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More effective antibiotics are needed to overcome the problem of multidrug resistance. The antibacterial
efficacies of three Zn-based nano metal-organic frameworks (hnMOFs) — IRMOF-3, MOF-5, and Zn-BTC
— were explored, both alone and as mixtures with ampicillin and kanamycin. When tested against
Escherichia coli, Staphylococcus aureus, Staphylococcus lentus, and Listeria monocytogenes, the nMOF/
drug mixtures demonstrated synergistic (IRMOF-3/kanamycin) or additive (other nMOF/drug combi-
nations) effects compared with the nMOFs or antibiotics alone. Zn-Based nMOFs can reduce the burden
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Introduction

Bacterial infections are a global public health concern and
pose a strong economic burden on the healthcare of a nation.
Most human infections are caused by Gram-negative (such as
Escherichia coli, Pseudomonas aeruginosa) and Gram-positive
(Staphylococcus ~ aureus,  beta-hemolytic  Streptococcus)
bacteria.'™ The increasing incidences of drug resistance (or
multi-drug resistance) of bacterial infections have become
serious healthcare challenges.®” However control of bacterial
contamination is probably one of the most relevant strategies
to minimize the disease outbreaks. In this context, nano-
materials and nanocomposites have emerged as potential anti-
microbial agents.®™*°

Metal organic frameworks (MOFs) are a versatile class of
crystalline hybrid materials suitable for a wide range of appli-
cations as adsorbents, molecular sieves, photocatalysts,
sensors, immobilization substrates, etc.'”>* Biological appli-
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of the new discovery of antimicrobial pharmaceuticals by increasing the potency of existing antibiotics.

cations of metal-organic frameworks (MOFs) have been
reported in the fields of drug delivery/therapy, biosensing, cos-
metics, and enzyme encapsulation.”"*>' Because of their
large pore size, which allows storage of guest molecules, and
their ability to release metal ions, MOFs are attractive anti-
microbial materials.>*** Other porous materials such as zeo-
lites, activated carbon, and mesoporous silica have been
explored for storage and release of antibacterial agents.
However, MOFs are advantageous due to their ordered struc-
tures, biocompatibility, larger pore size (relative to zeolites),
and inherent bactericidal nature due to their metal ions.*?
Recently, MOFs have been investigated for use in storage and
multi-rate delivery of antimicrobial agents including small gas
molecules such as carbon monoxide, hydrogen sulfide, and
nitrogen monoxide, pharmaceuticals such as penicillin, cephalo-
sporin, aminoglycosides, glycopeptides, and macrolides, and
metal ions.>"*> As such to interestingly, for the antimicrobial
activity of MOFs is generally attributed to the presence of
metallic ions, e.g., Cu, Ca, Fe, Zn, and Ag.>**®® For instance,
Ag based MOFs have been reported with antibacterial activity
against various groups of bacteria, e.g., Staphylococcus aureus,
Escherichia coli and Pseudomonas aeruginosa.>®*° The anti-
microbial activity of a Cu-BTC MOF immobilized cellulosic
fiber has been documented against Escherichia coli.*" The cell-
ulose-MOF system was able to eliminate the growth of E. coli
on agar plates and liquid cultures. Similarly, a Cu-BTC MOF
(coated on silk fibers) has also been reported for its antibacter-
ial activity.*” The leaching of Cu ions from the MOF contribu-
ted toward its antimicrobial activity. A similar mechanism was
also attributed to explain the high and long lasting anti-
microbial properties of a Co imidazolate MOF.****
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Zinc-based nanomaterials have been widely utilized in
many skin care products (e.g., sunscreen lotions, moisturizers,
antidandruff products, and astringents) in light of their
enhanced antimicrobial/antibacterial properties.***® However,
toxicity analysis of Zn ions has revealed their concentration
dependency on neuronal cells. For instance, they were sus-
pected to be cytotoxic to human cells in concentrations exceed-
ing 6.5 pg ml™".*” In another study, ZnO nanoparticles were
found to induce significant oxidative stress-related cytotoxicity
and genotoxicity in human lung fibroblasts (in vitro).*® The
concerns about the toxicity of ZnO nanoparticles were also
raised as they were found to be highly toxic to NIH/3T3 cells,
inducing viability loss, membrane leakage, and morphology
changes.*®

