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Abstract

Surface biofilm inhibition is still currently a considerable challenge. Among other organisms, Staphylococcus aureus
is notable for its ability to form a strong biofilm with proved resistance to chemotherapy. Contamination of high-touch
surfaces with S. aureus biofilm not only promotes disease spread but also generates tremendous health-associated
costs. Therefore, development of new bactericidal and antiadhesive surface coatings is a priority. Considering that
metal-organic frameworks (MOFs) have recently emerged as promising antibacterial agents, we originally report here
the synthesis of a multi-active silver-containing nanoscaled MOF composite as a potential surface coating against .
aureus biofilm owing to a triple effect: intrinsic bactericide activity of the MOF, biocidal character of silver
nanoparticles (AgNPs), and photoactivity after UVA irradiation. AgNPs were successfully entrapped within the
benchmarked nanoscaled porous photoactive titanium (IV) aminoterephthalate MIL-125(Ti)NH: using a simple and
efficient impregnation-reduction method. After complete characterization of the composite thin film, its antibacterial
and anti-adherent properties were fully evaluated. After UVA irradiation, the composite coating exhibited relevant
bacterial inhibition and detachment, improved ligand-to-cluster charge transfer, and steady controlled delivery of Ag".
These promising results establish the potential of this composite as an active coating for biofilm treatment on high-

touch surfaces (e.g., surgical devices, door knobs, and rail bars).
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Introduction

Attainment of bacteria-free surfaces and disease spread
control is still currently a great challenge [1]. The issue
starts with the formation of biofilms over surfaces,
which consist of a bacterial microenvironment
involving strong interaction of microorganisms and
extracellular polymeric substances (EPS) with the
substrate [2]. The resulting biofilm is an irreversibly
bounded complex microbial aggregation that
contaminates surfaces [3]. Biofilm-associated infections
are the cause of 80% of hospital-acquired or
nosocomial infections. Staphylococcus aureus is
notable among other species as the major cause of these
infections [4]. S. aureus, a gram-positive coccus
frequently found in the human respiratory tract and
skin, is known for its persistence on host tissues and
surfaces owing to its developed multidrug resistance
[5,6]. Contamination of surgical devices, food
preparations, and high-touch surfaces (e.g., door knobs,
pressing buttons, rail bars, and shopping carts) with S.
aureus biofilm is the cause of the spread of many
diseases, thereby causing high economic loss [7].
Therefore, there is an urgent need for the development
of bioactive surface coatings that both limit bacterial

adhesion, hence attaining the so-called “antifouling
surfaces” and provide efficient antibacterial properties
for biofilm treatment.

Herein, we assess the use of metal-organic framework
(MOF) coatings in the treatment of infections due to S.
aureus biofilm. MOFs are a new class of hybrid
crystalline materials consisting of inorganic units
connected to polydentate organic ligands, forming to a
porous 3D framework [8]. Because of their exceptional
porosity and their compositional and structural
versatility, MOFs are prominent as ideal candidates for
several industrial and societal applications (e.g.,
separation, detection, catalysis, energy) [9]. However,
the use of MOFs as antibacterial agents (based on
biocide cations) was not reported until 2010 [10].
MOFs present some advantages when compared with
other antibacterial materials: i) both their organic and
inorganic components can exhibit bactericidal activity
by the generation of reactive oxygen species (ROS); ii)
they have a uniform and ordered distribution of active
sites; iii) release of antibacterial species to the medium
during degradation tends to be more controlled and
homogeneous [11].
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The antibacterial activity of MOF was widely evaluated
against bacterial suspensions, known as planktonic state
bacteria as either powdered or shaped MOFs (fibers,
membranes) [11-14]. To the best of our knowledge,
there are only three studies analyzing the antimicrobial
activity of MOFs against bacterial biofilm. First, Cu-
SURMOF-2 deposited on gold substrates was proposed
as an antifouling coating against Cobetia marina [15].
Another Cu-based MOF dispersed in a chitosan film
exhibited a remarkable biocidal effect against
Pseudomonas aeruginosa biofilm, combining the
antibacterial action of chitosan and Cu [16]. Finally, an
Ag-based MOF was incorporated into a thin-film
polyamide membrane to mitigate membrane biofouling
of S. aureus and Escherichia coli [17]. Although these
previous studies exhibited considerable inhibition of
bacterial viability (>80%), it is important to note the
following observations: 1) the very short contact times
used (1-2 h) might not be representative of biofilm
treatment, as longer contact times are required to
develop a mature biofilm (>18 h) [18] and ii) the
antiadherent properties of the surfaces were not
evaluated. These interesting studies, together with the
commonly known irradiation biocidal effect [19],
prompted us to develop antifouling photo-bactericidal
surfaces based on nanoscaled microporous photoactive
titanium (I'V) aminoterephthalate MIL-125(Ti)NH, [20]
loaded with silver nanoparticles (AgNPs). Very
recently, two Ag-loaded MOFs with antibacterial
properties, namely, AgNPs inside Cu-porphyrin spheres
[21] and Ag nanowires covered by ZIF-8 [22], have
emerged; their studies were limited to planktonic state
bacteria, not biofilm. Similarly, although irradiation
was able to enhance the bactericidal effect of an MOF-5
composite in suspension, this was solely proved against
a planktonic suspension of E. coli, again without
considering the defying bacterial biofilm infections
[23]. Therefore, herein, we originally present a triple
multi-action nanocomposite for the challenging anti-
adherent treatment of mature S. aureus biofilm; which
combines the intrinsic bactericidal activity of MOF,
immobilized AgNPs, and photoactivity after UVA
irradiation in a thin film surface coating.

Specifically, the benchmarked MIL-125(Ti)NH, [24,
25] was selected for the first time for this application
for several reasons: 1) its photoactive properties, which
are already proven in different catalytic reactions [26,
27]; ii) its high porosity (Sger: 1500 m?- g 'with tetra-
and octahedral cavities of ca. 6.1 and 12.5 A); iii) its
organic ligand (2-aminoterephthalate, BDC-NH>),
bearing —NH> groups, able to interact with guest species
(e.g., AgNPs); iv) its a priori biocompatible character
(rat oral 50% lethal dose (LDso) > 2000 mg-kg™' for
TiO; [28] and 50% inhibitory concentration (ICso) in
HeLa and J774 cells = 600 and 20 pg-mL™,
respectively);[29] v) its very good aqueous

stability;[27] and vi) its tunable particle size, enabling
the modulation of the surface interactions between the
material and the bacteria [11]. The AgNP@nanoMIL-
125(Ti)NH: (AgNP@nanoMOF) composite was
synthesized using a simple impregnation-reduction
protocol and fully characterized by different solid-state
techniques. The combined photo-antibacterial effect of
a colloidal suspension of the composite was first
assessed against S. aureus inoculum. Then,
homogeneous drop-casted AgNP@nanoMOF thin films
were prepared and investigated for their antifouling and
biocidal properties by using a combination of
complementary techniques. The influence of the
presence of AgNPs and photoactivation by UVA
irradiation on biofilm treatment was deeply
investigated, paying special attention to the chemical
integrity of the composite thin film.

