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New metastable interfacial synthesis of a silver-
terephthalate metal organic framework: structure,
morphology and antibacterial activitiest

+2 Domenico Franco,” Salvatore Guglielmino,®
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Vincenzo Paratore,
Francesca Lo Presti,® Francesco Traina,® Sabrina Conoci
Guglielmo Guido Condorelli (2 *29

In this work, a silver terephthalate-based metal organic framework, [Ag>(BDC)], (where H,BDC is the
terephthalic acid), has been obtained by new synthetic routes using terephthalic acid and silver salts
dissolved in a dimethyl sulfoxide (DMSO)/water mixture in the presence of ammonia used to stabilize silver
ions and to control their availability. Fast crystal growth was obtained at the metastable interface between
the DMSO/water mixture and a water layer formed upon slow water addition. Chemical and
morphological properties of the obtained MOFs depend on the adopted synthesis conditions (routes a—c),
but in all cases [Ag,(BDC)],, formation and growth took place by the dissolution of an ammonia hydrogen
terephthalate salt. Large crystals of the ([Ag>(BDC)l,) monocline phase (named a-AgMOF) were grown
through a slow (10 h) crystallization process (route a), while fast (3 h) crystallization processes (route b)
lead to small size crystals with two different morphologies, named b-AgMOF. In order to obtain single
crystal phases with a squared morphology, the Ag* availability was limited using potassium chloride
(c(KCl-AgMOF) and benzoic acid (c(BA)-AgMOF) as additives during the synthesis (route c). The chemical
properties of the nanostructures were evaluated by transmission FTIR measurements, X-ray photoelectron
spectroscopy (XPS), X-ray diffraction (XRD) and field emission scanning electron microscopy (FE-SEM). The
obtained results indicate that all the obtained crystals possess efficient antibacterial activity. In particular,
the b-AgMOF exhibited the highest efficiency against Gram-negative (Pseudomonas aeruginosa and
Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria. In addition, the b-AgMOF showed
good stability both in water (evaluated up to 84 days) and in different culture media (evaluated up to
24 hours), suggesting it as a promising candidate for use as a new antibacterial agent for several applications.

Introduction

Research in the field of new antibacterial materials is the focus of
ever-growing interest due to the capability of many bacteria to
develop multidrug resistance (MDR). Nowadays, about 5 million
deaths are associated with bacterial antimicrobial resistance
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(AMR) and this trend has been estimated to reach 10 million by
2050." Several pathogenic bacteria, belonging to Gram-positive
and Gram-negative, are able to “escape” common antibiotic
therapies due to their increasing MDR.> Consequently, the asso-
ciated infections are the major life-threatening cause, mainly for
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immunocompromised and critically ill patients.® In this regard,
the acronym ESKAPE has been coined to include six highly
virulent and antibiotic-resistant bacterial pathogens, namely
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobac-
ter spp.> Among them, P. aeruginosa and S. aureus are some of the
most ubiquitous pathogens in biofilms found in healthcare.*
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Over the last few years, several strategies to overcome anti-
microbial resistance have been developed, in order to obtain
new broad-spectrum drugs with a better halfife.® In vitro
studies have in fact demonstrated that nanomaterials exhibit
toxic effects against several bacterial strains, thus indicating
their potential as non-traditional biocidal agents in various
biomedical applications.”*® Transition metal-based materials
have been often chosen as antibacterial agents because of the
combination of their excellent activity, stability, and human
body tolerance."™* Their antibacterial effects result from the
metal ion release, which leads to cell membrane denaturation
due to ROS generation or DNA intercalation.”™” Among these
materials, silver nanoparticles have been widely used for their
simple and versatile syntheses and high antibacterial yield."® >

However, one of their drawbacks is the uncontrolled Ag"
release in the environment, leading to metal accumulation and,
therefore, to excessive cytotoxicity.'®'® Some approaches are
commonly followed to control silver ion release. One of them
consists in the encapsulation of silver nanoparticles in organic
coatings (such as carboxylic acids or thiol-based monolayers)
which reduce the dissolution of free ions.'>'®*%??> Another way is
the use of coordination complexes in which the ions’ release is
controlled through the ligand-metal dissociation equilibrium.>>
Metal organic frameworks (MOFs) are particular compounds
that can be considered coordination polymers with an ordered
crystalline structure.”* > Compared with classical nanomaterials
for antibacterial applications, MOFs show many advantages such
as stable structures, on-demand degradation and efficient encap-
sulation of cargos, thanks to their porosity.>**® Specifically, only
a few works have been reported on the synthesis of Ag-based
MOFs (AgMOFs) for antibacterial applications which show a
decreased cytotoxicity compared with Ag nanoparticles.”” > In
these systems, the AgMOF can be considered as a metal ion
reservoir which slows the release of Ag*, thus generating a long-
term antibacterial activity (Table 1).>***** One of the most used
methods for the synthesis of MOFs is the solvothermal method
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which usually requires high temperature, a very long time and
often toxic solvents.">*>*® Modulated synthesis techniques in
which specific additives are added to the MOF precursor were also
used to facilitate the crystallization process, but as for solvother-
mal methods, often a long-term reaction is required.**°

In this article, we report new synthetics routes to prepare
silver-based MOFs, [Ag,(BDC)] which use benzene-1,4-dicarbo-
xylic acid (H,BDC, also known as terephthalic acid) as an
organic linker. As far as we know, only one paper reported
the synthesis of these MOFs grown with a monoclinic structure
(P21/c space group) and no detailed information on their
antibacterial activity was reported. The reaction reported by
Sun et al. used a mixture of methanol and water at room
temperature for one week to obtain an Ag,(BDC) MOF.*' In
our work, we developed a faster synthetic route compared with
the previous one via crystallization at a metastable interface
between water and a dimethyl sulfoxide (DMSO)/water solution
and we also studied the correlations between synthesis para-
meters and crystal morphologies. Liquid-liquid synthesis at
stable interfaces has been widely used for the preparation of
various nanostructures,’® whilst synthesis at metastable water-
water interfaces is less common and few reports are available,**
despite this approach possesses two important advantages:
(i) easier purification compared to the separation from water
immiscible organic solvents, which often contaminate the
product surface; (ii) easy solubilization of salts.**!