It has been articulated that the cytotoxicity of ZnO nano-
particles can be tailored through diverse routes of modifi-
cation (e.g., their surface-bound chemical groups, surface
charge density, and catalytic activity).>® In some studies, it has
been found out that MOF nanoparticles exhibit low cyto-
toxicity, comparable to those of other commercialized nano-
particulate systems.’’ Zn-based MOFs have been applied as
drug delivery or antibacterial agents owing to their low cyto-
toxicity profiles.”>>* Recently, Tabar et al. have proposed the
use of a Zn based MOF (Zn azelate) as a drug release carrier
product with antibacterial activities.>*

Here, we investigate the antimicrobial activities of several
Zn-based nano MOFs, alone and in combination with anti-
biotics, against Gram-positive (Staphylococcus — aureus,
Staphylococcus lentus and Listeria monocytogenes) and Gram-
negative (Escherichia coli) bacteria. We demonstrate that these
novel nMOF/drug formulations have synergistic or additive
antibacterial effects relative to the nMOFs and drugs alone.

Experimental

Materials

Zinc nitrate hexahydrate [Zn(NOj),-6H,0], zinc acetate dihy-
drate [Zn(CH3;COO),-2H,0], terephthalic acid (benzenedicar-
boxylic acid, BDC), amino terephthalic acid (NH,-BDC), trime-
sic acid (H3BTC), triethylamine (TEA), dimethyl sulfoxide
(DMSO), dimethylformamide (DMF), and ethanol were pur-
chased from Sigma Aldrich, India. Mueller-Hinton (MH)
broth, soybean casein digest medium (tryptone soya broth),
and agar were purchased from HIMEDIA, India. All chemicals
were used as purchased without further purification. Bacterial
strains were procured from the CSIR Institute of Microbial
Technology, Chandigarh, India. Bacterial strains were cultured
in MH broth and stored at —20 °C with 20% glycerol as frozen
stocks. Prior to each experiment, microbial cells were freshly
revived from stock on agar plates.

Equipment

UV-Vis spectroscopy (Varian, Cary 5000, Agilent), FTIR spec-
troscopy (Nicolet iS10, Thermo Fisher), FE-SEM (Hitachi
S4300), particle size analysis (Model Nano-ZS90 from Malvern
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Instruments), and X-ray diffraction (Bruker X8 Advance) were
used to characterize synthesized MOFs.

Synthesis of nano MOFs

Three Zn-based nMOFs - IRMOF-3, MOF-5, and Zn-BTC - were
synthesized as previously described.”>’

Synthesis of IRMOF-3

IRMOF-3 was synthesized using the fast precipitation method.
Briefly, 2.4 g of Zn(NO;),-6H,0 and 0.66 g of NH,-BDC were
added into 80 mL of dimethylformamide (DMF) and mixed by
stirring. Thereafter, 500 pL of triethylamine (TEA) was added
dropwise, leading to the immediate formation of white precipi-
tates. The contents were stirred for 2 h, followed by collection
of the product by centrifugation at 10 000 rpm for 15 min. The
resulting white IRMOF-3 powder was washed three times with
DMF and then left in contact with chloroform for 3 days; the
solvent was substituted with a fresh supply every 24 h. Finally,
the nMOF was obtained by filtering the solution and drying
under vacuum at 70 °C. All powdered synthesized nMOF
samples were stored in dry containers under room temperature
conditions (RT, 25 + 2 °C) and used as such for determining
their antibacterial activity.

Synthesis of MOF-5

Under vigorous stirring, 1.2 g of Zn(NOs),-6H,0 and 0.334 g of
BDC were mixed with 40 mL of DMF. The reaction contents
were then placed in an ultrasonic bath followed by dropwise
addition of 2.2 mL of TEA. After a 45 min reaction, a solid
white product was recovered by centrifugation (15000 rpm,
30 min). The MOF-5 product was then washed three times
with DMF, dried at 100 °C for 5 h, and stored in sealed vials.