2. Materials and methods

2.1. Synthesis and characterization of
AgNP@nanoMIL-125(Ti)NH; (AgNP@nanoMOF)

MIL-125(T1)NH; nanoparticles (nanoMOF) were
obtained as previously described [20]. The
impregnation-reduction methodology with AgNPs was
inspired from Liu et al. for MIL-101 [30] and MIL-
100(Fe) [31]. As the nanoMIL-125(Ti)NH> should be
kept in methanol for preventing nanoparticle (NP)
aggregation, an initial solvent exchange with CH;CN
by centrifugation before the impregnation step with
AgNO; was required. Once exchanged, the wet NPs
(equivalent material corresponding to 250 mg of dry
MOF) were redispersed in 20 mL of a 22 mM AgNO;
solution (75 mg, Acros Organics, 99.85%, MW: 169.87
g mol™!) in CH3CN by sonication (2 h) and stirred at
room temperature (RT) for 16 h. The silver-
impregnated nanoMOF (Ag'@nanoMOF) was
recovered by centrifugation and once again exchanged
the solvent to absolute ethanol. After solvent exchange,
Ag"@nanoMOF was stirred under Ar atmosphere with
30 mL of absolute ethanol. For reduction, a 50 mL
absolute ethanol solution of 18 mM NaBH4 (33 mg
TCI, > 95%, MW: 37.83 g mol'") was added to the
previous ethanol mixture dropwise and stirred for 10
min under Ar atmosphere. The composite
AgNP@nanoMOF was then recovered by
centrifugation (11000 x g RCF, relative centrifugal
force) and preserved in absolute ethanol.

Both materials, that is, nanoMOF and
AgNP@nanoMOF, were deposited by simple drop-
casting (50 puL of 4 g L ! ethanol suspensions;
Supporting Information, SI, Figure S1) over one side of
13 mm-diameter cover glass discs (VWR, Germany)
and dried at RT for analyzing antifouling photo-
bactericidal activity (concentration 1.5 pg-mm?; see
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scanning electron microscopy (SEM) images of the
surface in SI, Figure S2).

2.2. Synthesis of AgNPs + nanoMOF “physical”
mixture

For comparison purposes, a “physical” mixture of 20.5
mL aqueous dispersion of AgNPs (synthesized
following [32]: with 139 = 7 ppm of Ag, as determined
by inductively coupled plasma-optical emission
spectrometry, [CP-OES; particle size: 2.4 + 1 nm, PDI:
0.34, &-potential: -38.5 = 0.7 mV as determined by
dynamic light scattering, DLS) and 50 mg nanoMOF
was made (2 h sonication followed by 16 h stirring),
resulting in AgNPs + nanoMOF (final Ag® content of
5.3 £ 0.8 wt.% by ICP-OES).

2.3. Characterization

All materials were fully characterized by using different
solid-state techniques including X-ray powder
diffraction (XRPD), Fourier transform infrared
spectroscopy (FTIR), UV-Visible spectroscopy,
thermogravimetric analyses (TGA), N, sorption
isotherms, SEM and transmission electron microscopy
(TEM), dynamic light scattering (DLS), and &-potential
(ZP) (SI section 1.).

2.4. Antifouling photo-bactericidal activity and
bioanalytical procedures

The microorganisms used in this study were the gram-
positive S. aureus (CETC 240, strain designation
ATCC 6538P) and gram-negative E. coli (CET 516,
strain designation ATCC 8739), both representative
biofilm-forming bacteria. The microorganisms were
reactivated in nutrient broth (NB, SI section 1.1) by
incubation at 37 °C under shaking at 100 rpm.
Inoculums were diluted with fresh NB to 10° cells'mL"!
(tracked by optical density at 600 nm, ODggo) to
preserve the exponential growth phase of the
microorganisms during the total time of contact (total
20 h: 18 h dark + 2 h UVA irradiation).

For antibacterial experiments performed with material
suspensions: nanoMOF and AgNP@nanoMOF, as well
as control samples (AgNPs + nanoMOF “physical”
mixture, TiO; anatase, ligand (BDC-NH>), AgNOs,
Ag®) were suspended over 2.25 mL of the previously
mentioned 10° cells mL! inoculums on a 24-well
disposable microplate, at different concentrations (0, 1,
20 ppm; in the case of the individual constituents, the
concentration was adjusted to one correspondent in the
MOF (BDC-NH>») 13 ppm, TiO; 4 ppm, AgNO; and
Ag° 1.21 ppm) (Scheme S1 in SI).

For antifouling and antibacterial experiments
performed with thin films: Cover glasses with
nanoMOF, AgNP@nanoMOF, and AgNPs + nanoMOF
thin films, as well as clear cover glasses, were placed

on 24-well microplates with the active layer facing up
in contact with 2.25 mL of the previously mentioned
bacterial inoculums (final concentration of the thin
film: 88 ppm) (Scheme S1 in SI).

In both cases, the prepared microplates were incubated
at 37 °C without stirring for 20 h. When irradiated, this
period was divided as 18 h incubation in dark (time
selected to enable the formation of a mature S. aureus
biofilm [18, 33]), followed by 2 h UVA irradiation at
RT. UVA experiments were performed with three
actinic BL TL 6W/10 1FM Hg-lamps (Philips) of 6 W
each with spectral emission in the UV region (Amax=
365 nm) with a total irradiance of 40 W m? under 400
nm. As a conservative assumption, the irradiation time
of the UV lamps was adjusted to simulate half of the
daylight UV solar irradiation reported for a horizontal
surface at the latitude of Madrid during Winter-Fall
(~80 W h m? according to NASA Surface Meteorology
and Solar Energy Database) [34]). Samples were
irradiated at 4 cm from the lamp sleeve so that all wells
received a uniform amount of irradiation. Additional
experiments under visible light irradiation were carried
out with a Heraeus TQ Xe 150 Xe-arc lamp (radiant
power in the visible range of 120 W m), placing the
lamp at a distance of 15 cm from the wells for 4 h to
simulate half of the daylight visible solar irradiation
reported for a horizontal surface at the latitude of
Madrid during Winter-Fall (~500 Wh m according to
NASA [34]).

