaks in the (011), (002), (112), and (222) planes but no obvious
peaks attributed to the AgNPs, which exhibited the formation of phase-pure ZIF-67 and well-dispersed of metallic Ag in
ZIF-67. Zeta potentials showed a higher potential of ZIF-67 (+25.6 mV) than AgNPs@ZIF-67 (+17.7 mV), indicating the
load of negative charged AgNPs and good stability of the as-obtained AgNPs@ZIF-67. Furthermore, Staphylococcus aureus
(S. aureus) (ATCC 6538) was used in the antibacterial assay and the bacterial concentration was regarded as 1X 10® CFUe
mL ™! when the ODgoo value of the suspensions was 0.1. The in vitro minimum inhibitory concentration (MIC) of
AgNPs@ZIF-67, ZIF-67 were 300, 350 pgemL !, respectively. The antibacterial efficiency of AgNPs@ZIF-67, ZIF-67, and
AgNPs at 24 h were 99.889%, 57.192%, and 26.433%, respectively. It was illustrated that the decoration of AgNPs could
significantly improve the antibacterial ability of ZIF-67 nanomaterials. Moreover, SEM images of S. aureus showed that
AgNPs@ZIF-67 did more serious damage to the cell membrane than ZIF-67. This work provided a facile method to fabricate

* Dedicated to the 10th anniversary of the Youth Innovation Promotion Association, CAS.
* E-mail: jiansun@ciac.ac.cn; xryang@ciac.ac.cn
Received November 16, 2021; published February 7, 2022.
Supporting information for this article is available free of charge via the Internet at http://sioc-journal.cn.
Project supported by the National Natural Science Foundation of China (Nos. 22034006, 21974132, 21721003) and Youth Innovation Promotion Association,
CAS (Nos. 2018258, 2020233, 2017269).
HPRAL R A 2 B T AR G e 2 AR AR
XK H A F 225 4 (Nos. 22034006, 21974132, 21721003)F1 - [E R 2 B 5 45 BT 2 i3k £ (Nos. 2018258, 2020233, 2017269) % BT H .

110 http://sioc-journal.cn © 2022 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences Acta Chim. Sinica 2022, 80, 110—115



F F R

the AgNPs@ZIF-67 composite nanoparticles, which was demonstrated as a promising antibacterial material based on the

synergistic effect of AgNPs and ZIF-67.

Keywords zeolitic imidazolate framework; Ag nanoparticles; AgNPs@ZIF-67; uniformly load; antibacterial property
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Figure 1 Schematic of the preparation and antibacterial application for
Ag nanoparticles-Zeolitic imidazolate framework-67 (AgNPs@ZIF-67)
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Figure 2 Scanning electron microscopy (SEM) of ZIF-67 (a) and (b);
(c) energy-dispersive X-ray spectroscopy (EDS), particle size distribution
of ZIF-67; (d) SEM of AgNPs@ZIF-67; (e) transmission electron mi-
croscopy (TEM) of AgNPs@ZIF-67; (f) energy-dispersive X-ray spec-
troscopy (EDS) and Particle size distribution of AgNPs@ZIF-67;
(h) magnified HAADF-STEM images of AgNPs@ZIF-67 and EDS map-
ping images of AgNPs@ZIF-67
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Figure 3 (a) X-ray diffraction (XRD) patterns, (b) Fourier transform
infrared (FTIR) absorption spectra, (c) N, adsorption-desorption iso-
therms and (d) zeta potential of ZIF-67 and AgNPs@ZIF-67
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Figure 4 (a) X-ray photoelectron spectroscopy (XPS) survey spectra of
ZIF-67 and AgNPs@ZIF-67; high-resolution XPS spectra of Co 2p (b),
Ag 3d(c), C 1s (d) in AgNPs@ZIF-67
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0.05, **p<<0.01, ***p<C0.001)