Synthesis of Zn-BTC

For the synthesis of Zn-BTC, 1.05 g of 0.5 M H3;BTC was dis-
solved in 20 mL of 20% ethanol. In a separate preparation,
1.81 g of zinc acetate dihydrate (Zn(CH3COO),-2H,0) was dis-
solved in 50 mL of 20% ethanol solution. The above two solu-
tions were mixed and ultrasonicated for 45 min. The precipi-
tate formed by the above reaction was filtered followed by
washing with water and ethanol in that order. The final
product was dried at 70 °C.

Incorporation of drugs with MOFs

In each case, a 25 mg dried sample of nMOF (IRMOF-3,
MOF-5, or Zn-BTC) was weighed and mixed with 5 mL of 1
mg mL ™" suspension of ampicillin or kanamycin (in 20% aceto-
nitrile). After sealing the ampule tightly, the mixture was left
for stirring for 24 hours (at 100 rpm) under room temperature
conditions. Next, the supernatant was separated after centrifu-
gation (5000 rpm; 20 min) and the obtained drug loaded
nMOF sample was immediately washed with 10 mL of 10 mM
phosphate buffer saline (PBS). A subsequent centrifugation
was performed to remove any surface adsorbed drug content.
The prepared sample was then allowed to dry overnight at
50 °C in an oven.

This journal is © The Royal Society of Chemistry 2018
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Antibacterial activity

The MIC values of the Zn-nMOFs against the four bacterial
species were evaluated using the standard broth microdilution
method recommended by the Clinical and Laboratory
Standards Institute.’® Bacteria were grown overnight and
diluted in MH broth to attain a cell density of 10’ colony
forming units (CFU) per mL in a 96-well flat-bottomed micro-
titer plate. Then, 100 pL of the dispersed sample of nMOF or
nMOF/antibiotic mix (concentrations in the range of
1-1000 pg mL™") was introduced into the microtiter plates.
Ampicillin and kanamycin were used as positive controls.
Several experiments of a particular batch study were executed
simultaneously in the microtiter plate. The microtiter plate
was incubated at 37 °C for 24 h followed by measurement of
the optical density at 600 nm using a microplate reader.

Fractional inhibitory concentrations (FICs)

Checkerboard microtiter tests were performed to determine
FIC values and FIC indices to assess whether the nMOFs and
antibiotics demonstrated a synergistic, additive, or indifferent
effect when used as a mixture. The experimental procedures
were based on the protocols described by Elion and co-
workers.”® In brief, different serial dilutions of individual
nMOFs and antibiotics as well as their mixtures were prepared.
The concentrations were maintained to ensure a dose of 0.016-
2X of the MIC of nMOF or antibiotic. A 20 pL aliquot of the
sample was introduced into the wells of a 96-well plate in a ver-
tical orientation, while the same volume of each antibiotic
dilution was introduced in a horizontal orientation. Thus, a
single microtiter plate was used for the study of different com-
binations of the above agents. Next, 160 pL (10" CFU mL™") of
bacterial solution (S. aureus, S. lentus, E. coli, and
L. monocytogenes) were introduced, and the plate was incu-
bated at 37 °C for 24 h. Blank wells (without any antibacterial
agent) were used as positive controls. FIC values for different
nMOFs (FICigmor-3, FICznprc, FICwmors) and antibiotics
(FICAmp, FICkan) were calculated according to the following
equation.®’

FICnMOF/antibiotiC = MICnMOF+antibi0tic/MICnMOF/antibiotic (1)

The FIC index, obtained as FIC,yor + FICntibiotic, Was used
to interpret the nature of the cumulative antimicrobial effect
when the nMOF and antibiotic were used as a mixture. The
FIC index values <0.5, 0.5-1.0, 1.0-4.0, and >4.0 were used to
describe the system as synergistic, additive, indifferent, and
antagonistic, respectively.

Time-kill assays

The kinetics of bactericidal activity was studied for nMOFs
alone and nMOF/antibiotic mixtures. For this comparative ana-
lysis, samples at their MIC concentrations were introduced
into 20 mL of MH broth containing 10’ CFU mL™" of S. aureus,
S. lentus, E. coli, or L. monocytogenes. The contents were stirred
at 200 rpm and incubated at 37 °C. During the test, a 100 pL
culture sample was periodically collected at different time
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intervals (0, 4, 8, 12, 16, 20, and 24 h). This sample was plated
on MH agar plates and incubated at 37 °C for 24 h followed by
counting of colony forming units.