The antibacterial effect was quantified by determining
colony-forming units (CFU) considering the cells from
the supernatant liquid (planktonic bacteria) and the cells
removed from the biofilm formed over the cover
glasses (sessile bacteria) in both dark and irradiated
experiments. For the removal of the sessile bacteria
from the cover glasses, a previously reported procedure
was followed according to ISO 22196 [35]. Afterwards,
the aliquots (of both planktonic and sessile bacteria)
were serially diluted in phosphate-buffered solution
(PBS), and colony counting was performed after
inoculation of Petri dishes containing NB agar medium
and incubation of these plates at 37 °C for 24 h
(Scheme 2 in SI). For colony number estimations, at
least three replicates of at least two serial dilutions were
considered. Results are presented as the logarithm of
CFU mL"! of culture of each sample.

Bacterial viability was also determined using
fluorescein diacetate (FDA), a nonfluorescent
compound hydrolyzed by esterases in fully functional
cells to a green fluorescent compound, fluorescein. For
this purpose, the liquid fraction was analyzed in 96-well
black microplates by mixing 5 puLL of FDA (0.02% w/w
in dimethyl sulfoxide, DMSO) and 195 pL of bacterial
suspension in each well. The plate was incubated at 25
°C for 30 min, with readings performed every 5
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minutes (excitation 485 nm; emission 528 nm) using a
fluorometer (Fluoroskan FL; Thermo Scientific™,
Ascent, Waltham, MA, USA) (Scheme S3 in SI). The
possible interference of the culture medium and MOFs
with fluorescence measurement was checked [36]. Each
sample was measured for quadruple, and results are
presented as reduction percentage, calculated as the
difference in fluorescence intensity of the sample with
regard to blank assays. The fluorometer was also used
for the determination of ROS [37]. In brief, the liquid
fraction of samples was incubated for 30 min with 50
uL-mol-L! of 2°,7’-dichlorodihydrofluorescein
diacetate (H.DCF-DA), which is sensitive for hydrogen
peroxide and other ROS, including hydroxyl and
peroxyl radicals, (excitation 495 nm; emission 525 nm).

Confocal laser scanning microscopy (CLSM) was
performed for visual and qualitative assessment of
antibacterial and antifouling activities. The micrographs
were obtained using a Leica Microsystems Confocal
SP5 Fluorescence microscope (Germany) and
processed with ImagelJ software. The bacteria were
stained with a LIVE/DEAD kit (Live/Dead BacLight
Viability Kit, Thermo Fisher, USA) (Scheme S4 in SI).
After biofilm formation on the sample surface, cell
bodies were visualized in a CLSM system by using the
FilmTracer FM 1-43 Green Biofilm Cell Stain
(Molecular Probes, Invitrogen Detection Technologies,
Carlsbad, CA, USA) according to the manufacturer’s
instructions (Scheme S5 in SI).

The antifouling capacity of the materials was also
assessed using a SEM system (DSM-950 Zeiss,
Oberkochen, Germany).

2.5. Stability test of the MOF thin film in the culture
broth

To determine the stability of the thin films under
bacteriological experimental conditions, thin films of
the nanoMOF and the composite AgNP@nanoMOF
(concentration of 1.5 pg-mm) were placed in contact
with 2.25 mL of the NB culture broth and incubated in
dark at 37°C for different time periods (30 min-14
days). In addition, to investigate the long-term stability
of the thin films, accelerated degradation tests were
carried out following ASTM-D870-15, with immersion
of the discs in 2.25 mL NB and incubating them at
70°C for up to 14 days. Then, aliquots of NB were used
to determine the NP detachment and chemical stability
of the MOF film in the presence of the media.

Particle detachment was determined by DLS, analyzing
both particle size and &-potential. Quantitative
determination of Ag and Ti release of the samples was
done with ICP-OES Optima 3300 DV (PerkinElmer,
Waltham, MA, USA; aliquots were dehydrated at 80°C
before digestion with HF and HNO3).

The amount of organic linker released, BDC-NH, was
determined using a reversed-phase high-performance
liquid chromatography (HPLC) system Jasco LC-4000
series separation module (Jasco, Tokyo, Japan),
equipped with a variable photodiode array detector
Jasco MD-4015 and controlled by ChromNAYV 2.0
software (SI section 1.2). The retention time and
absorption maximum (A) for BDC-NH, were 2.7 min
and A =228 nm.

2.6. Statistical analysis

Data are presented as mean + standard deviation of at
least 3 samples (n > 3), as experiments were replicated
until obtaining reliable results. Difference between
groups was analyzed using one-way ANOVA, with
Microsoft Excel® software for the calculations.
Differences were considered significant when p < 0.05.

3. Results

3.1. Synthesis and characterization of
AgNP@nanoMIL-125(Ti)NH; (AgNP@nanoMOF)

XRPD patterns of AgNP@nanoMOF (Figure 1)
showed characteristic Bragg reflections of MIL-
125(Ti)NHa, together with the characteristic peaks of
the face-centered cubic structure (fcc) structure of Ag®.
The amount of Ag® associated with the MOF was 5.7 £
0.2 wt.%, as quantified by ICP-OES and in agreement
with the TGA results (Figure S3). Diffuse reflectance
UV-Vis spectroscopy (Figure 1) exhibited a wider
absorption of AgNP@nanoMOF with respect to the
substrate.

TEM micrographs confirmed the presence of AgNPs in
the MOF (Figure 1). The starting nanoMOF (Figure S4)
showed a characteristic disc shape with a slightly rough
external surface and an average size of 250 + 80 nm
(n=80 particles, Figure S5). After the impregnation-
reduction process, AgNP@nanoMOF exhibited a
similar shape (Figure 1 and S4) and was covered by
AgNPs of 5 + 3 nm average size (n=600 particles),
identifiable in the micrograph by their higher contrast.
The findings in these images agree with the conclusions
reached after XRPD pattern analysis. Although AgNPs
are homogeneously distributed over the MOF, it seems
that larger AgNPs migrate to the surface, while the
smaller ones (< 2 nm) remain within the MOF structure
after the generation of defects to accommodate the
AgNPs inside the framework. Details of further analysis
of the particle size (determined by DLS) and colloidal
stability in different media are given in Supporting
Information (see SI section 2.1 and Table S1). In view
of their specific antibacterial evaluation, the colloidal
stability of nanoMOF and AgNP@nanoMOF was
assessed in a bacterial NB, and both samples exhibited
similar small particle sizes and {-potential values (~200
nm and -12 mV, Figure S6).
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Figure 1. Characterization of AgNP@nanoMIL-125(Ti)NH,. Top left: XRPD patterns of microMOF (black), nanoMOF (blue),
and AgNP@nanoMOF (red) compared to the simulated XRD pattern of metallic silver (pink). Top right: TEM micrograph of
AgNP@nanoMOF (scale bar: 200 nm) with AgNP insert (scale bar 10 nm). Bottom left: Solid UV-Visible spectra of nanoMOF
(blue) and the AgNP@ nanoMOF (red). Bottom right: N, sorption isotherm of nanoMOF (blue) and AgNP@nanoMOF (red)

measured at 77 K.

