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ABSTRACT: Three-dimensional (3D) and two-dimensional (2D) Ag-
based zwitterionic metal—organic frameworks (MOFs) [Ag,(Cedcp)],
(1, 3D, HyCedcpBr denotes N-(carboxyethyl)-(3,5-dicarboxyl)-pyridi-
nium bromide) and {[Ag,(Cmdcp),(H,0),]-4H,0}, (2, 2D,
H;CmdcpBr denotes N-(carboxymethyl)-(3,5-dicarboxyl)-pyridinium
bromide) have been prepared and investigated for antimicrobial activity
via minimal inhibition concentration (MIC) test and killing kinetic
assay. Both MOFs 1 and 2 show good water stability and solubility
ascribed to their characteristic aromatic rings and positively charged
pyridinium of the ligands, as well as the presence of Ag* on their surface,
leading to strong antimicrobial activity and a wide antimicrobial
spectrum toward Gram-negative and positive bacteria. The results
indicated that MOF 2 possesses a faster antibacterial activity (60 min)
than MOF 1 (120 min). Scanning electron microscopy analysis further
suggests that the Ag-based MOFs are capable of rupturing the bacterial membrane, leading to cell death. Moreover, both MOFs
exhibit little hemolytic activity against mouse erythrocytes and show good biocompatibility in vitro, rendering MOFs 1 and 2
potential therapeutic agents for diseases caused by bacteria.

KEYWORDS: water-stable, silver organic frameworks, crystal structure, antimicrobial activity, killing kinetics assay

B INTRODUCTION Nomiya et al. presented the first case of Ag-based MOF
[Ag(imd)], (Himd = imidazole) against bacteria, yeast, and
mold."”®> In 2014, Tabar et al. demonstrated that Zn-based
MOF prepared from azelaic acid and 4-hydrazinebenzoate
mixed ligands exhibited strong antimicrobial properties.'® The
progress of developing antimicrobial MOFs is nevertheless
slow due to their water-/buffer- stability and solubility.'”

In the past few years, we have developed an intense interest
in MOFs constructed from quaternized carboxylate ligands due
to their good water-dispersity and water-stability. These MOFs
have shown promising properties in magnetic resonance
imaging,'"® and as probes for nucleic acids,"”™** metal
>*% and other biologically relevant species.”” Herein, we

Infectious diseases caused by pathogenic bacteria pose serious
concerns to human health, and antibiotics are the simplest and
most effective drugs to reduce clinical bacterial infections.
However, extensive results have demonstrated that overuse and
abuse of antibiotics have led to drug resistance and bacterial
imbalance. Particularly, the strong drug resistance produced by
bacteria (or “super bacteria”) has become a serious issue."”
Thus, it is imperative and urgent to develop effective and
environmental-friendly antibacterial materials.

Silver-based inorganic and organic—inorganic composite
materials have been widely exploited to show strong inhibitory
or bactericidal effects on microbes.””” They have been
increasingly used in many normal commodities and medical
equipment.”” Lately, some pertinent metal—organic frame-
works (MOFs) have also appeared as novel antibacterial agents
that exhibit some unique traits including a wide antibacterial
spectrum,'’ long periods of persistence,'’ and promising
efficacy."> Compared to conventional drugs, MOF-based
antibacterial agents have many advantages. The active sites
of metal ions in the MOFs are effectively wrapped by the
organic ligands and evenly distributed across the overall
material, " enabling a sustained release of metal ions to avoid
the toxicity caused by a burst release of metal ions."* In 1997,

ion,™
extended our focus on the antibacterial activity of MOFs of
quaternized carboxylate ligands by their assembly with Ag" ion.
A three-dimensional (3D) MOF [Ag,(Cedcp)], (1,
H,CedcpBr denotes N-(carboxyethyl)-(3,5-dicarboxyl)-pyridi-
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nium bromide) and a 2D MOF {[Ag,(Cmdcp),(H,0),]-
4H,0}, (2, H;CmdcpBr denotes N-(carboxymethyl)-(3,5-
dicarboxyl)-pyridinium bromide) have been synthesized under
mild conditions. MOFs 1 and 2 show good water stability and
solubility and strong antimicrobial activity with good

biocompatibility.