Cytotoxicity analysis

Human cell toxicity of the nMOFs and nMOF/antibiotic mix-
tures was assessed using HaCaT cells and an MTT assay (MTT
is 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide).®*"*® Briefly, HaCaT cells (9 x 10" per well) were
seeded in triplicate in a 96-well plate containing RPMI-1640
supplemented with 5% fetal bovine serum. The temperature
(37 °C) and humidified CO, (5%) conditions were maintained
overnight in an incubator. The next day, nMOFs and nMOF/
antibiotic samples were added in distinct wells at their MIC
values. The plate was again incubated for 24 h at 37 °C.
Thereafter, the cells were treated with 20 pL of MTT solution
(2.5 mg mL™" in PBS) and incubated for 4 h at 37 °C. The
supernatant was separated, and the resulting formazan crystals
were dissolved in 100 pL of dimethyl sulfoxide (DMSO). The
samples were measured for absorbance at 570 nm with a
microplate reader. The comparative viability of cells was calcu-
lated by the ODs;, ratio between the treated and untreated
cells.

Results and discussion

Structural and morphological characterization

The UV-Vis absorbance (200-800 nm) and FTIR spectra of
IRMOF-3, Zn-BTC, and MOF-5 are shown in Fig. S1.1 IRMOF-3
shows a characteristic excitation peak at 340 nm due to the
charge transfer mechanism from ligand-to-metal (Fig. S1A71).%*
The FTIR spectrum of IRMOF-3 (Fig. S1Bf) shows bands
around 1600-1330 cm ™" signifying the asymmetric and sym-
metric carboxyl group vibrations. The bands from
3100-3500 cm™"' correspond to the amine groups present in
IRMOF-3.%%¢ The UV-Vis spectrum of MOF-5 shows a broad
absorbance peak near 240 nm, which is characteristic of the
organic ligand (Fig. S1Ct).*” The FTIR spectrum of MOF-5
(Fig. S1DT) shows bands between 1500-1600 c¢cm™ " and
1330-1400 cm ™" attributed to the ~-COO asymmetric stretching
vibration and -COO symmetric stretching vibration, respect-
ively. The multiple weak bands between 1000-1150 cm™" and
650-850 cm™" represent the ring-in and out-of-plane bending
vibration of aromatic C-H bonds, respectively.®® The bands at
1665 and 1599 cm ™" are assigned to the C=0 bond stretching
vibration and aromatic C-C bond vibration of the organic
linker BDC, respectively. A sharp band centered at 1385 cm™*
is attributed to the C-O bond stretching vibration. The sample
of the synthesized Zn-BTC showed a characteristic absorption
peak at 250 nm along with a smaller peak at ~290 nm
(Fig. S1Et). These peaks signified the successful incorporation
of the organic linker BTC in the MOF.*® The FTIR spectrum of
Zn-BTC showed bands for the symmetric and asymmetric
vibration of BTC at 1479-1374 cm™' and 1564-1532 cm™,
respectively (Fig. S1Ff). The broad bands around 3460 and
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3125 cm™" along with a sharp band near 1620 cm ™" are repre-
sentative of water molecules entrapped within the metal
coordination spheres. The absence of a carboxylic group
absorption band at 1730-1700 cm ™" indicates that the organic
linker (BTC) is bonded with the metal center, probably in a
monodentate form.”®

Structural analysis of the synthesized Zn-nMOFs was per-
formed using XRD and FE-SEM (Fig. S21). XRD and FE-SEM
imaging (Fig. S2A and S2Bf) revealed the crystallinity of
IRMOF-3.>® The synthesized crystals were rectangular cuboids
with a homogenous product formation. The surface mor-
phology of MOF-5 indicated that the particle size ranged from
5-10 pm (Fig. S2Ct). The XRD pattern (Fig. S2Dt) showed
reflection peaks at 9.7°, 13.7°, 15.3°, 17.8°, 19.5°, 20.6°, 24.6°,
26.5° 30°, 31.6°, 34.6°, 36.2°, and 42.6°, correlating well with a
previous study.”' The XRD and FE-SEM data for Zn-BTC
(Fig. S2E and S2Ff) agree with previous reports.”>”® The
product possessed a rod-like morphology.