Furthermore, a red shift in the FTIR spectra of the
bands associated with the symmetric and asymmetric -
NHo stretching (from 3477 and 3374 cm™ in the
nanoMOF to 3450 and 3358 cm! in the
AgNP@nanoMOF, Figure S7) suggests the inclusion of
AgNPs in the framework, most likely in defects of the
host nanoMOF, and their interaction with the -NH>
groups of the ligand, in agreement with previous results
of the encapsulation of cobaloxime into the MIL-
125(Ti)NH> [38]. FTIR also corroborated that the
structure remained stable after the impregnation-
reduction process, as the band corresponding to
coordination of both carboxylates to the titanium (1550-
1450 cm™) is preserved in the composite. Type I N,
sorption isotherms (Figure 1), characteristic of
microporous solids, are associated with lower
Brunauer-Emmett-Teller (BET) surface and pore
volume after the impregnation-reduction process (1100

+20 vs. 800 = 5m? g and 0.47 £ 0.02 vs. 0.34 +0.02
cm?® g'!, respectively, Figure S8).

3.2. Antibacterial effect of AgNP@nanoMOF in
suspension

For better analysis of the bacterial viability, biocidal
activity is represented as Logio(CFU-mL™") due to the
bacterial exponential growth. Nevertheless, for analysis
of the irradiation effect and better comparison between
samples, data are represented as the logarithm ratio as
shown in Figure 2, with Co indicating CFU-mL"! of the
positive control. In addition, data are also presented in
Supporting Information along with the total CFU-mL"!
and the inhibition % (Tables S2, S3, and S4). Thus, the
antibacterial intrinsic effect of nanoMOF was
evidenced in suspension first against the gram-positive
cocci S. aureus and then against the gram-negative
coliform FE. coli, observing a concentration-dependent
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Figure 2. Colony-forming units mL-1 of culture broth of S. aureus (represented as the Logl0(CFU)) in contact with a suspension
of microMOF (dark blue), nanoMOF (blue), AgNP@nanoMOF (red), AgNP + nanoMOF (brown), AgNO3 (gray), Ag® (black),
BDC-NH2 (yellow), and TiO2 (green) (biocide activity). S. aureus colony-forming units mL"!' (represented as the logarithm ratio,
being CO the CFU-mL"! of the positive control for better comparison) in contact with MOF suspension after 20 h of dark exposure
and after 18 h dark + 2 h of UVA irradiation (irradiation effect). * p < 0.05; ** p <0.01.

activity (Figure 2, Figure S9). In addition, the biocidal
activity of MIL-125(Ti)NHa significantly increased (p <
0.05) as a nanoparticle and even more (p < 0.01) during
interaction of AgNPs with the framework (Figure 2).
This biocidal activity is further promoted when the
AgNP@nanoMOF composite received UVA irradiation
for 2 h (p <0.01, Figure S10). Controls exhibited lower
S. aureus viability inhibition than the
AgNP@nanoMOF composite in all cases (Figure 2 and
Figure S11). These results were further supported by
the determination of a reduction in the enzymatic
activity of the bacteria (by fluorescence; Figure S12)
and by the discrimination of the live cells from dead

cells (by confocal microscopy with LIVE/DEAD
staining; Figure S13).

3.3. Biofilm treatment: Antifouling photo-
bactericidal activity of AgNP@nanoMOF

The ability of the nanoMOF and AgNP@nanoMOF
thin films to hinder S. aureus and E. coli bacterial
attachment was determined by different optical studies
[SEM (Figure 3), confocal microscopy using green
staining (Figure 3) and LIVE/DEAD staining (Figure
S19)] and by different biological assays [bacterial
viability by plate count of CFU (Figure 4, Figures S15
and S17), enzymatic activity (Figure S16), and ROS
generation by fluorescence staining (Figure S18)].

DOI: 10.1016/j.actbio.2019.08.011



20 h dark

Control

-

nanoMIL-125(Ti)NH

AgNP@nanoMIL-
125(Ti)NHz

AgNPs + nanoMIL-
125(Ti)NHz

18hdartk+2hUVA

Figure 3. SEM images (scale bar 25 um) and green confocal micrographs (scale bar 100 pm) of S. aureus biofilm on cover glass
surface (left) after biofilm growth for 20 h in dark and (right) 18 h in dark plus 2 h UVA irradiation of the (top to bottom) control
cover glass, and the cover glass with nanoMOF thin film, AgNP@nanoMOF and the “physical” mixture AgNPs + nanoMOF thin

film deposited on the surface.

SEM images (Figure 3) revealed higher biofilm
formation due to invasive S. aureus when in contact
with a bare glass disc than when in contact with the
nanoMOF and AgNP@nanoMOF thin films. This
difference is highly evident in the 18 h dark +2 h
UVA-treated samples, wherein semi-quantitative
analysis of the images by cell count showed a decrease
in bacterial content by 80% in the biofilm after UVA
irradiation for the composite thin film. Green staining
of viable cell bodies within the biofilm (Figure 3)
revealed that bacterial growth was affected when in
contact with nanoMOF and Ag@nanoMOFs thin films,
even after 20 h in dark, as fewer green areas appeared
in the images (Figure S14). After UVA irradiation, both

materials showed more than 90% inhibition of the
viable cells. For the control of “physical” mixture
AgNPs + nanoMOF thin film, a different behavior is
observed: after dark incubation, there is a moderate
inhibition of biofilm viability compared to the control,
even smaller than that with the pristine MOF, which
fairly increased after irradiation, indicating that the
“physical” mixture is more inefficient as a biocide
antifouling material (Figure S14).