In our work, an Ag,(BDC) MOF (AgMOF) was obtained using
as precursors terephthalic acid and silver nitrate dissolved in a
dimethyl sulfoxide (DMSO)/water mixture in the presence of
ammonia. Crystal growth occurred after a few hours at the
metastable interface between the DMSO/water mixture and a
film of water formed upon slow addition of water. The DMSO/
water solution was chosen because of its lower toxicity com-
pared to the methanol/water solution used in the previous
paper. Two crystal morphologies were obtained as a function
of synthetic conditions, and, in particular, with the conditions

Table 1 Antibacterial activity of the previously reported AGQMOF and AgMOF-composites

Ref. Silver-based MOF Bacteria MIC (ug mL™")
27 [Ag,(Cedcp)], E. coli ATCC25922 >37.84
P. aeruginosa ATCC27853 >37.84
S. aureus ATCC 25923 (ATCC 6538) 37.84 (>37.84)
27 {[Ag4(Cmdcp),(H,0)4]-4H,0},, E. coli ATCC25922
P. aeruginosa ATCC27853 10.04
S. aureus ATCC 25923 (ATCC 6538) 10.04
28 AgMOF(BTC)/GO nanocomposite E. coli ATCC 35695 25
29 [Ag,(O-IPA)(H,0)-(H;0)], E. coli F 1693 <10
S. aureus F 1557 10
29 [Ag5(PYDC),(OH)], E. coli F 1693 10
S. aureus F 1557 20
30 [Cl@Ag14(cPrC = C);,Cl,-(p-TOS)-1/3H,0], S. aureus 10
33 AgMOF(BTC) E. coli MG1655 16
33 AgMOF with N-CQDs composite E. coli MG1655 4
33 AgMOF-N-CQDs hybrid E. coli MG1655 8
33 AgMOF with S-CQDs composite E. coli MG1655 8
33 AgMOF-S-CQDs hybrid E. coli MG1655 16
This work P. aeruginosa ATCC27853 7.8-15.6
E. coli ATCC 19138 7.8-15.6
S. aureus ATCC 29213 31.3-62.6
1034 | Mater. Adv,, 2024, 5,1033-1044 © 2024 The Author(s). Published by the Royal Society of Chemistry
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adopted for the formation of a metastable interface between the
water film and the DMSO/water solution. In addition, the
AgMOF’s antibacterial properties against P. aeruginosa, E. coli
and S. aureus, quite common pathogens involved in a wide
range of infections, including severe and often fatal hospital-
acquired infections, were evaluated as a function of different
synthesis methods used.

Materials and methods

Materials

AgNO; (Carlo Erba, Milan, Italy), terephthalic acid (H,BDC,
Sigma-Aldrich, Milan, Italy), dimethyl sulfoxide (DMSO, Sigma-
Aldrich, Milan, Italy), a water solution of NH; (25 wt%, VWR
Chemicals, Radnor, Pennsylvania, USA), benzoic acid (Sigma-
Aldrich, Milan, Italy), KCl (Sigma-Aldrich, Milan, Italy) and HCI
(33 wt%, Sigma-Aldrich, Milan, Italy) were all used without any
purification.

Bacteria strain, media, and growth conditions: Pseudomonas
aeruginosa ATCC27853 and Escherichia coli ATCC 19138 were
purchased from the American Type Culture Collection (LGC
Promochem, Milan, Italy) and cultured in Luria-Bertani broth
(LB, Sigma-Aldrich, Milan). Staphylococcus aureus ATCC 29213
was purchased from the American Type Culture Collection
(LGC Promochem, Milan, Italy) and cultured in tryptone soy
broth (TSB, Sigma-Aldrich, Milan, Italy). Both strains were
maintained in their respective media added with 20% glycerol
at —80 °C. Thermogravimetric analyses were carried out using a
Mettler Toledo TGA instrument with STARe software. All ther-
mogravimetric experiments were repeated at least three times
to confirm the accuracy and reproducibility of the data. About
6-7 mg of AgMOF was placed in an alumina crucible (40 pL).
The samples were then heated at atmospheric pressure under
purified nitrogen flow (50 sccm) with a 5 °C min~ " heating rate.

Synthesis of Ag,(BDC) MOF

For all the synthesis routes of Ag,(BDC), 77 mg of AgNO; was
dissolved in 2 mL of NH; water solution (25 wt%) in an amber
flask, then 4 mL of DMSO was added to the solution and
stirred. Then 170 mg of H,BDC was dissolved in 16 mL of
DMSO. The two solutions were heated at 50 °C and the ligand’s
solution was slowly added to the metal solution under stirring
at 50 °C. White crystals were formed when almost half ligand’s
solution was added as an intermediate reaction product. Then,
three routes of synthesis were used: route a, route b, and route c.
All crystals obtained during the synthesis were collected, filtered,
and washed two times with DMSO, once with water and once with
ethanol. To obtain dry powders, the crystals were kept in a vacuum
vessel at 25 °C for a few hours. The obtained products were stored
at room temperature in the dark until their characterization.