The particle size analysis of nMOFs was made to assess the
changes between before and after the loading of drugs using
the dynamic light scattering technique. As shown in Fig. S3,1
the average hydrodynamic particle size of the nMOF (MOF-5,
shown as a representative MOF) did not change after its
mixing with the drug (ampicillin). These studies suggest that
the drug molecules were absorbed within the pores of the
nMOF (e.g., without conjugation on the surface). All other
examples of nMOFs and drug combinations were also charac-
terized with similar observation.

Table 1 Minimum inhibitory concentrations (MICs) of nMOFs and drugs
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Table 1 summarizes the antimicrobial activity (minimal inhibi-
tory concentrations (MICs)) of the three Zn-nMOFs and two
antibiotics (ampicillin and kanamycin) individually and when
used as mixtures, against the four microorganisms S. aureus,
S. lentus, E. coli, and L. monocytogenes. All six nMOF/drug mix-
tures showed significant antimicrobial activity against all four
microorganisms. Notably, nMOF/drug mixtures showed
greater antibacterial activity than the nMOF or drug alone,
indicated by lower MIC values for both the antibiotic and (in
most cases) the nMOF.*® For example, MIC values for the three
Zn-nMOFs, Zn-BTC, IRMOF-3, and MOF-5, and ampicillin
when used individually against S. aureus were 200, 100, 200,
and 32 pg mL™", respectively (Table 1A). When used as nMOF/
ampicillin mixtures, the MIC values were reduced to 150
pg mL~" for both Zn-BTC and MOF-5 (the MIC for IRMOF-3
remained unchanged), and the MIC value for ampicillin was
reduced 2-fold to 16 pg mL™" in each case (Table 1B). MIC
values for ampicillin against the four microorganisms were
reduced 2-fold to 4-fold when combined with a Zn-MOF; MIC
values for kanamycin were reduced 1.5-fold to as much as
8-fold (against E. coli when combined with IRMOF-3). These
results indicate that the Zn-nMOF/drug combinations had
synergistic or additive antibacterial effects against both Gram-
positive and Gram-negative bacteria. IRMOF-3/ampicillin was
the most potent combination against the three Gram-positive
bacteria; for Gram-negative E. coli, all three nMOF/drug combi-

when used individually and as mixtures against various bacterial strains

A. MICs of nMOFs and drugs when used individually

MIC (ug mL ™)
Order Class nMOF drug S. aureus S. lentus L. monocytogenes E. coli
1 MOF Zn-BTC 200 200 250 150
2 IRMOF-3 100 150 150 100
3 MOF-5 200 200 200 200
4 Antibiotic Ampicillin 32 48 48 32
5 Kanamycin 32 32 24 32
B. MICs of nMOFs and drugs when used as a mixture
MIC (pg mL ™)

Order Class nMOF/drug S. aureus S. lentus L. monocytogenes E. coli
1 nMOF + ampicillin Zn-BTC 150 150 100 100
2 Ampicillin 16 24 16 8
3 IRMOF-3 100 50 50 50
4 Ampicillin 16 16 16 8
5 MOF-5 100 150 100 100
6 Ampicillin 16 24 24 8
7 nMOF + kanamycin Zn-BTC 100 100 100 100
8 Kanamycin 16 16 16 16
9 IRMOF-3 50 50 100 25
10 Kanamycin 8 8 8 4
11 MOF-5 100 100 100 100
12 Kanamycin 8 8 16 8
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nations displayed a similar higher bactericidal activity than
the nMOFs or drugs alone.

The metal-organic framework structure behaves as a reser-
voir for Zn"? ions that interact with the bacterial cell wall. A
high loading of Zn*? ions increases the antibacterial potency
of the compounds.”*”*’* Although the Zn-nMOFs alone did
not show exceptional antibacterial activity (MIC values ranged
from 100-250 pg mL™'), when mixed with ampicillin or kana-
mycin, the resulting formulations surpassed the antibacterial
efficiency of these drugs alone against both Gram-positive and
Gram-negative bacteria.