Although these optical techniques showed information
of the anti-adherent (antifouling) properties of the thin
film coatings, plate count quantitatively determined cell
viability of S. aureus in the planktonic state and in the
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Figure 4. Colony-forming units-mL-! culture (represented as the Logio(CFU)) of the S. aureus suspension (planktonic bacteria;
left) and S. aureus biofilm detached from the surface (sessile bacteria; right) in contact with nanoMOF (blue), AgNP@nanoMOF
(red), and AgNPs + nanoMOF (brown) thin films. * p < 0.05; ** p <0.01.

biofilm-forming sessile state, evidencing a significant
antibacterial activity against bacteria in both states
(Figure 4). When irradiated, both planktonic and sessile
S. aureus bacteria experimented a significant decrease
in their viability (p < 0.05) when in contact with the
nanoMOF and AgNP@nanoMOF, reaching a colony
inhibition of 99.9999% in the case of the composite
(Table S5). Plate count results agree with the
information obtained by SEM (Figure 3), confirming
the important biofilm inhibition activity associated with
a biocidal effect of the AgNP@nanoMOF thin film,
even further improved upon irradiation. This biocidal
effect appeared also after visible light irradiation,
reaching 97% of colony inhibition (Table S5, Figure
S15). Finally, additional bacterial viability tests were
carried out to better understand these promising results,
evidencing a higher ROS generation (Figure S16) and
enzymatic activity reduction (Figure S18) upon
irradiation and an absence of viability in the remaining
bacteria (LIVE/DEAD staining, Figure S19).

3.4. AgNP@nanoMOF thin film chemical stability

For better understanding the biocide and antifouling
properties of the nanoMOF and the AgNP@nanoMOF
composite, such as the origin of both effects, and for
determining the potential use of the materials as
antibacterial coatings, the chemical stability of the thin
films was investigated under experimental conditions
(incubation at 37 °C in NB) and under accelerated
degradation conditions (incubation at 70 °C in NB) to
assess long-term stability.

Degradation tests at 37 °C (Figure 5) showed that Ag"
is continuously and slowly released from the composite
to the media. Nevertheless, after 14 days, less than 6

wt.% of the total Ag content was delivered. On the
other hand, Ti*" was slowly and progressively delivered
from both the nanoMOF and the composite during the
first 12 h, reaching a plateau (~2 wt.% of the total
titanium), which is maintained even after 14 days. The
nanoMOF degradation was also assessed by
determining the amount of BDC-NH delivered. In the
case of nanoMOF, the same degradation trend found for
the Ti*" is observed for the ligand: a plateau is reached
after 12 h incubation, associated with a release of ~12
wt.%. In the case of AgNP@nanoMOF, the amount of
released ligand is higher (28 wt.%). Finally, particle
detachment (determined after 20 h incubation; contact
time equivalent to the one of the biocide tests) was
ruled out, as only species coming from NB were
observed (2.5 + 1 nm) in both cases, indicating the good
stability of the thin film (Figure S20). These results
support good stability of the thin film under the used
experimental conditions (optimal for bacterial growth
and biofilm formation). In the case of accelerated
degradation tests (70 °C), Ti*" was also slowly released
from the nanoMOF (only 12 wt.% released after 7 days)
until burst MOF degradation after 14 days (Figure S21).
In the composite, Ag" and Ti*" were continuously
released for 14 days, exhibiting a higher degradation
rate with the increase in temperature (complete
degradation after 14 days at 70 °C).

4. Discussion

4.1. Synthesis and characterization of
AgNP@nanoMOF

AgNP@nanoMOF was successfully prepared using a
simple and efficient two-step protocol by the
impregnation of the mother hosting nanoMOF with the
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Figure 5. NanoMOF degradation kinetics and metal release from the nanoMOF and AgNP@nanoMOF thin films on glass
substrates in contact with the culture medium NB incubated at 37 °C. Ti (A) and Ag (B) release (expressed as wt.% of the total
content) determined by ICP-OES. BDC-NH: delivery (expressed as wt.% of the total content) from the nanoMOF (C) and
AgNP@nanoMOF (D). The theoretical BDC-NH, degradation, calculated from correspondence with Ti, has been included for

comparison.

AgNO; precursor, followed by its controlled reduction
within the MOF. While the impregnation-reduction
protocol did not significantly affect the MOF
crystallinity, XRPD patterns of AgNP@nanoMOF
(Figure 1) revealed a slight peak broadening of
AgNP@nanoMOF samples when compared with the
nanoMOF, suggesting the generation of defects as a
result of the accommodation of an important content of
AgNPs (5.7 £ 0.2 wt.% of Ag®). Note here the high
efficiency of the process, with 63% efficacy at the
impregnation step and an almost complete redox
reaction (~100%).

Even the presence of Ag on the AgNP@nanoMOF was
appreciable by naked eye because of the macroscopic
color change of the sample: brownish compared to pale
yellow of the pristine MOF (Figure S1). UV-Vis
spectroscopy provided better understanding of the
variation of the optoelectronic properties of the
samples. The absorption edge of nanoMOF occurs at
slightly higher energies than in the case of
AgNP@nanoMOF due to the incorporation of the
AgNPs. Moreover, while the nanoMOF bandgap for the
direct allowed transitions was 2.3 eV, as determined by

Tauc Plot of the Kubelka-Munk function, the composite
bandgap was 2 eV. Consequently, AgNP@nanoMOF
exhibited a significant increment in the visible range
absorbance, which might be beneficial not only for the
photo-biocide application studied in this work but also
for other relevant applications (e.g., catalysis, sensing).

Although AgNPs are homogeneously distributed all
over the MOF (Figure 1), it seems that larger AgNPs
migrate to the surface, while the smaller ones (< 2 nm)
remain within the MOF structure after the generation of
defects to accommodate the AgNPs inside the
framework. N sorption isotherms (Figure 1) confirmed
the presence of AgNPs within the porosity of
nanoMOF, showing a significant decrease in de
Sgerand pore volume values after the impregnation-
reduction process. In addition, there was a shift to a
smaller pore size distribution as a result of the
encapsulation (from 5.6 to 5.0 A; Figure S8).
Considering the pore size distribution and the particle
size distribution of AgNPs (Figure S5), one can
hypothesize that only the AgNPs with dimensions < 2
nm (10% as reflected in the histogram) could be located
within the cavities. The rest might be associated within
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the framework, generating extra-defects during the
reduction process (in agreement with previously
mentioned peak broadening) or on the outer MOF
surface.