B EXPERIMENTAL SECTION

The synthesis of H;CmdcpBr was executed following our reported
method.”® Microanalysis data were collected on a Carlo Erba (Italy)
EA1110 CHN elemental analyzer. Fourier transform infrared (FT-IR)
spectra were collected on a Nicolet (USA) MagNa-IR 550
interferometer. The samples were characterized by Rigaku (Japan)
D/max2200/PC powder X-ray diffraction (PXRD, Cu—Ka radiation).
The morphological changes of the bacteria were taken using a
scanning electron microscope (SEM, JSM-6330F, made by Nippon
Electronics Co.). The absorption of bacterial liquid was observed by a
microplate spectrophotometer (Tecan, Switzerland, Infinite M200
Pro).

The test microorganisms including Pseudomon asaeruginose (ATCC
27853), Escherichia coli (ATCC 25922), Staphylococcus aureus (ATCC
25923), Staphylococcus aureus (ATCC 6538), Monilia albican (ATCC
2002), Propionibacterium acnes (ATCC 6919), and Bacillus subtilis
(CMCC 63501) were supplied by Guangdong Institute of Micro-
biology, and Methicillin-resistant Staphylococcus aureus (MRSA
64589) was provided from Nanfang hospitals. The target microbes
were cultured in Luria—Bertani broth (LB) and frozen with 20% (W/
V) glycerol and stored at —20 °C.

The reagent of N,N-dimethylformamide (DMF) and AgNO; was
purchased bought from Guangdong Guanghua Sci-Tech Co., Ltd. and
Shanghai Fine Chemical Materials Research Institute, respectively.
Agar, yeast extract, and Tryptone were purchased from Oxoid
Biotechnology Co., Ltd. Ampicillin was bought from Sigma-Aldrich
trade Co., Ltd., and 4% glutaraldehyde solution was purchased by
Leagene Biotechnology Co., Ltd.

Synthesis of H;CedcpBr. Powder of 3,5-dicarboxypridine (3.34
g, 20 mmol) was dissolved in DMF (17 mL) and then a DMF (16
mL) solution of bromopropionic acid (3.06 g, 20 mmol) slowly
added. The white precipitate formed from the yellow solution slowly
and the mixture was further stirred at 65 °C for 18 h. The white solid
was obtained by filtration and washed with DMF/acetone (80 mL, v:
v = 1:1) three times. White powder was obtained and dried in vacuum
to afford H;CedcpBr (5.89 g, 92%). Anal. calcd. for C;oH,;,NO¢Br: C
37.52, H 3.15, N 4.38; found: C 37.68, H 3.53, N 4.81. IR (KBr disc)
v 3413 (s), 3026 (s), 2502 (m), 1934 (m), 1706 (s), 1647 (s), 1608
(s), 1542 (m), 1429 (s), 1335 (m), 1281 (s), 1259 (s), 1160 (m),
1069 (s), 1005 (s), 815 (s), 750 (s), 630 (s) em™. 'H NMR (400
MHz, D,O, Figure Sla) § 9.21 (s, 2H), 9.08 (s, 1H), 4.86 (t, J, = 4
Hz, J, = 8 Hz, 2H), 2.92 (t, ], = 4 Hz, ], = 8 Hz, 2H). *C NMR (100
MHz, D,0, Figure S1b) § 176.91, 167.50, 146.10, 144.45, 136.90,
59.06, 37.98.

Synthesis of [Ag,(Cedcp)], (1). HyCedcpBr (0.3 mmol, 96 mg)
in H,O (5 mL) was neutralized to pH 6.0 using a NaOH solution (0.1
M). AgNO; (0.6 mmol, 101.9 mg) in H,0 (1.5 mL) was
subsequently introduced. The reaction mixture containing white
precipitate was heated to dissolve the precipitate and immediately
filtered. The filtrate was then allowed to stand at r.t. for 3 days. The
colorless crystals of MOF 1 were collected by filtration and dried in
vacaum. Yield: 121 mg (89% based on Ag). Anal. caled. for
C,oH,Ag,NOg: C 26.52, H 1.56, N 3.09; found: C 26.94, H 1.71, N
3.01. IR (KBr disc, cm™): 3425 (w), 3025 (w), 1643 (m), 1551 (s),
1361 (s), 1225 (m), 1170 (m), 1109 (m), 930 (w), 861 (w), 760 (s),
721 (s), 665 (m), 598 (m), 495 (m), 435 (s).