Route a: slow crystallization

H,0 (Milli-Q grade) was slowly dropped on the mixed AgNO;/
H,BDC solution containing the intermediate product to obtain
a thick metastable layer of water on the DMSO/water solution.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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This layered solution was heated at 70 °C for 10 h and water was
constantly dropped to keep the layer for all the reaction time.
After a few hours, the white precipitate at the bottom dissolved,
colorless crystals were formed at the interface between the
water layer and the H,O/DMSO solution and precipitated slowly
to the bottom. After 10 h, white crystals were obtained.

Route b: fast synthesis

A mixed AgNO;/H,BDC solution was placed in a closed cham-
ber with a second beaker containing 10 mL of H,O and the
chamber was heated at 75 °C for 3 h. In this process, water
vapors were slowly adsorbed on the DMSO/water solution and a
thin water layer on the surface was obtained. As above, the
formation of white crystals occurred at the interface between
water and the DMSO/water solution. Crystalline powders were
collected after 3 and 5 h.

Route c¢: modulated fast synthesis

The same procedure as described in route b was followed but
with the addition at 50 °C and under stirring of KCI or benzoic
acid to the AgNO; solution before mixing it with H,BDC.
Different concentrations of the additive were used: 2 mM,
4 mM, and 6 mM for KCl and 4 mM, 8 mM, and 12 mM for
benzoic acid. After 3 h, light grey powders were obtained
for KCI addition and light brown powders were obtained for
benzoic acid addition.

Characterization

Transmission FT-IR measurements of samples in KBr pellets
were carried out using a JASCO FTIR 4600LE spectrometer
(Easton, MD, USA) in the spectral range 560-4000 cm ™" (resolution
4 cm ™). X-Ray photoelectron spectroscopy (XPS) was carried out
using a PHI 5000 Versa Probe Instrument (Chanhassen, MN, USA)
using a monochromatic Al Ko X-ray source excited with a micro-
focused electron beam. All the analyses were performed with a
photoelectron take-off angle of 45 (relative to the sample Surface).
The XPS binding energy (BE) scale was calibrated on the C 1s peak
of adventitious carbon at 285.0 eV. XRD measurements were
performed using an XRD Smartlab Rigaku diffractometer (Tokyo,
Japan) in grazing incidence mode (0.5) using a rotating anode of
Cu K source radiation at 45 kV and 200 mA. The SEM images were
obtained using a field emission scanning electron microscope
(FESEM) ZEISS VP 55 (Oberkochen, Germany). The (Brunauer-
Emmett-Teller) methodology was used to determine the surface
area of the samples towards the N, adsorption-desorption
measurement at —196 °C using a Micromeritics Tristar II Plus
3020 instrument. The samples were pre-treated by out-gassing at
100 °C overnight.

Antibacterial assay

For each strain, semi-exponential broth culture was prepared at
a final concentration of approximately 10° bacteria per mL
starting from 0.5 Mc Farland inoculum (equivalent to 1.5 x 10°
bacteria per mL). So, the prepared bacterial cultures were
dispensed in 15 mL sterile tubes and added with increasing
aliquots of AgMOF ranging from 3.9 to 250 pg mL~". To favor a

Mater. Adv,, 2024, 5,1033-1044 | 1035
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better dispersion of the compound, the stock solution
(1 mg mL™") was sonicated for 5 min in an ultrasonic bath.
Then, 200 puL of the bacterial dispersion with the AgMOF was
dispensed in wells of a 96 well plate (3 replicates for each
experimental condition) and incubated at 37 °C for 18 h.

Minimum inhibitory concentration (MIC) was the lowest
concentration at which compounds able to prevent visible
bacterial growth. Starting from MIC endpoints, the minimum
bactericidal concentration (MBC) was determined by subcultur-
ing on Mueller Hinton Agar (MHA; MHB added with 20 g ™" of
bacteriological agar) plates and was defined as the lowest
concentration at which a compound can reduce bacterial
viability by over 99.9% with respect to the initial inoculum.

In vitro stability of the AgMOF antibacterial activity was also
evaluated over time in distilled water and cultural medium,
which was LB for P. aeruginosa and E. coli and TSB for S. aureus.
For studying the stability of the antibacterial activity in distilled
water, batches of AgMOF suspension (at a concentration of
1 mg mL ") were prepared and stored in the dark and at room
temperature for 1, 4 and 12 weeks, before being evaluated by an
antimicrobial test. After the storage period, ability of each
suspension for maintaining its bactericidal activity against
previously tested bacterial strains was evaluated. In the tests
conducted in culture media, increasing aliquots of AgMOF
ranging from 3.9 to 250 pg mL ™' were incubated for 24 h
in a fresh medium at 37 °C. After the incubation period, a
final concentration of approximately 10° bacteria per mL was
inoculated in each condition and incubated for an additional
18 hours at 37 °C. Then the antibacterial evaluation was carried
out as described above.