4.2. Antibacterial effect of AGNP@nanoMOF in
suspension

The evidenced antimicrobial activity is particle size
dependent (Figure 2 at 20 ppm, Logio(CFU) = 11.27 vs.
10.18 with the 500 nm microMOF and 250 nm
nanoMOF, respectively), as it significantly increases
with the decrease in particle size (p < 0.05). This might
be related to the higher reactivity of the smaller
nanoMOF due to the increment of surface area
available in contact with the bacterial membrane. A
similar trend was observed when performing the same
experiment for E. coli (see SI Figure S9, Table S3). In
addition, taking into account the absence of biocidal
activity shown by the ligand and the intrinsic effect of
the TiO» control (content corresponding to 20 ppm
MOF), one can suggest that the intrinsic biocidal
character arises from the inorganic component, in
agreement with the results of previous minor TiO,
activity.[43] As expected, considering the well-known
antibacterial properties of silver, [44]this intrinsic
activity was significantly increased (p < 0.01) by the
presence of AgNPs within the MOF (at 20 ppm,
Logio(CFU) = 10.18 vs. 7.89 with the nanoMOF and
the composite; corresponding to 1.21 ppm of Ag,
respectively). This increment was also observed against
the suspension of E. coli (Figure S9 and Table S3, at 20
ppm, Logio(CFU) = 9.66 vs. 8.20 with the nanoMOF
and the composite, respectively). The differences in S.
aureus and E. coli inhibition by the AgNP@nanoMOF
composite (99.98 vs. 99.5 inhibition %, for each
bacterium, respectively) might be due to their different
cell wall compositions and the material interaction with
the membrane. While the gram-negative bacterial
membrane is formed by a double layer, that is, a thin
peptidoglycan cell wall surrounded by an outer
polysaccharide layer, the gram-positive bacteria lack
this outer layer and have a thicker peptidoglycan wall
[45].

In contrast, the nanoMOF impregnated with already
pre-synthesized AgNPs, the “physical” mixture AgNPs
+ nanoMOF, exhibited a biocidal activity that was
significantly lower than that exerted by
AgNP@nanoMOF (p < 0.05) and even smaller than
that by pristine MOF (at 20 ppm, Log;o(CFU) = 10.93
vs. 10.18) and seemed to be determined by the action of
the individual AgNPs, as seen from the silver blanks
(Ag® and AgNO; Logio(CFU) = 10.89 and 10.83,
respectively). Hence, these results indicate that the
higher bactericidal effect of the AgNP@nanoMOF is
not a result of the combination of its individual
components but might be derived from a synergistic

effect as a result of the strong interaction between the
AgNPs and the nanoMOF.

Remarkably, the bactericidal effect of both nanoMOF
and AgNP@nanoMOF was further promoted after 2 h
UVA irradiation (see Figure 2, Figures S10 and S11),
preventing more than 99% of the viable bacterial
growth (Table S4). This result is within the same order
as that of the Ag@CuTCPP (~ 6 ppm of MOF) [21]
and other Ag-based MOFs reported thus far against S.
aureus in suspension (see SI Table S7). Additionally,
the control experiments, carried out with the “physical”
mixture AgNPs + nanoMOF (see Figure 2), TiO,,
BDC-NH,, and the silver precursors Ag® and AgNOs
(Figure S11 and Table S4) in the presence of S. aureus
inoculums after the same UVA irradiation, showed that
the individual components of the AgNP@nanoMOF
separately did not significantly increase their biocidal
activity after irradiation, highlighting the strong
interaction of the AgNPs with the -NH, groups of the
nanoMOF structure.

Hence, the combination of complementary techniques
(plate count, LIVE/DEAD confocal microscopy, and
enzymatic activity; Figure 2, Figures S12 and S13)
fully illustrates the importance of the interaction of
AgNPs with the nanoMOF and the potential for the
AgNP@nanoMOF composite as a biocidal material: the
intrinsic antibiotic effect of nanoMOF is initially
enhanced by the presence of silver within its network
and further improved under UVA irradiation.

4.3. Biofilm treatment: Antifouling photo-
bactericidal activity of AgNP@nanoMOF

Even more important than the control and inhibition of
bacteria in their planktonic state is the prevention of
bacterial adhesion to surfaces owing to their severe
resistance to antibacterial agents, when in biofilms [3].
Whence, the current challenge is both interfering in the
adhesion mechanisms by surface modification, attaining
the so-called “antifouling surfaces,” and providing
efficient antibacterial properties.

After 20 h of incubation in dark, nanoMOF,
AgNP@nanoMOF, and the AgNPs + nanoMOF
“physical” mixture exhibited relatively low activity in
the reduction of S. aureus biofilm, compared with the
positive control (Figure 3). In contrast, after 2 h UVA
irradiation, there was notably less bacterial growth on
the thin film of nanoMOF than in the control,
evidencing an antifouling effect. Nevertheless, the
“physical” mixture seemed to have a similar
antiadhesion capacity compared to the nonirradiated
sample, not experiencing this increment of the
antifouling capacity by UVA, as is the case of pristine
nanoMOF. On the other hand, the antifouling effect is
considerably enhanced in the composite
AgNP@nanoMOF thin film owing to the incorporation
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of silver in its structure and the stabilization of charges
after photon absorption. Semi-quantitative analysis of
the images by cell count estimates bacterial detachment
of 80% from the biofilm after UVA irradiation in the
case of the AgNP@nanoMOF thin film, while it was
only 40% in the case of the irradiated pristine
nanoMOF and 15% in the case of irradiated AgNPs +
nanoMOF. According to Bordi et al. [46] different
strategies have been proposed to deal with biofilm
formation as a function of their evolution stages: 1)
limiting switch from planktonic to biofilm lifestyle, 2)
limiting initial adhesion and interaction, 3) interfering
in bacterial communication, 4) developing antiadhesive
surfaces, and 5) promoting dispersion. Both nanoMOF
and AgNP@nanoMOF display two of the previously
mentioned actions: first, limiting the initial adhesion
(approximately 37% of reduction with regard to the
control) and, second, favoring the dispersion of the
previously attached bacteria (as promoted by the
presence of AgNPs and UVA irradiation; Figure 3).