The mechanism of antimicrobial action of the nMOF/drug
combination is depicted in Fig. 1. As such, a system can facili-
tate antimicrobial action via inhibition or regulation of
enzymes involved in cell wall biosynthesis, nucleic acid metab-
olism, repair, protein synthesis, and disruption of the mem-
brane structure. The antimicrobial action of MOFs is generally
associated with physical damage to bacterial cells. The MOFs
can act as a reservoir of metal ions, which are gradually
released to result in a sustained antibacterial action analogous
to that of other well-known metal/metal oxide nanoparticles.
In our case, the plasma membrane disorganization was also
evident from the FE-SEM studies of some representative
samples, ie., IRMOF-3/ampicillin and IRMOF-3/kanamycin
treated E. coli and S. aureus cells (Fig. 2). As shown in this
representative study, 4 hours of incubation of IRMOF-3/
ampicillin and IRMOF-3/kanamycin with E. coli and S. aureus
resulted in cell disruption.

Fractional inhibitory concentrations (FICs)

To assess whether the nMOF/drug combinations showed
synergistic, additive, or indifferent effects, we used checker-
board microtiter tests to determine the fractional inhibitory
concentrations (FICs) of the nMOFs and drugs when used indi-
vidually and in combination against the four bacterial species
and FIC indices for the nMOF/drug combinations
(Table 2).>>°° A synergistic interaction was observed for
IRMOF-3/kanamycin against E. coli, as indicated by an FIC

’Antimicrobial Action of drug@MOF ‘

Culture Plate

«  Drug Molecule

i Live Bacteria

€© Metallon
s Linker Molecule M8 Dead Bacteria

Fig. 1 Mechanism of antimicrobial action of nMOF/drug mixtures.
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Fig. 2 FE-SEM images of diverse samples for toxicity studies: (a)
untreated E. coli; (b) untreated S. aureus; (c) IRMOF-3/ampicillin treated
E. coli; (d) IRMOF-3/ampicillin treated S. aureus; () IRMOF-3/kanamycin
treated E. coli; and (f) IRMOF-3/kanamycin treated S. aureus.

index <0.5. All other IRMOF-3/drug combinations showed
additive effects (FIC index between 0.5 and 1) except for
IRMOF-3/ampicillin against S. aureus (FIC index = 1.5, indicat-
ing an indifferent interaction). An additive interaction was
observed for MOF-5/kanamycin against all four microorgan-
isms (FIC index = 0.75 in each case) and for MOF-5/ampicillin
against E. coli. Additive interactions were observed for Zn-BTC/
ampicillin against L. monocytogenes and E. coli and for Zn-BTC/
kanamycin against L. monocytogenes. Other MOF-5/drug and
Zn-BTC/drug combinations showed indifferent interactions
against the microorganisms, with FIC indices ranging from 1
to 1.25.

Time-kill assays and cytotoxicity analysis

All nMOF/drug combinations showed bactericidal effects. The
kinetics of these effects was measured using time-kill assays,
with drugs used at their minimum inhibitory concentrations
(Fig. 3 and 4 for nMOF/ampicillin and nMOF/kanamycin com-
binations, respectively). In general, nMOF/drug combinations
showed similar or slightly slower bactericidal effects over 24 h
than the drug alone, while using lower drug combinations
(due to the lower MIC values for the drugs when used in a
nMOF/drug mixture). For example, against E. coli, IRMOF-3/
ampicillin and MOF-5/ampicillin showed similar bactericidal
kinetics to ampicillin alone, while Zn-BTC/ampicillin showed
slower kinetics and a higher bacterial count after 24 h
(Fig. 3a). Zn-BTC/ampicillin against E. coli showed the weakest
bactericidal effect of all MOF/drug/microorganism combi-
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Table 2 Fractional inhibitory concentrations (FICs) and FIC indices
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A. FICs of nMOFs and drugs when used individually