Synthesis of {[Ag4(Cmdcp),(H,0),]-4H,0}, (2). The similar
synthesis procedure for MOF 1 was used for MOF 2 using ligand
H;CmdcpBr (0.3 mmol, 92 mg) and AgNO; (0.6 mmol, 101.8 mg).
Yield: 141 mg (92% based on Ag). Anal. calcd. for C,gH,,Ag,N,0,:
C 21.16, H 2.56, N 2.74; found: C 2128, H 2.50, N 3.07. IR (KBr
disc): 3048 (w), 1640 (m), 1577 (s), 1355 (s), 1285 (m), 1236 (m),
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1175 (m), 956 (w), 923 (w), 793 (w), 767 (m), 721 (s), 628 (m),
604 (m), 524 (m), 439 (s) cm™.

X-ray Crystal Structure Determinations. X-ray structure
characterizations of MOFs 1 and 2 were performed on a Bruker
APEX 1II diffractometer equipped with graphite-monochromated
irradiation Mo Ka (1 = 0.71073 A), with absorption correction
carried out using SADABS.”” The crystal structures of 1 and 2 were
solved by direct methods and refined against F* using full-matrix least-
squares techniques with SHELXTL-2013.°® The coordinates of
hydrogen atoms on the water were calculated by the Calc—OH
function in WinGX.>? Crystallographic data of 1 and 2 have been
deposited with CCDC (Cambridge Crystallographic Data Center)
numbers 2015720 and 2015721. Pertinent crystallographic informa-
tion for MOF 1 and MOF 2 is tabulated in Table S1, while their
selected bond distances (A) and angles (deg) are listed in Tables S2
and S3, respectively.

Minimal Inhibitory Concentration (MIC) Test. The antimicro-
bial capability of MOFs 1 and 2 was evaluated by MIC with a two-fold
microdilution method. Briefly, after growing in Luria—Bertani (LB)
broth at 37 °C to exponential phase, microbes were diluted with fresh
LB broth to reach the density of 10° CFU/mL. An equal volume of
microbial inoculums was added into 96-well microtiter plates with
different concentrations of MOFs, which were filtered to remove
bacteria before use. Plates were incubated at 37 °C for 16—18 h and
the MIC values at which no microbial growth occurred were recorded
at 600 nm using a microplate spectrophotometer. All experiments
were performed in triplicates with Ampicillin as positive control.

Bactericidal Kinetics Assay. The bactericidal kinetics assay of
MOFs 1 and 2 against S. aureus ATCC25923 was investigated
according to the protocol described in our previous study with slight
modification.>® In brief, S. aureus ATCC25923 was collected in the
exponential phase, washed twice with PBS, and diluted to 10° CFU/
mL with fresh LB broth. The microorganisms were treated with a
serial concentration of MOF 1 or 2 and incubated at 37 °C. Aliquots
at the different time points (0, 15, 30, 60, 90, 120, and 150 min) were
coated on LB agar plates, and the bacteria-killing kinetics was
determined by the number of viable colonies after cultured at 37 °C
for 18 h. Sterile deionized water was used as a negative control.

Scanning Electron Microscopy (SEM) for Morphology
Alteration of Microbes Treated with MOFs 1 and 2. The
morphology alteration of microbes treated with MOFs 1 and 2 was
investigated using scanning electron microscopy (SEM). Briefly, after
filtration to remove bacteria, 1 X MIC of MOF 1 or 2 was incubated
with logarithmic phase culture of S. aureus ATCC 25923 (1 x 10’
CFU/mL) for 30 min at 37 °C. The bacteria pellets were collected by
centrifuging for S min at 3000 rpm and fixed with 4% glutaraldehyde
solution at 4 °C for 4 h. After being washed with 0.1 M PBS, the
pellets were then fixed again with 2.5% glutaraldehyde solution at 4
°C for 4 h. Cells were sufficiently washed with PBS and dehydrated
with a gradation of ethanol concentrations (30%, 50%, 70%, 85%,
90%). After critical point drying and coating with gold, the
morphology of the samples was observed and about 5—10 single
plane images per sample were acquired.