The antiadherent properties of the nanoMOF and
AgNP@nanoMOF thin films might be associated with
the generation of ROS (HO", O,™, HOy). It is
commonly known that, after UV irradiation, ROS
production leads to bacterial death and then their
detachment from the biofilm.[19], [47] Consequently,
ROS production (quantified by fluorescence emission;
Figure S16) substantially incremented after 2 h UVA
irradiation and was more than twice when in contact
with nanoMOF and AgNP@nanoMOF thin films than
the control. These ROS interfere with the normal
bacterial enzymatic activity and induce bacterial
death.[48] Generation of ROS after UV excitation of
the MIL-125(T1) analogue was first elucidated by Dan-
Hardi et al. [24]and thoroughly explained later for the
particular case of its aminated version MIL-125(Ti)NH,
[49]. Herein, after UV irradiation and photon
absorption, charge separation takes place with i)
generation of positive holes on the organic ligand
(BDC-NH2>) and ii) photogenerated electrons trapped in
the Ti*" oxocluster, which leads to the formation of
Ti**, a mechanism known as ligand-to-cluster-charge
transfer. In this activated state, the Ti'V/Ti'! photoactive
redox centers promote reactions with the aqueous
culture medium [50], leading to hydroxyl and peroxyl
radicals that produce oxidative damage in the bacteria
[51]. The inclusion of the AgNPs in the structure might
enhance the electron transfer with the media and reduce
the electron-hole recombination in the activated state,
conducing both mechanisms to a higher inhibition of
bacterial colonies [52]. Furthermore, the higher
bactericidal activity of AgNP@nanoMOF might also be
due to the direct contact of the bacteria with the AgNP,
an extensively known antibacterial agent [44], and by
its ion release (Ag"), which is involved in an increase in
the membrane permeability, loss of the proton motive

force, de-energization of cells and efflux of phosphate,
leakage of cellular content, and disruption of DNA
replication [11].

Apart from the antifouling properties of an active
coating, its bactericidal effect is also of great
importance, as detachment of viable bacteria will lead
to the continuous formation of biofilm. After 20 h of
dark growth, AgNP@nanoMOF thin films were the
ones that manifested the highest bacterial inhibition
(less than ~10% of bacteria remained viable, in both
the planktonic and the sessile state, Table S5). Even the
AgNP@nanoMOF suspension in dark had greater
bactericidal activity (Table S2), and this reduction can
be explained by the lower possibilities of contact in
between the bacterial cells and the nanoMOF or the
composite when deposited in the thin film. As depicted,
the bacterial viability is affected when the nanoMOF is
in contact with the cell membrane: the
AgNP@nanoMOF thin film has a lower surface area
than that of its suspension, hence resulting in lower
biocidal activity after 20 h. Upon 2 h UVA irradiation
(after the 18 h dark growth), more than 99.99% and
99.9999% of the colonies were nonviable when in
contact with the thin films of the nanoMOF and the
AgNP@nanoMOF, respectively (Table S5). However,
the “physical” mixture AgNP + nanoMOF exhibited a
similar biocidal activity with and without irradiation.
According to this, it could be said that the MIC against
the S. aureus biofilm of the AgNP@nanoMOF
composite thin film after irradiation (88 ppm) is in
range with some commonly used antibiotics such as
cefazolin (MIC = 128 ppm) [53] (see details on other
relevant antibiotics in Table S8). For comparison
purposes, bacterial viability of both planktonic and
sessile E. coli bacteria in contact with nanoMOF and
AgNP@nanoMOF thin films was also evaluated
(Figure S17). Even the biocidal activity against E. coli
was slightly higher after UVA irradiation in both
materials (Table S6), and cell viability reduction was
slightly lower for the gram-negative bacteria (99.95%
vs. 99.9999% bacterial inhibition, respectively).

Therefore, the compilation of the optical and bioactivity
tests demonstrates the potential of the
AgNP@nanoMOF composite for S. aureus biofilm
treatment and that its antifouling and bactericidal
properties are the result of a combined effect of the
MOF intrinsic activity, the strong interactions of the
bactericidal AgNPs with framework, and the
photoactivity after irradiation (Scheme S6).

4.4. Chemical stability of the AgNP@nanoMOF thin
film

When tested at biofilm-formation experimental
conditions (37 °C), analysis of the culture medium in
contact with the cover glasses coated with nanoMOF
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and the AgNP@nanoMOF thin films indicated that the
coating is relatively strongly attached to the cover
glasses, as no nanoMOF particles were detected in the
media (see SI Figure S20). The variation of the &-
potential from -9 to -12 mV after 20 h might be a result
of the interaction of the salts of the NB medium with
the ions released after slow MOF degradation.
Similarly, accelerated degradation tests (at 70°C)
revealed a final particle size of ~5 nm after 14 days,
also associated with the protein of the NB medium
(Figure S22). This suggested that the degradation of the
thin film took place by ion release instead of particle
detachment, stressing the strong adhesion of the
nanoMOF and AgNP@nanoMOF thin films to the
substrate.

The MOF degradation was confirmed by the
progressive release of the MOF constituents (Ti and
ligand) to the medium. For comparison purposes, the
theoretical amount of BDC-NH, corresponding to the
Ti experimentally released was estimated (Figure 5).
Nevertheless, the experimental amount of BDC-NH; is
double the calculated amount (12% vs. 6%) in terms of
Ti release. This divergence could be explained by the
presence of residual ligand within the MOF porosity
and the outer surface composition, mainly composed of
partially coordinated ligands, as previously reported by
Vilela et al. [20] In the case of AgNP@nanoMOF
(Figure 5D), the amount of released ligand is again
higher than the expected amount from the measured Ti,
observing here differences of 4-fold with the expected
release (30% vs. 8%, respectively). The lower stability
of the composite than that of the nanoMOF (20% vs.
12% degradation at 20 h, respectively) could be
associated not only with the previously mentioned
causes (remaining ligand and ligand at the outer
surface) but also with defect generation during the
impregnation-reduction process, which might weaken
the MOF network (in agreement with the PXRD and N»
sorption data).

Similarly, the Ag" was continuously released over time,
following, however, a different profile with an initial
induction time (no silver delivered within the first 4 h;
Figure 5B). This suggested the formation of strong
interactions between the AgNPs and the nanoMOF, as
previously depicted by the biocidal experiments when
compared with the results obtained with the “physical”
mixture AgNPs + nanoMOF. One could rationally
expect the formation of specific interactions between
the AgNPs and the amino groups of the BDC-NH,
ligand, as seen in FTIR from the shift of the symmetric
and asymmetric -NH; stretching (Figure S7). Thus,
previous nanoMOF degradation is needed for Ag
delivery and only 3.5% of the total silver was released
after 20 h, with, however, a controlled delivery over
extended periods of time (5% after 14 days).

Accelerated degradation of the AgNP@nanoMOF at 70
°C likewise revealed the relation between MOF
degradation (Ti delivery) with the Ag released into the
culture medium (Figure S21), both following similar
kinetics with time.

