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ABSTRACT: Three new photoactive polymeric materials embedding
a hexanuclear molybdenum cluster (Bu4N)2[Mo6I8(CH3COO)6] (1)
have been synthesized and characterized by means of Fourier-
transform infrared spectroscopy (FTIR), thermogravimetric analysis
(TGA), and emission spectroscopy. The materials are obtained in the
format of transparent and thin sheets, and the formulations used to
synthesize them are comprised of 2-hydroxyethyl methacrylate
(HEMA), as a polymerizable monomer, and ethylene glycol
dimethacrylate (EGDMA) or poly(ethylene glycol)dimethacrylate
(PEGDMA), as cross-linkers. All the polymeric hydrogels generate
singlet oxygen (1O2) upon irradiation with visible light (400−700 nm),
as demonstrated by the reactivity toward two chemical traps of this
reactive species (9,10-dimethylanthracene and 1,5-dihydroxynaphtha-
lene). Some differences have been detected between the photoactive materials, probably attributable to variations in the permeability
to solvent and oxygen. Notably, one of the materials resisted up to 10 cycles of photocatalytic oxygenation reactions of 1,5-
dihydroxynaphthalene. All three of the polyHEMA hydrogels doped with 1 are efficient against S. aureus biofilms when irradiated
with blue light (460 nm). The material made with the composition of 90% HEMA and 10% PEGDMA (Mo6@polymer-III) is
especially easy to handle, because of its flexibility, and it achieves a notable level of bacterial population reduction (3.0 log10 CFU/
cm2). The embedding of 1 in cross-linked polyHEMA sheets affords a protective environment to the photosensitizer against aqueous
degradation while preserving the photochemical and photobactericidal activity.

■ INTRODUCTION

Antibiotic-resistant bacteria are a great menace for modern
societies since uncontrolled spreading of such pathogens can
lead to serious nosocomial infections, which imply an
enormous economic burden for public health systems.1 One
of the most important features of many pathogenic micro-
organisms is their ability to form resistant biofilms, i.e.,
organized macro-colonies of bacterial cells, which are much
more difficult to eradicate than isolated bacteria in
suspension.2 It is considered that more than 60% of microbial
infections are originated by biofilms grown in surfaces.3

Antimicrobial photodynamic inactivation (aPDI) of micro-
organisms like bacteria, fungi, and viruses is an attractive tool
that has been recently employed to prevent the spreading and
growth of microbial pathogens. This approach implies the use
of a photosensitizer, which in combination with light leads to
the generation of cytotoxic species like singlet oxygen (1O2) or
superoxide (O2

•−).4−9 A great number of publications have
appeared during the last years, advocating for the use of this
strategy, with an emphasis in the development of materi-

als,10−14 especially to be used for the manufacture of
healthcare-related objects.15−17

Currently there is a growing interest in developing new
families of photosensitizers different from classical ones like
Rose Bengal, methylene blue, or porphyrins/phthalocyanines,
which are ubiquitously found in the literature and employed
with great success in the past but are not exempt from
drawbacks (photobleaching, tendency to aggregation, etc.).18

The group of hexanuclear molybdenum clusters described by
the formula [Mo6L

i
8L

a
6]

n− (Li and La are inner and apical
ligands, respectively) has been receiving increasing attention
due to their outstanding photophysical properties. A great
number of such species have been described so far, both in
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solution19−29 and immobilized in a series of supports, such as
polyurethane, poly(methyl methacrylate), zinc oxide, and other
materials.30−43 After excitation with visible light, the triplet
excited state is very efficiently populated, and many of such
complexes, especially the iodides (L = I), are able to emit
phosphorescence in the deep-red region of the spectrum, even
at room temperature. Another relevant property of this class of
complexes is their ability to generate 1O2 after irradiation. This
reactive oxygen species is known to have a great variety of
applications, from oxygenation reactions44,45 to the aforemen-
tioned elimination of pathogenic microorganisms. In this last
regard, the antibacterial applications of the {Mo6} clusters are
still far from full development. Only a few cases of
photobactericidal materials based on hexanuclear molybdenum
clusters have been reported. We have shown that
(Bu4N)2[Mo6I8(CH3COO)6] (1) supported on macroporous
and gel type cationic polystyrene is able to kill Gram-positive (
Staphylococcus aureus) and Gram-negative (Pseudomonas
aeruginosa) bacteria.46,47 Kirakci et al. have shown that
irradiated complexes of [Mo6I8(Ph3P(CH2)4COO)6]Br4 can
reduce the population of Gram-positive Enterococcus faecalis
and S. aureus.48 Additionally, Vorotnikova et al. have shown
that (Bu4N)2[Mo6I8(CF3(CF2)6COO)6] used as an additive to
polymer F-32L can kill Escherichia coli, S. aureus, Salmonella
typhimurium, and P. aeruginosa upon irradiation.49 It must be
noted that all the above-mentioned investigations report
bacteria in the planktonic state.
The purpose of this article is to present a series of polymeric