FIC
Order Class nMOF/drug S. aureus S. lentus L. monocytogenes E. coli
1 nMOF + ampicillin Zn-BTC 0.75 0.75 0.4 0.66
2 Ampicillin 0.5 0.5 0.33 0.25
3 IRMOF-3 1 0.33 0.33 0.5
4 Ampicillin 0.5 0.33 0.33 0.25
5 MOF-5 0.5 0.75 0.5 0.5
6 Ampicillin 0.5 0.5 0.5 0.25
7 nMOF + kanamycin Zn-BTC 0.5 0.5 0.4 0.66
8 Kanamycin 0.5 0.5 0.5 0.5
9 IRMOF-3 0.5 0.66 0.66 0.25
10 Kanamycin 0.25 0.25 0.25 0.25
11 MOF-5 0.5 0.5 0.5 0.5
12 Kanamycin 0.25 0.25 0.25 0.25
B. FIC indices of nMOF/drug mixtures
FIC Index
Order MOF Drug S. aureus S. lentus L. monocytogenes E. coli
1 Zn-BTC Ampicillin 1.25 1.25 0.73 0.91
2 Kanamycin 1 1 0.9 1.16
3 IRMOF-3 Ampicillin 1.5 0.66 0.66 0.75
4 Kanamycin 0.75 0.91 0.91 0.5
5 MOF-5 Ampicillin 1 1 1 0.75
6 Kanamycin 0.75 0.75 0.75 0.75
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nations. All other nMOF/ampicillin combinations reduced bac-
terial colonies by 1 to 1.5 log units over 24 h (Fig. 3). All
nMOF/kanamycin combinations reduced bacterial colonies by
0.75 to 2 log units over 24 h (Fig. 4).

In the literature, other MOF/antibiotic combinations have
also been reported as antibacterials, including MOF-53/vanco-
mycin, HKUST-1/metronidazole, and Ni-CPO-27/metronid-
azole.>>**”® Nanomaterials such as silver nanoparticles (AgNPs)
capped with peptides and combined with antibiotics have also
been tested. These formulations have shown increased bacteri-
cidal activity, allowing 2- to 10-fold lower dosage of antibiotic
for an equivalent bactericidal effect.”*”” These previous
studies also suggest that nMOF/antibiotic combination
therapy might be superior to that of monotherapy, with the
advantage of a reduced dose requirement.”®*°

In some separate experiments, we have also tested some
other nMOFs - NH,-MIL-53(Fe), MIL-53(Al), and NH,-UiO-66
(Zr) - in combination with antibiotics; however, no significant
additional antimicrobial activity was observed (data not
shown).

To assess human cell viability during nMOF/drug appli-
cation, we tested the effects of the Zn-nMOF/drug combi-
nations on human dermal noncancerous (HaCaT) -cells
(Fig. S47). All nMOFs and drugs were tested at their MIC con-
centrations. The results indicated low toxicity (10-25%) for Zn-
BTC with both drugs and MOF-5/ampicillin while moderate
toxicity (30-45%) was observed for IRMOF-3 with both drugs
and MOF-5/kanamycin.

This journal is © The Royal Society of Chemistry 2018

Statistical analysis

All Zn-nMOF/antibiotic formulations showed significantly
higher antibacterial activities than the antibiotic alone. In all
cases, the P-value was <0.05, indicating a significant difference
in the antibacterial efficacy of the mixture versus the antibiotic
alone based on MIC measurements. For IRMOF-3, MOF-5, and
Zn-BTC combined with ampicillin against S. aureus, the results
of one-way ANOVA gave P-values of 0.002, 0.03, and 0.05,
respectively; against S. lentus, the P-values were 0.032, 0.01,
and 0.01, respectively; against L. monocytogenes, the P-values
were 0.032, 0.01 and 0.01, respectively; and against E. coli, the
P-values were 0.03, 0.04, and 0.035, respectively. P-Values were
<0.05 for the three Zn-MOFs combined with kanamycin for all
four tested bacteria.

Conclusions

In conclusion, this study demonstrates that Zn-nMOF/anti-
biotic formulations have significantly improved antibacterial
activity compared to antibiotics alone. Zn-nMOFs offer a new
approach to combat MDR bacterial strains and reduce the
burden of new drug discoveries. This study paves the way for
the development of new porous nMOFs for biological and
medical applications. Combination therapy using nMOFs and
antibiotics can be used to increase the antimicrobial activity
and broaden the antimicrobial spectrum.
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