A live/dead BacLight bacterial viability kit was also used to
evaluate the bactericidal activity of the AgMOF. Briefly, semi-
exponential broth culture at a final concentration of 0.5 Mc
Farland (equivalent to 1.5 x 10°® bacteria per mL) was exposed
at MBC concentrations of AgMOF and incubated at 37 °C for
3 h. After the incubation period, 6 pL of the dye premixed of
SYTO 9 (green-fluorescence staining viable cells) and propi-
dium iodide (red-fluorescence staining dead cells), at a 1:1
ratio, was incubated with 200 pL of culture for 15 min at 37 °C.
After the incubation period, the samples were visualized using
a Leica DMRE epifluorescence microscope with a Leica C Plan
63x objective, using a BP 515-560 nm excitation filter in
combination with an LP 590 nm suppression filter.

Results and discussion

The adopted approach for AgMOF synthesis leverages the
formation of an interface between water and a DMSO/water
mixed solution to promote MOF crystallization. In this method,
the MOF precursors, Ag" and the organic ligand (H,BDC), are
first dissolved in the DMSO/water solution. Then, upon adding
water on top of the DMSO/water solution, the metal ions diffuse
into the aqueous phase, while the organic ligand remains in the
DMSO solution, creating an interface between Ag" and H,BDC
rich solutions. The role of the reaction interface on the

1036 | Mater. Adv, 2024, 5,1033-1044
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Route b) + HO0
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Evaporation Adsorption i

Route c) } H0

Fig. 1 Representation of the proposed AgMOF synthetic routes: (a) slow,
(b) fast, and (c) modulated.

structure and morphology of the obtained materials was stu-
died by varying experimental conditions (routes a-c in Fig. 1) in
terms of water content and presence of additives. In particular,
the concentration of reactants at the interface, which is a key
nucleation factor, depends on the volume of water added to the
DMSO solution. In route a, a thick layer of water is maintained
constantly through continuous water droplet addition on the
surface. On the other hand, in route b, the concentration of
ions is increased by using a very thin layer of water. This thin
layer is achieved by the adsorption of water vapor (see the
Materials and Methods section).

In the third synthesis, route c, the study focuses on modifying
the outcome of route b by introducing additives into the solution.

Additives (namely KCl and benzoic acid) were used to limit
the availability of Ag" ions and in turn to control the crystal-
linity of AgMOFs (route c). We will refer to these AgMOFs
obtained through different routes as a-AgMOF for the product
of route a; b-AgMOF, b5h-AgMOF for the products of route b
obtained after 3 and 5 h, respectively; c¢(KCl)-AgMOF, c(BA)-
AgMOF for the products of route c¢ obtained with KCl and
benzoic acid (BA) as additives, respectively.

In all routes, after adding the ligand’s solution to the AgNO;/
NH; DMSO solution, white insoluble crystals are formed. These
intermediate products dissolve during heating, leading to the
formation of AgMOF crystals. To understand the growth pro-
cess, the white intermediate obtained before adding water was
separated and characterized. The XRD pattern (Fig. 2a) of the
intermediate product is consistent with the presence of ammo-
nium terephthalate monoacid salt.

The structure of NH,HBDC, according to J.A. Kaduk et al.,**
is reported in Fig. 2d. It consists of chains of HBDC™ ligands
kept together by a network of H-bonds with other ligands and
NH," cations. The terephthalate ligands coordinate one NH,"
cation with one of their oxygens (monodentate coordination)
and half of the carboxylic groups are randomly deprotonated.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Comparative XRD patterns of reference NH4HBDC (black) and
white products identified as NH4HBDC. (b) Comparative IR spectra of
H,BDC (black) and white products identified as NH4HBDC (red). (c) XPS
characterization of the intermediate product. (d) Crystal structure of the
ammonium terephthalate salt.

Both XPS and FT-IR spectra performed to fully characterize
the white precipitate are consistent with the reported
NH,HBDC structure. In FTIR spectra (Fig. 2b), the strong and
broadened band in the 3400-2800 cm ' range is consistent with
the presence of HO™ and HN stretches involved in a network of
H-bonds. The strong C=0 stretch around 1700 cm™*
but is slightly broader compared with the starting H,BDC
ligands, as expected for bi-carboxylic acids either not deproto-
nated or deprotonated with a monodentate coordination for
which the C=0 group is preserved.”® Ci1s, N1s and O1s XPS
spectral regions are reported in Fig. 2c. The C1s XPS spectrum
shows two peaks. The first peak at 285 eV is due to the typical
C-C/C-H hydrocarbon backbone and adventitious carbon.
The second one at 289.3 eV is typical of carboxylic groups.** ¢
The BE value is higher than the one expected for deprotonated
carboxylate groups,* due to only partial deprotonation and the
H-bond network that usually increases the BE values. The N1s
peak is observed at 401.6 eV consistent with ammonium ions.*>
The O 1s XPS band can be deconvoluted into three components:
the first component at 531.4 eV can be attributed to the oxygen
atoms of deprotonated OH groups, which have the highest
electronic density. The second component at 532.5 €V corre-
sponds to the presence of the carbonylic C=O0O groups and the
third one at 533.9 eV is related to the oxygen in O-H groups.*”™*°

The formation of the [(NH,")(HBDC™)] salt as an intermedi-
ate reaction product is due to the step shown in Scheme 1.