Hemolysis Assay. Mouse red blood cells (mRBCs) were isolated
through centrifugation, rinsed three times with TBS, and then
suspended to 2% (v/v) in TBS. Then 200 uL mRBC suspension was
respectively added into a 96-well V-shaped sterilized plate. To each
well was added MOF 1 or 2 with different concentration gradient, and
the plate was incubated for 3.0 h at room temperature, then
centrifuged (1000 g, S min). Then 100 uL aliquots of supernatant
were transferred to a fresh 96-well plates and hemoglobin release was
monitored with a Microplate autoreader (Infinite M1000 Pro) by
measuring the absorbance at 540 nm. In 0.1 M PBS and 0.1% SDS,
0% and 100% hemolysis were determined, respectively.

B RESULTS AND DISCUSSION

Choice and Characterization of MOFs 1 and 2.
Compared with the reported Ag-based MOFs,”' MOFs 1
and 2 were synthesized in water instead of commonly used
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Figure 1. PXRD patterns of MOFs (a) 1 and (b) 2, showcasing good agreement between the simulated, as-synthesized, and the sample immersing

in H,O for 48 h.

(a)

Figure 2. (a) One-dimensional structure formed from Ag* and ligands looking down a axis. (b) Three-dimensional structure of MOF 1 looking
along the a axis, color codes: Ag(1) (dark magenta), Ag(2) (orange), O (red), N (blue), and C (black).

organic solvents. It is thus an environmentally benign synthetic
method. Upon immersing fresh powder of 1 or 2 in H,O for
48 h, the powder X-ray diffraction (PXRD) patterns are in
good agreement with that generated from single-crystal
diffraction data, indicating both bulky phase purity and water
stability. The observed water stability of 1 and 2 is likely
inherited from the high polarity of their respective ligands
(Figure 1). The water-stable nature will contribute to their
antibacterial activity study in the buffer. Upon ultrasonication,
MOFs 1 and 2 have good solubility in aqua with
concentrations of approximately up to 186.83 uM for 1 and
100.43 M for 2.

Crystal Structure of [Ag,(Cedcp)]l, (1). MOF 1 was
characterized to crystallize in the orthorhombic space group
P2,2,2,, and its asymmetric unit features one independent
Cedcp ligand associated with two Ag(I) ions (Agl and Ag2,
Figure S2a). In 1, Agl exhibits a tetrahedral coordination
geometry and is bonded by four Cedcp ligands (Figure S2b),
whereas Ag2 is coordinated by five Cedcp ligands to give a
triangular bipyramidal geometry (Figure S2c). Agl and Ag2
are alternatively aligned and juxtaposed by the Cedcp ligands
along the crystallographic a direction, yielding Agl---Ag2
distances of 3.06 and 3.34 A. These values are lower than the
sum of Van Der Waals radius of a pair of Ag" (3.44 A),
indicating the Agl---Ag2 interactions. The Cedcp ligands thus
support 1D —[Agl--Ag2]— chain extended along the a
direction (Figure 2a and Figure S2d), featuring Cedcp ligands
projecting to six directions within the bc plane with high
connectivity of 12. These Cedcp ligands, in turn, extend the

8527

1D —[Agl--Ag2]— chain along the bc plane to ultimately give
a densely packed 3D structure (Figure 2b).

MOF 2 was characterized to crystallize in the triclinic space
group P—1 and its asymmetric unit features four independent
Ag(I) ions bonded to a pair of Cmdcp ligands, with each Ag(I)
ion further ligated by one terminal H,O molecule (Figure
S3a). Besides, there also exist four free H,O molecules in the
unit. In 2, the four Ag(I) can be treated as two similar groups,
Agl with Ag4, and Ag2 with Ag3. These two groups from their
independent cuboidal cluster units with shared geometry and
differ only in their relevant bond distances and angles.
Therefore, only the cluster unit sustained by Agl and Ag4 is
featured and that of Ag2 and Ag3 will be discussed when
necessary.

In 2, Agl/Ag2 adopts a square pyramidal coordinated
geometry with its equatorial plane defined by four O atoms
from four Cmdcp ligands and capped by one O from H,O
(Figure S3b). Such coordination geometry of Agl/Ag2 also
contrasts that identified in MOF 1 with triangular bipyramidal
geometry. In contrast, Ag3/Ag4 exhibits a seesaw-shaped
geometry and is associated with three O atoms from Cmdcp
ligands and one O from H,O (Figure S3c).