hydrogels materials, in the format of thin polymeric films,
embedding 1 as a photosensitizer capable of generating 1O2
very efficiently upon irradiation and significantly suppressing
the growth of S. aureus biofilms. To the best of our knowledge,
this is the first example of use of a hexanuclear molybdenum
cluster, in combination with light, to prevent the growth of a
bacterial biofilm, specifically of S. aureus. We hope that these
results will contribute to developing the field of aPDI,
specifically against bacterial biofilms, and to expand the use
of this new class of {Mo6} nanoclusters in healthcare materials,
such as catheters, gloves, and thermometers, or in ordinary
objects, such as computer keyboards, doorknobs, and mobile
phone screens.

■ RESULTS AND DISCUSSION
Following our previously described procedures for the
preparation of polymeric hydrogel sheets entrapping optically
active molecules and nanoparticles,50−56 cluster 1 (1 wt %) was
dissolved in three different formulations comprising monomer
2-hydroxyethylmethacrylate (HEMA) and two types of cross-
linkers: ethylene glycol dimethacrylate (EGDMA) and poly-
(ethylene glycol)dimethacrylate (PEGDMA) (Figure 1). The
aim of using different types and proportions of cross-linkers
was to study the effect of these polymerizable components on
the photodynamic performance of fabricated materials.
According to our experience, the introduction of PEGDMA
in a low percentage increases notably the permeability of the
films to inorganic species such as nitrite. In Table 1, the three
formulations employed for this study are shown. Polymers
based on the monomer HEMA (leading to the so-called
polyHEMA materials) have been described in the literature for
years due to their high water permeability and biocompati-
bility. For instance, they form the basis of contact lenses,
orthopedic implants, and drug delivery devices.57,58 Our aim
was to develop matrixes strong enough to retain 1 but with

enough permeability to allow O2 to get in and
1O2 to get out of

the materials. The mixtures of olefins indicated in Table 1
(with added 1 wt % of azobisisobutyronitrile, AIBN) were
introduced into glass molds (see previous procedures50−56)
and kept at 85 °C during 15 min. This procedure induces
radical polymerization, leading to the formation of transparent
films of polymeric hydrogels. After the mechanical removal of
the molds, a series of polymeric films were obtained. The
polymers embedding the {Mo6} cluster were named Mo6@
polymer-I, Mo6@polymer-II, and Mo6@polymer-III, where-
as the control materials without the photosensitizer were
named simply I, II, and III. The materials were washed and
characterized by means of Fourier-transform infrared spectros-
copy (FTIR), thermogravimetric analyses (TGA), and
emission spectroscopy. The thicknesses of the films were
measured, giving the average value of (120 ± 10) μm.
The infrared spectra of the samples showed the typical

pattern of cross-linked polyHEMA materials, with a broad
band around 3400 cm−1 corresponding to the OH
stretching, which impart hydrophilicity to the hydrogels. Also
worth of note is the disappearance of vibration at 1640 cm−1

corresponding to the CC bonds in the HEMA monomer
and EGDMA or PEGDMA cross-linkers, as a result of the
polymerization reaction. No band corresponding to the
molybdenum complex was detected, due to its low
concentration in the materials (see the spectra in the
Supporting Information (SI) file). The samples were also
analyzed by TGA, and interesting differences were found
between the polyHEMA polymers containing a molybdenum
cluster and the corresponding controls without the photo-
sensitizer. As it can be seen in the SI file, all the six samples
commonly displayed a loss of mass below 300 °C,
corresponding to the decomposition of the polyHEMA
structure (10% mass loss at about 250 °C; full decomposition
at around 400 °C), but the samples containing the photo-
sensitizer do not lose the full weight of the material until 500
°C (10% mass loss occurring at about 270−280 °C). This fact
would point out to some kind of additional cross-linking effect
of the molybdenum cluster on the structure of the materials,
the study of which is out of the scope of this paper. Regarding
the emission measurements, the samples under UV excitation
emit a reddish phosphorescence observable even with the
naked eye (see Figure S2), and the spectrum of such
luminescence reveals the typical broad band of emissive

F i g u r e 1 . S t r u c t u r e s o f t h e o c t a h e d r a l c l u s t e r
(Bu4N)2[Mo6I8(CH3COO)6] (1), monomer HEMA, and cross-
linkers EGDMA and PEGDMA. For 1, the color code for the
external ligands: red = oxygen, gray = carbon. Color code for the
internal atoms: pink = iodide, blue = molybdenum.
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hexanuclear molydbenum complexes between 600 and 750
nm.19−43,46−49 Minor differences can be found between the
polymeric samples and also when compared to a solid sample
of 1 and to an ethanolic solution of the photosensitizer (see
Figure 2), probably due to different solvation environments, in