For all the reported routes, the intermediate carboxylate
dissolves after a few hours and AgMOF was obtained according
to Scheme 2.

is similar

H,0
AgNOs + NH; — Ag(NHs),
MSO/H,0
H,BDC + NH, s 4 [(NH)*HBDC™] L

Scheme 1 Schematic representation of the [(NH,*)(HBDC™)] formation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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DMSO /H,0; 75°C
_—

[(NH,)*HBDC™] + Ag(NHs), AgMOF

Scheme 2 Schematic representation of AgMOF synthesis by the
[(NH4*)(HBDC™)] and Ag(NHs), reaction.

In route a, large AgMOF crystals (a-AgMOF) are formed after
10 hours. XRD, FT-IR, SEM and XPS characterization of the
products is reported in Fig. 3.

XRD patterns (Fig. 3a) of a-AgMOF powders indicate the
formation of crystalline Ag,BDC with the monoclinic structure
(P21/c space group) according to the reported crystallographic
data.*® SEM analysis (Fig. 3d) shows the formation of well-
shaped rhombohedral crystals with dimensions greater than
20 pm. The a-AgMOF FT-IR spectra (Fig. 3b) show two strong
peaks at 1567 cm ™' and 1376 cm ™" which are shifted compared
to the main peaks of the H,BDC carboxylic group (C—=O stretch-
ing at 1687 cm ™' and the C-OH stretching at 1288 cm %), thus
suggesting the formation of carboxylate salt peaks.>°

XPS spectra are consistent with the formation of the Ag
terephthalate MOF. The C1s peak (Fig. 3c) shows the presence
of three components: a component at 285.0 eV attributed to the
C-C/C-H atoms and the adventitious carbon used as a BE scale
reference, a component at about 286.0 is attributed to C-OH
contaminants and the peak at 288.6 eV is related to carboxylate
groups.’®! The O1s peak centred at 531.7 is attributed to the
oxygen of the carboxylate groups. A shoulder at 533.0 eV can be
also detected due to unreacted carboxylic acids and adsorbed
water. The signals of the Ag3d 5/2 and 3/2 doublet peaks at
368.6 €V and 374.5 eV are related to the presence of Ag" ions.

Using route b, well-crystallized AgMOF particles were
obtained after 5 hours (Fig. S1a, ESIT). In this case, the crystals
(b5h-AgMOF) are smaller compared to those obtained using
route a (Fig. S1b, ESIt), but they exhibit the same XRD pattern.
By reducing the reaction time to 3 hours, the resulting MOF
(b-AgMOF) displays all the XRD reflections observed in the
a-AgMOF and b5h-AgMOF samples. However, two new peaks
appear at 7.4° and 15° (Fig. 4a), indicating the formation of a
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Fig. 3 (a) XRD analysis of the a-AgMOF and reference AMOF pattern
(CCDC identifier no. 198096): (b) FT-IR spectra of a-AgMOF (red line) and
H,BDC (black line); (c) XPS analysis of a-AgMOF C1s, Ols and Ag3d peaks
from right to left, respectively; (d) SEM pictures of a-AgMOF; (e) crystalline
structure of the Ag,BDC MOF.
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Fig. 4 (a) XRD pattern of b-AgMOF in red lines and reference curves in
black lines; (b) comparison between the IR spectra of b-AgMOF (red) and
ligand H,BDC (black); (c) SEM pictures of the two crystalline phases
obtained in b-AgMOF.

secondary phase. Furthermore, the SEM images (Fig. 4c) clearly
indicate the presence of two types of crystal morphology. The
first type exhibits big and square shapes similar to those
observed in the a-AgMOF samples. The second type is smaller
with a needle shape. The FT-IR images (Fig. 4b) show the typical
carboxylate peaks at 1567 cm ™' and 1376 cm ™' and the XPS
spectra show the carboxylates band at about 288.5 eV (Fig. S2,
ESIT), thus confirming the deprotonation of the carboxylic
groups and the formation of carboxylate salt.

Previous literature studies suggested that the addition of
additives to the reaction mixture can improve the crystallization
rate and control the crystal size, and for this reason synthesis
route ¢ was performed.>>™”
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Fig. 5 (a) FT-IR spectra of c(KCl)-AgMOF at different KCl concentrations
(the H,BDC FT-IR spectrum was added as reference); (b) XRD analysis of
c(KCl)-AgMOF at different concentrations of KCl; and SEM pictures of
c(KCl)-AgMOF obtained using (c) 2 mM and (d) 6 mM KCl concentrations.
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FT-IR spectra (Fig. 5a) show that the peak due to carboxylate
groups increases upon increasing KCl concentration at the
expense of carboxylic groups of the free H,BDC, thus suggest-
ing that KCI favours the formation of the coordination bond
between the BDC ligands and silver ions.

In addition, the XRD patterns (Fig. 5b) show that by increasing
KCl concentrations, the peaks of the pure Ag,BDC monoclinic
phase increase compared to the peaks at 7.4° and 15 due to the
secondary phase. Specifically, the pure Ag,BDC monocline phase
was obtained in KCl (6 mM).

SEM analysis (Fig. 5¢ and d) confirms the XRD results. Two
grain types were observed for low (2 mM) KCI concentrations,
while using a higher KCI concentration (6 mM), only one crystal
type was observed (Fig. 5d). Note that these crystals have
smaller dimensions (less than 5 pm) than the ones obtained
in route a and b and their dimension decrease as the modulator
concentration increases.

Comparable results were obtained with benzoic acid (BA) as
an additive (Fig. S3, ESIT). In fact, by increasing the benzoic
acid concentration, the Ag,BDC monocline phase formation
was favoured compared to the secondary ones. However, in this
case, we could not obtain a pure monocline phase because for
BA concentrations higher than 8 mM, an extremely low amount
of the product was obtained.