A distinctive feature of MOF 2 is that its extended structure
is based on a discrete cuboidal Ag, cluster unit. As shown in
Figure S3d, the Ag, unit features a pair of Agl---Ag4 contacts
of 295 A, an indication of Ag-Ag interactions. The Ag,
cubane further features eight Ag—O bonds and two carboxylate
(O—C—0) bridges to define its 12 edges. Notably, such Ag,
cubane, with argentophilicity, might play a structural dictating
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role, in contrast to those cuboidal clusters such as Ni, formed
by alternatively arranged Ni and O vertices.””

Interestingly, a similar cubane supported by Ag2---Ag3 (Ag--
Ag contact of 2.91 A) is also identified in MOF 2 and arranged
alternatively with that based on Agl---Ag4 via the Cmdcp
ligands to give a 1D chain along the crystallographic b
direction featuring staggered Ag, cubanes (Figures S3e,f). Such
a 1D chain further bears Cmdcp ligands project into four
directions within the ac plane, serving as the eight-connecting
node to associate adjacent chains to give a 2D layer extended
along the ab plane (Figure S3g), with uncoordinated H,O
molecules reside in-between these layers (Figure 3).

o

Figure 3. Two-dimensional structure formed from Ag" and ligand
looking down along the b axis. Ag(1) (dark magenta), Ag(2) (cyan),
Ag(3) (lime green), Ag(4) (orange) O (red), N (blue), C (black).

Antimicrobial Activity. Antimicrobial activities were
measured using a microdilution method. As summarized in
Table 1, MOF 2 had a strong antimicrobial activity with a wide
antimicrobial spectrum toward normal Gram-positive bacteria,
Gram-negative bacteria, and MRSA. Among the tested
microorganisms, the activity of MOF 2 was much better
than that of the positive control ampicillin and MOF 1. The P.
acnes ATCC6919 strain was the most sensitive by MOF 2 with
a minimum inhibitory concentration (MIC) of 2.51 yuM. The
MIC of MOF 2 is 10.04 uM for E. coli ATCC25922, P.
asaeruginose ATCC27853, S. aureus ATCC6538, B. subtilis
CMCC63501, MRSA 64589, and M. albican ATCC2002, and
5.02 uM for S. aureus ATCC25923. Meanwhile, MOF 1

presented with less antimicrobial activity against tested strains
except MRSA 64589 and P. acnes ATCC6919 with both 37.84
4M MIC.

Under similar experimental conditions, the ligands
H;CedcpBr and H;CmdcpBr with aromatic rings showed no
obvious antibacterial activity. In sharp contrast, the activities of
both MOFs 1 and 2 were much superior to that of AgNO;.
Therefore, we speculate that the main reason for antibacterial
action is the synergistic effect from aromatic rings, charge-
positive pyridinium, as well as the Ag" on the surface of MOFs,
and the formation of MOF structure is a necessary condition
for the antibacterial activity. Compared with the 3D MOF 1
with larger steric hindrance (Figure 2b), MOF 2 has better
antibacterial activity. We reason that MOF 2 featuring 2D,
layered structure with low steric hindrance (Figure 3) is more
conducive to bacterial adhesion, and Ag" exposed to the MOF
surface further increases the probability of interaction toward
bacterial cell wall.* The antibacterial results of MOFs 1 and 2
are shown in Table 1.

Morphological Alterations of Bacterial Cells upon
Treatment with 1 and 2. Both MOFs 1 and 2 exhibited
significant antimicrobial activity against S. aureus ATCC
25923. To clarify the antibacterial mechanisms of the silver-
based MOFs against S. aureus, its morphological alterations
were obtained by SEM. Intact S. aureus in Figure 4a and b has

Figure 4. Membrane morphology of S. aureus by scanning electron
microscopy (SEM) before (a (1), b (2)) and after (c (1), d (2))
handled with MOF 1 (1 X MIC) and 2 (1 X MIC).

distinct outer membranes, indicating that the cell structures of
the bacteria were well-maintained even under high vacuum and
energy electron beam. Nevertheless, when the bacteria were
cultured with the presence of MOF 1 or 2, they lost the cellular