Figure 5 (a)~(c) Growth curves of S. aureus exposed to different con-
centrations of AgNPs@ZIF-67, ZIF-67, or AgNPs; (d) antimicrobial
efficiencies of AgNPsS@ZIF-67, ZIF-67, or AgNPs after incubation with
S. aureus for 4, 12, or 24 h, respectively (*significant, *p<<0.05, **p<<
0.01, ***p<0.001)
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Figure 6 (a) Images of surviving S. aureus colonies on culture plates
after incubation with AgNPs@ZIF-67, ZIF-67, AgNPs, or PBS for 4, 12,
and 24 h, respectively; (b) morphologies of S. aureus after incubation
with AgNPs@ZIF-67, ZIF-67, AgNPs, or PBS for 24 h imaged using a
SEM
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KA R

4 LIERSY
41 ZIF-67 th& R

KH—BIERT ZIF-67 A RS 291 mg 7N/KA
THER A ARLE 15 mL FEEH, 10 N A; 821 mg 2-F
FEDRMRVARACE 15 mL AR, idRVEWE B, 1 A i =
VB, BREHBBERE 15 min, 38 B O T
Y, HFIHERRES 6 k. 45 CESEHTE, PhET
I T R AL TR AE 1 .
42 AgNPs@ZIF-67 BI& R

(DXUBEFNEBAT Ag'-ZIF-67 FifkE % 500 mg
ZIF-67 43 BUAE 40 mL Bk M AIE e, JHE R A%
TS AL Z) 20 min. $EHE— BN A S, ZEAS W R 2445
T, ¥ 0.2 mL AgNO; /KIEH(15.75 mg) A B iR
Wb, ARG IR VAR 3 he IR, Al
B B R AR, I bV RR 2 BIEW. K IER B
HEHEETT 65 CTHE 10 h, 7=k B TR TR 517
A,

QWMIEAANIE R Ag -ZIF-67: ¥1L B (1) b T 1
Ag -ZIF-67 4} BRAE 120 mL HEEH, ZH A 600 uL H
BERCH ) NaBH, ZKVEW(25 mgemL ™), PLiiii e 30
min, B SO RERL A A, HRBERR 3 X
65 CHEZ T, 7= E T R T R .
4.3 HEEF

ABIUAE &3 O BT BRI (ATCC 6538)HAT T
Y P SR U g R D B TS HER S LB R
i, 1E 37 CREIR(120 r/min)iEE 12 h. % 8 mL [
20 EE T PBS (10 mmol/L, pH 7.4) 5504 (7 min,
3000 r/min) =K. R4 B R RE BIAS RV EE, 6 A
R FR1% (Spark, TECAN, Minnedorf, Switzerland)il] &
£ 600 nm [¥])6%% B (ODeoo). 4 ODgoo FME A 0.1 B, 4
A A VR IR FE AL 1X 108 CFUemL L
4.4 HHEE KRNI

ANEIRE I AgNPs@ZIF-67, ZIF-67, AgNPs [{]5)
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F F R

(100 uLY A F 96 FLAR RN FLH, F B FLH I
100 uL M3 ORI & BB LB Wiz & (1 X10° CFU-
mL™ ), f/£ 37 CTFE. & 2 h A&
ODgoo, FTIRAS (1504 2 ) 4t b A A it 2%
4.5 FAREFEHHCENRK

2 mL 300 pgemL '] AgNPs@ZIF-67, 2 mL 300
pgemL ' ] ZIF-67, 2 mL 3 pgemL ™' ] AgNPs LA & 2 mL
PBS (10 mmol/L, pH 7.4) 7 A I3 2 mL [ 4 5 (05 &)
BRI LB Wiz E(1X10° CFUsmL "), J7E 37 C R
AIREF 4, 12, 24 h. A M40H Z %A PBS (10 mmol/L,
pH 7.4)Fi k& 5000 1% 58#& 10000 1. ZHEEH (100 uL)i
SRR LB Bifletk b, 7E37 C PR E, WiEm
i LB B AR R R AT e
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