Both additives (BA and KCl) act as competitors of the
terephthalate ligand in the silver ion complexations due to
the presence of either carboxylic groups or the chloride ions.
This behaviour favours the crystallization process of Ag,BDC
crystals by reducing the availability of the metal ions. These
results show that it is possible to modulate the crystalline
phases and morphologies of AgMOF by adjusting the amount
of water, the reaction time, and the concentration of modula-
tors such as BA and KCI. A notable difference between the two
morphologies lies in their surface area. The BET analysis
revealed that the b-AgMOF exhibited higher surface area com-
pared to the single monocline phase Ag,BDC of the a-AgMOF
sample. The surface area values are 45.2 m*> ¢ "' and 36.9 m*g~*
for b-AgMOF and a-AgMOF, respectively. In the TGA analysis
presented in Fig. S6a and b (ESI{), a weight loss of approxi-
mately 3% is observed at around 100 °C for both b-AgMOF and
c-AgMOF, indicating the desorption of water. Additionally, the
TGA weight loss and the first derivative curves reveal that both
MOFs undergo degradation, with c-AgMOF exhibiting a degra-
dation of approximately 35% at 385 °C and b-AgMOF showing
around 28% degradation at 400 °C. Notably, the most signifi-
cant disparity between these two morphologies is observed in
b-AgMOF, where there is an additional weight loss of 9.5% at
around 220 °C. This weight loss step is attributed to the
desorption of DMSO trapped within the porous structure of
b-AgMOF, a phenomenon confirmed by EDX analysis presented
in Table S1 (ESIt) in which the presence of solvent in the b-
AgMOF is shown. These results suggest that the distinct
morphologies of these MOFs may be linked to the presence
of DMSO as a solvent, enabling the formation of different
crystalline morphologies in a shorter synthesis time and with-
out the use of additives.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Antibacterial evaluation

The antibacterial efficacy of the b-AgMOF was evaluated by
biological assays against P. aeruginosa, E. coli and S. aureus,
quite common pathogens involved in a wide range of infections,
including severe and often fatal hospital-acquired infections.
The results are summarized in Fig. 6.

Specifically, for Gram-negative bacteria, namely P. aeruginosa
and E. coli, we found that the MIC value was 7.8 pg mL ™"
Although at 3.9 pg mL™, a visible and clear turbidity was
observed for both bacterial strains, spectrometric evaluation
at 540 nm (ODs,,) indicated significant bactericidal activity,
so that a viability reduction of 75% and 70% was observed for
P. aeruginosa and E. coli, respectively. The MIC values were also
confirmed by the MBC assay. Unlike Gram-negative strains,
S. aureus showed greater resistance to AgMOF with a MIC value
established at 31.3 pg mL ™", while MBC at 62.5 ug mL ™. Also, in
this case, at a sub-MIC concentration of 15.6, we found a
significant viability (approximately of 72%).

In order to understand the role of AgMOF formation in
antibacterial activity, we have also evaluated the antibacterial
activity of AgNO3 and the terephthalate ligand as terephthalic
acid. We have estimated that 250 pg mL ™" of AgMOF should
correspond to an equivalent of 223.7 pg mL™" of AgNO3 and
109 pg mL ™" of the terephthalate ligand. No significant anti-
bacterial activity was observed for terephthalic acid. For AgNO3,
the antibacterial test indicated similar values for both Gram
strains, namely 31.3 pg mL ™' for Gram-positive strains and
7.8 ug mL ™' for Gram-negative strains, when the metal salt was
tested as soon as it was prepared. On the other hand, we
observed a significant reduction in the bactericidal activity of
the metal salt compared with AgMOF materials, especially
against Gram-negative strains (62.5 pg mL™' for the Gram-
positive strain and 31.3 pg mL™' for both Gram-negative
strains) when evaluated over time in distilled water (after one
week) and culture medium (after just 5 hours of incubation in
fresh medium before bacterial inoculation).

It is known that metal-organic frameworks can act as a
reservoir for metal ions which interact with the bacterial cell
components.”® Metal ions can diffuse inside the cell and
interact with the cellular membrane/wall, cell macromolecules
such as proteins and nucleic acids.>® In addition, they can
increase cytoplasmic levels of reactive oxygen species (ROS),

b-AgMOF
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Fig. 6 Bacterial reduction of P. aeruginosa, E. coli and S. aureus exposed
to b-AgMOF with concentrations ranging from 250 to 3.9 ng mL™%
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such as hydrogen peroxide, superoxide anions and hydroxyl
radicals, by altering the normal function of the respiratory
chain in the cell.®*"*® Since the antibacterial effect is due to
the release of silver ions from the metal organic framework
structure, the different susceptibility of Gram-negative strains
(P. aeruginosa and E. coli) compared to Gram-positive ones
(S. aureus) is ascribable to different composition and organiza-
tion of their cell wall. It has been reported that the different
susceptibility of Gram-negative bacteria to silver nanoparticles
(AgNPs) could be due to the presence of LPS molecules, which
increase the negative charge of the cell membrane compared to
Gram-positive bacteria.®” Recent evidence has also suggested
that the mosaic structure of LPS molecules in Gram-negative
bacteria makes some regions more negatively charged so that
NPs (positively charged) tend to aggregate in these areas,
leading to a localized toxic effect.”® On the other hand, the
greater amount of peptidoglycan in Gram-positive bacteria
provides greater resistance to damage from silver ions, due to
their trapping by negatively charged peptidoglycan.®® The latter
should justify the different values found between MIC and MBC in
S. aureus, showing that at MIC concentrations, there is only an
inhibitory action, and a viable bacterial residue is retained. Conse-
quently, when the biocidal agent is removed by subculturing in
fresh medium, the bacterial strain resumes its rapid growth.