Table 1. Antibacterial Activities for MOFs 1 and 2 and Their Components

MIC (uM)
microoganisms H;CedcpBr H;CmdcpBr AgNO, 1 2 ampicillin
E. coli ATCC25922 negative negative 73.59 >37.84 10.04 12.5
P. asaeruginose ATCC27853 negative negative 141.17 >37.84 10.04 >200
S. aureus ATCC25923 negative negative 141.17 37.84 5.02 25
S. aureus ATCC6538 negative negative 141.17 >37.84 10.04 50
B. subtilis CMCC63501 negative negative 141.17 >37.84 10.04 200
P. acnes ATCC6919 negative negative 73.59 37.84 2.51 25
MRSA 64589 negative negative 294.34 37.84 10.04 >200
M. albican ATCC2002 negative negative 73.59 >37.84 10.04 >200
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cohesion with outer membranes heavily damaged. The bacteria
went to death as characterized by the outflows of cytoplasm
(Figure 4c,d). As a result, the morphology damage levels of
MOF 1 is lower than that of MOF 2.

Killing Kinetics Assay. As shown in Figure 5, at
concentrations of 1 X MIC, S. aureus ATCC 25923 was

-# Control
- MOF1
-~ MOF 2

1g(CFU/mL)
&

Time (min)

Figure S. Bactericidal dynamics of MOF 1 and 2 against S. aureus
ATCC25923.

successfully excluded by MOF 1 or 2 at 120 or 60 min,
respectively, without the growing of microbes resuming. The
blank control group (no addition of MOF 1 and 2 for
coincubation) was used to determine the quantity of S. aureus
ATCC25923 at 0, 15, 30, 60, 90, 120, and 150 min,
respectively. The results showed that the number (Colony-
Forming Units, CFU) for bacteria in the control group
increased with the extension of time (Figure 5) and MOF 2
can rapidly exert its antibacterial effect than MOF 1, which
may also be related to its 2D planar structure.

Hemolysis Assay. The hemolytic property of MOFs was
tested using mouse red blood cells. After 1.5 h of treatment
with serial diluted concentrations of MOFs, the morphologies
of mice erythrocytes were observed (Figure 6). The results
revealed that both MOFs 1 and 2 exhibited a low hemolytic
activity against mouse red blood cells. In details, the hemolysis
rate of MOF 1 was 2.03 & 1.08% at a concentration of 37.84
4#M, while that of MOF 2 was 6.90 + 2.34% at a concentration
of 10.04 uM (Table 2). All results were compared to the
standard control 0.1 M PBS without hemolysis and 0.1% SDS
with 100% hemolysis.

B CONCLUSION

In this work, we have prepared two Ag-based MOFs
[Agz(Cedcp)]n (1) and {[Ag4(Cmdcp)2(H20)4]'4H20}n (2)

Table 2. Hemolytic Toxicity for MOFs 1 and 2

1 2)
concentration hemolysis ratio concentration hemolysis ratio

(uM) %) (uM) %)

37.84 2.03 + 1.08 10.04 6.90 + 2.34
18.90 0.39 + 1.70 5.02 221 + 0.68
9.45 1.56 + 0.31 2.51 045 + 0.74
4.73 1.24 + 0.30 1.25 0.78 £ 0.21
2.36 0.58 + 0.44 0.63 0.65 + 0.15
1.18 1.54 + 2.38 0.31 0.46 + 1.19
0.59 2.76 + 0.87 0.16 0.29 + 1.02

from the reaction of Ag(I) salts with two pyridinium-
dicarboxylic ligands, namely H;CedcpBr and H;CmdcpBr.
MOF 1 features a 3D framework sustained by a polynuclear
silver-cluster, while MOF 2 exhibits a 2D framework layer
structure. With a low steric hindrance and the synergistic effect
from aromatic ligand backbone coupled with positively
charged pyridinium centers, as well as the Ag" on its surface,
MOF 2 showed superior antibacterial activities with low MIC
and rapid responses toward Gramnegative bacteria, Gram-
positive bacteria, and fungi. Besides, both MOFs exhibit
promising biocompatibility in mice. We hypothesize that the
combination of pyridinjum-dicarboxylic ligands with Ag(I) to
afford synthetic stable and soluble MOF assemblies may pave a
new way toward a new class of advanced antibacterial
materials.
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