Overall, considering the low release of Ti and Ag under
experimental conditions (2.5 and 3.5 wt%, respectively)
and the fact that the BDC-NH: biocidal activity was
previously excluded (see section 4.1), the antifouling
bactericidal combined effect of AgNP@nanoMOF
might be not only a result of the composite dissolution
but also a consequence of the stable association of
AgNPs to the MOF. Furthermore, this biocidal effect is
promoted by both UVA and visible irradiation. Thus,
one could suggest an important role of silver on the
ligand-to-cluster charge transfer, which is in agreement
with the results of catalytic studies conducted with
other noble metal nanoparticles decorated with MIL-
125(T1).[55]

As previously reported studies did not consider biofilm
treatment, comparison of the AgNP@nanoMOF thin
film stability is not straightforward. As shown in Table
S7, the amount of Ag released from the thin film into
the NB after 24 h at 37 °C (3.5 wt.%) has been
compared with the amount of Ag released from other
silver-based MOF suspensions. It can be seen that even
the stability (referred as Ag wt.%) is within the same
range, and the delivered Ag amount is lower due to the
lower Ag content within AgNP@nanoMOF (only 1.21
ppm of Ag). Furthermore, despite the lower Ag amount,
the combination of AgNP, nanoMOF, and irradiation
effects led to similar biocidal activity in the planktonic
state (Figure 2 and Table S7). Consequently, this
highlights the potential use of the AgNP@nanoMOF
composite as an antifouling biocidal coating for biofilm
treatment for a long period.

5. Conclusions

AgNPs have been successfully incorporated within a
porous photoactive Ti-nanoMOF by a simple two-step
impregnation-reduction method. The resulting
composite was drop-casted as thin films, exhibiting a
remarkable antifouling and photo-bactericide effect
against a strong S. aureus biofilm. These results pave
the way for the potential use of AgNP@nanoMOF
composite-coated surfaces for efficient antiadherent and
bactericidal biofilm treatment on high-touch surface-
related and nosocomial infections.
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Figure S1. FTIR spectra of nanoMIL-125(Ti)NH: (blue) and the AgNP@nanoMIL-125(Ti)NH: (red).
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Figure S2. TGA curves of nanoMIL-125(Ti1)NH; (blue) and the AgNP@ nanoMIL-125(Ti)NH: (red).



Figure S3. Macroscopic view of the yellow MIL-125(Ti)NH; (left) and brownish AgNP@MIL-125(Ti)NH;
composite (right). NP suspensions in ethanol (up) and thin film deposited over glass covers (down).

Figure S4. TEM micrograph nanoMIL-125(Ti)NH: (left) and AgNP@nanoMIL125(Ti)NH; (right) (scale
bar: 500 nm).
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Figure S10. Inhibition (%) of enzymatic activity of planktonic S. aureus determined from FDA fluorescent
emission (ex.:485 nm; em.: 538 nm) in contact nanoMIL-125(Ti)NH: (blue), AgNP@nanoMIL-125(Ti)NH;
(red), AgNPs + nananoMIL-125(Ti)NH, (brown), AgNOs (grey), Ag® (black), BDC-NH; (yellow) and TiO»
(green). S. aureus enzymatic activity inhibition in contact with MOF after 20 h of dark exposure and after
18 h dark + 2 h of UVA irradiation.
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Figure S11. Semiquantitative analysis of the TEM confocal micrographs of planktonic S. aureus bacteria
stained with LIVE/DEAD after contact with suspensions of nanoMIL-125(Ti)NH: (blue), AgNP@nanoMIL-
125(Ti)NH; (red) and AgNPs + nanoMIL-125(Ti)NH: (brown). Comparison with and without irradiation.



Figure S12. SEM images of the surface of the cover glasses with the material deposited by drop casting:
nanoMIL-125(Ti)NH: (top) thin film; AgNP@nanoMIL-125(Ti)NH: (bottom) thin film.
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Figure S13. Inhibition (%) of enzymatic activity of the planktonic S. aureus determined from FDA
fluorescent emission (ex.:485 nm; em.: 538 nm) in contact with nanoMIL-125(Ti)NH; thin film over cover

glasses(blue),AgNP@ nanoMIL-125(Ti)NH: thin film over cover glasses (red) and AgNPs +
nanoMIL125(Ti)NH; (brown).
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Figure S14. Quantification of S. aureus biofilm on nanoMIL-125(Ti)NH; thin film (blue), AgNP@
nanoMIL-125(Ti)NH; thin film (red) and AgNPs + nanoMIL-125(Ti)NH thin film (brown) by

determination of the green areas marked by the FilmTracer FM 1-43 Green Biofilm Cell staining with the
help of Imagel.
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Figure S15. LIVE/DEAD confocal micrographs of sessile S. aureus on top of cover glasses surface (left)
after 20 h dark biofilm grown and (right) 18 h grown in dark plus 2 h UVA irradiation of the (top to bottom)
positive control cover and the glass covered with nanoMIL-125(Ti)NH; thin film, AgNP@nanoMIL-
125(Ti)NH; thin film and AgNPs + nanoMIL-12(Ti)NH: ‘physical’ mixture thin film.
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Table S1. Comparison of the chemical stability (Ag wt% released after 24h) and MIC against S. aureus of

different Ag-based MOF.

S. aureus MIC

S. aureus MIC

Ag wt% expressed by
MOF released MOF expressed b}.] Ag Reference
. concentration
after 24 h concentration
(ppm) (ppm)

[(AgL)NOs]-2H,O 0.857! 297 38
[(AgL)CFsS0s]-2H,0O 1.03 ™ 307 36 (1

[(AgL)CIO4]-2H,O 1.20 293 37
Ags[C7H405P] 1.87 26" 16 @l

[Ag(u3-PTA=S)In(NO3)n'-nH20 20 6
[Agi(u-PTAL=S)(1s-PTA=S)(u- | Not reported 40 6 R

SO4)2(H20)2]n'2nH20

[Ag2(3-NPTA)(bipy)o.s(H20)] 416" 20 8 4l
[Ag2(O-IPA)(H-0)-(H50)] 2.5 15 7.5 5

[Ags(PYDC)2(OH)] 1.8 20 12
AgTAZ 337 Not reported Not reported [l
Ag@CuTCPP 4lp 21111/5 h 6.25 Not reported 7
Ci71H173Ag4:Clo0O10S3 Not reported 5 3.1 (8]

Ui066-2CO0Ag 75 9
, Not reported ©l

UiO67-bpdcAg 50 6.5

AgNP@nanoMIL-125(Ti)NH, 3.5 20 1.217 This work

*I measured in distilled water

*2 measured in the culture medium
3 MBC

*4 MICso
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Scheme S1. Procedure of the A) nanoMOFs thin films or B) Material suspensions in contact with S. aureus
inoculums (10° cell mL-") for the antibacterial tests in dark i) or dark followed by 2 h UVA irradiation ii).
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