The results from the antibacterial assays agreed with those
from live/dead staining (Fig. 7).

Also in this case, a noticeable difference emerged between
Gram-negative (P. aeruginosa and E. coli) and Gram-positive
(S. aureus) bacteria. In the case of S. aureus, the viability
staining showed the presence of very few living bacteria (green
fluorescent) and many dead (red fluorescent) bacteria in the
presence of b-AgMOF after 3 hours (Fig. 7f). All bacteria in the
presence of b-AgMOF were dead after an overnight (18 h)
incubation (Fig. 7i). Otherwise, almost all cells were red fluor-
escent for P. aeruginosa (Fig. 7d) and E. coli (Fig. 7e) after just

E. coli S. aureus

Fig. 7 Live/dead staining of P. aeruginosa, E. coli and S. aureus exposed
to b-AgMOF at MIC values for 3 h and 18 h.
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3 hours. Also in this case, all bacteria were dead after an
overnight incubation with b-AgMOF (Fig. 7g and h). Intrigu-
ingly, we observed that bactericidal effects in E. coli could cause
cellular filamentation (cyan arrow in Fig. 7e), while we did not
observe any cell filamentation when P. aeruginosa was tested
under the same conditions. These elongated cell shapes are
more widespread after an overnight incubation. These findings,
similarly, obtained by other authors with biocidal systems
based on AgNPs, demonstrate a multivalent biocide effect
towards E. coli, related to the inhibition of DNA synthesis and
induction of SOS-mediated filamentation.®®”°

Antimicrobial assays were also carried out with crystalline
phase obtained by using KCl (6 mM, c(KCl)}-AgMOF) and
benzoic acid (8 mM, c¢(BA)-AgMOF) additives (Fig. 8).

Although antimicrobial assays indicated, also in this case, a
strong antibacterial activity of the two AgMOFs against all
bacterial strains, some considerations need to be made. First,
both derived crystalline phases exhibit higher MIC values than
b-AgMOF (Table 2).

An explanation could derive from the lower yield, in terms of
Ag' ions’ concentration, derived from the addition of the two
additives. In our silver-based material systems, the antibacter-
ial activity of AgMOF could be attributed to the leaching of ions
from themselves which can diffuse inside the bacterial cells
and interact with the cellular membrane/wall and other macro-
molecules such as proteins and nucleic acids.”"’? In the case of
c(BA)-AgMOF, the benzoic acid could act as a capping agent
decreasing Ag' ion leaching and dissolution. On the other
hand, the presence of Clresidual ions (Fig. S4, ESIf) in
¢(KC1)-AgMOF could determine the formation of silver precipi-
tates, which decreases the Ag" concentration. In both cases, the
reduction of free Ag" ions could reduce bactericidal activity.
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Fig. 8 Bacterial reduction of P. aeruginosa, E. coli and S. aureus exposed
to c(KCl)-AgMOF and c(BA)-AgMOF with concentrations ranging from 250
to 3.9 pg mL7%.
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Table 2 Minimum inhibitory concentration (MIC) (ug mL™Y) of b-AgMOF,

c(KCl)-AgMOF and c(BA)-AgMOF against P. aeruginosa, E. coli and
S. aureus

Bacteria b-AgMOF MIC  ¢(KCl)-AgMOF MIC  ¢(BA)-AgMOF MIC
P. aeruginosa 7.8 15.6 15.6
E. coli 7.8 15.6 15.6
S. aureus 31.3 62.6 62.6

Further analyses were performed to evaluate the stability of
the antibacterial effect of the Ag-MOFs. In particular, the
antibacterial effect of b-AgMOF, chosen for its lowest MIC
and MBC values, was evaluated in distilled water for more than
80 days (Fig. 9).

Antimicrobial assays show, for all three bacteria tested, a
loss of a dilution factor in the MIC only in the first week, while
no significant reduction activity was observed after 84 days
of aging of the same solution. In fact, MIC values were
15.6 p mL ™" for P. aeruginosa and E. coli and 62.5 p mL ™' for
S. aureus. MIC values were also confirmed for MBC, indicating
at such concentrations, an almost exclusively bactericidal
effect. This finding is particularly interesting for S. aureus,
whereby a difference between the MIC and MBC values was
observed towards the freshly prepared suspensions. In this
regard, further evaluations will serve to clarify the mechanisms
underlying the biocidal effect of b-AgMOF towards S. aureus.

In any case, b-AgMOF appeared to have good stability in
solution even for prolonged periods.
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Fig. 9 Bacterial reduction of P. aeruginosa, E. coli and S. aureus exposed
to b-AgMOF, with concentrations ranging from 250 to 3.9 pg mL™%, stored
for 0, 1, 4 and 12 weeks in the dark and at room temperature.
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Fig. 10 (a) Bacterial reduction of P. aeruginosa, E. coli and S. aureus of

b-AgMOF after in vitro stability for 24 h in the cultural medium before
inoculation of bacterial strains. The continuous and dotted line histograms
refer to b-AgMOF with concentrations ranging from 250 to 3.9 ug mL™?,
fresh and after an incubation period (24 h) in culture medium, respectively.
(b) SEM picture of b-AgMOF and (c) b-AgMOF SEM picture after 24 h in the
cultural medium.

One of the key issues related to colloidal solutions for
antibacterial applications is their instability.”>”* Stability
depends on the capping agent and environmental conditions,
such as pH and ionic strength.””””” In the case of AgNPs, several
strategies have been investigated to improve the NP suspension
stability, to prevent aggregation. In fact, it is known that sizes
are critical to explicate antibacterial activity, due to large sur-
face area/volume ratios (compared to larger NPs) that favour
metal ions’ release and ROS production.’®’®”® On the other
hand, smaller nanoparticles tend to aggregate more easily,
reducing their bioavailability for biocidal activity. In addition,
the release of ions from metal NPs is significantly influenced by
the medium in which they are dispersed.®® For example, it was
found that chloride present in culture medium can favour ion
release from AgNPs.*' This behaviour leads to an initial
increase in bactericidal activity, but it reduces the AgNPs’ life
and, consequently, limits the antibacterial action over time.
Although AgMOFs are different systems compared with AgNPs,
the colloidal stability is a critical parameter to evaluate their
applicability as antibacterial agents. Thus, the atomic composi-
tion, morphologies, and antibacterial activity of AgMOFs were
assessed following a 24 hours incubation period in the culture
medium before the introduction of bacterial strains (Fig. 10).

The SEM image in Fig. 10 revealed no significant mor-
phological alterations. However, through the use of EDX char-
acterizations (Fig. S5 and Table S1, ESIt), it became evident
that there was a gradual decrease in the carbonic component
of the material, confirming its slow degradation in the cultural
medium.
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The antimicrobial assay shows a loss of a dilution factor in
the MIC only for Gram-negative strains (P. aeruginosa and
E. coli); while no significant reduction activity was observed
for S. aureus compared to the results previously found for fresh
suspensions. Similar results were obtained by different authors,
although in most cases, a strong bactericidal activity is asso-
ciated with a high release rate and a low service life of metal
organic frameworks.®® For example, Liu et al. introduced three
Ag-based metal—organoboron frameworks with different topolo-
gical structures, consisting of N-donor ligand tris-(4-pyridylduryl)-
borane (L), Ag®, and different coordination solvents.®> They
showed antimicrobial activities against E. coli and S. aureus with
MIC values higher than 250 pg mL ™" and with a durability over
7 months in distilled water. An Ag-based metal organic framework
reported by Lu et al., consisting of 1H-benzimidazole with Ag-N
coordination, showed bactericidal activity comparable to the
present study, but with a durability of about a week.*®

Conclusions

In this work, we find a new and less toxic synthetic method to
obtain a silver-based MOF for antibacterial applications. New
synthetic routes were developed to obtain fast crystallization in
the 10-3 h range in a no toxic solvent (water/DMSO) mixture.
Crystal growth occurred at the metastable interface between the
DMSO/water mixture and a film of water formed upon the
addition of water either drop by drop (route a) or from water
vapours (routes b). The role of additives (such as benzoic acid
and KCl) in the MOF crystallization (route c) was also investi-
gated. Pure Ag,(BDC) monocline crystals were obtained
through route a (a-AgMOF) in 10 h, through route b in 5 h,
and with the addition of KCl (6 mM) (route c) in 3 h. A mixed
system consisting of Ag,(BDC) monocline crystals and a sec-
ondary phase with needle crystals was obtained in 3 h using
routes b (b-AgMOF) and ¢ with low additive concentrations. All
the synthesized materials possess antibacterial properties
against Gram-positive and Gram-negative bacteria.

The b-AgMOF exhibited a MIC of 7.8 ug mL™ " and 31.3 pg mL ™"
for Gram-negative and Gram-positive bacteria, respectively. The
two c-AgMOF exhibited instead a MIC of 31.3 pug mL™" and
62.6 g mL~ " for Gram-negative and Gram-positive bacteria,
respectively. The observed differences in MIC and MIB values
can be attributed to the different morphologies and, in turn, to
the different surface areas. Note in addition that the MIC values
of the two types of c-AgMOF are comparable with the values
reported for other antibacterial materials (Table 1), whilst
b-AgMOF shows better antibacterial properties compared to
the previous literature data. In addition, a long-term antibac-
terial effect was observed for b-AgMOF. After 12 weeks, both
MIC and MBC lose one dilution factor to 15.6 pg mL ™' and
62.5 ng mL ™' for Gram-negative and -positive bacteria, respec-
tively. For all the Ag,BDC MOFs studied, excellent bacteriostatic
and bactericidal activities as well as a long-term efficiency were
observed, confirming the applicability of Ag,BDC as a long-
term reserve of ions with antibacterial activity. In addition, our
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data suggest that size plays a marginal role with respect to the
long-term efficiency of the AgMOFs both in water and in
a culture medium. In fact, despite their size in the range of
1-10 pm much larger than the optimal dimensions of AgNPs
(1-10 pm), they act as a reservoir for the release of silver ions,
resulting from in vitro stability, in terms of antibacterial activ-
ity. Finally, with reference to the b-AgMOF, our data would
indicate a good compromise between bactericidal activity and
the slow-release Ag' rate, suggesting that the metal organic
framework could be considered as a good metal ion reservoir
for long-term antibacterial applications, highly stable even
under physiological conditions, such as medical ones.
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