agreement with the literature.19−43,46−49 In the case of the
materials here described, the presence of this emissive band
confirms that the structural integrity of the photosensitizer
remains intact after the polymerization reaction. Also, it could
be speculated that, due to the low concentration of 1 and to
the anionic nature of this photosensitizer, aggregation does not
take place (future microscopic studies will shed light on the
distribution of 1 within these and other polyHEMA matrixes).
Next, we proceeded to study the photochemical perform-

ance of the obtained polymeric hydrogels doped with 1. The
ability of the polymeric photosensitizers to generate 1O2 was
checked by the means of two benchmark reactions: the
transformation of 9,10-dimethylanthracene (DMA) into its
endoperoxide (DMA·O2) and the conversion of 1,5-dihydrox-
ynaphthalene (DHN) into juglone. Both reactions can be
followed easily by means of UV−vis spectroscopy, as can be
seen in Figures 3 and 4.
The conversion of DMA after 90 min of irradiation with

white light, attained with the three polymers under study, is
very high (see Figure 5), being 83% for Mo6@polymer-I, 97%
for Mo6@polymer-II, and 97% for Mo6@polymer-III. Also,
control irradiations were conducted with empty matrixes, and
conversions of around 10% were obtained. It must be noted
that DMA is able to generate a small amount of 1O2 since

some residual light can be absorbed by this probe at ca. 400
nm. But, this self-oxidation process is much less important than
the oxygenation reaction promoted by the clusters embedded
on the polyHEMA films. Additionally, it must be indicated that
no leaching of 1 was observed during the course of the
experiments (lack of absorption or emission of the supernatant
solutions after equilibration of films with solvent overnight).
The photoactivity was confirmed by the photo-oxidation of

DHN to juglone, as can be seen in Figure 6 (again, some auto-
oxidation of this substrate was observed, but the amount is
minimal in comparison with the photoreactivity induced by the
molybdenum cluster). Interestingly, the behaviors of the three
materials under study are slightly different, with yields of
juglone, after 120 min of irradiation, varying from 65% (Mo6@
polymer-I) to 85% (Mo6@polymer-II) and 92% (Mo6@
polymer-III). This trend might reflect the higher permeability
of the hydrogel matrixes made with a higher amount of HEMA
(90% of HEMA in Mo6@polymer-II and Mo6@polymer-III

Table 1. Compositions of Monomer and Cross-Linker Mixtures Leading to the Polymers Used in This Study

monomer (% wt) cross-linkers (% wt) photosensitizer

HEMA EGDMA PEGDMA 1a

Mo6@polymer-I 67 33 yes
I 67 33 no
Mo6@polymer-II 90 10 yes
II 90 10 no
Mo6@polymer-III 90 10 yes
III 90 10 no

a1 wt % relative to the total mass of monomer and cross-linker.

Figure 2. Normalized emission spectra of Mo6@polymer-I, Mo6@
polymer-II, Mo6@polymer-III, 1 in ethanol solution and 1 in the
solid state (λexc = 470 nm).

Figure 3. Up: reaction between DMA and 1O2. Bottom:
representative example of such a reaction using Mo6@polymer-III
as the supported photosensitizer and DMA (10−4 M) as the 1O2 trap
in EtOH:H2O (1:1). (a) Initial absorption of DMA, (b) absorption of
DMA after irradiation for 90 min in the presence of III as control, and
(c) absorption of DMA after irradiation for 90 min in the presence of
Mo6@polymer-III. Light source: two white light LED lamps (11W
each, 400−700 nm).
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vs 67% in Mo6@polymer-I), in agreement with previous
reports from our group dealing with chromogenic and
fluorogenic sensing materials.50−56 Especially notable is the
influence of the cross-linker PEGDMA, used in the

manufacture of Mo6@polymer-III, which is able to create a
more flexible and permeable scaffold and, in consequence, to
improve the photo-oxygenation efficiency of DHN.
One of the most valuable properties of complex 1, as earlier

reported, is its high resistance to photobleaching under
photochemical stress.46,47 In order to elucidate whether this
property is conserved in the polyHEMA films, a sample of
Mo6@polymer-III was submitted to several cycles of
irradiation, using the conversion of DHN to juglone as test
reaction. As shown in Figure 7, the photocatalytic ability of
Mo6@polymer-III remarkably withstood 10 cycles of
irradiation without important signs of fatigue. This issue is
sometimes overlooked when developing materials for aPDI
and this is a characteristic that should be studied, since the

Figure 4. Up: reaction between DHN and 1O2 . Bottom:
representative example of such reaction using Mo6@polymer-III as
the supported photosensitizer and DHN (10−4 M) as the 1O2 trap in
DCM:MeOH (9:1). (a) Initial absorption of DHN, (b) absorption of
DHN after irradiation for 120 min in the presence of control III, and
(c) absorption of DHN after irradiation for 120 min in the presence
ofMo6@polymer-III. Light source: two white light LED lamps (11W
each, 400−700 nm).

Figure 5. Conversions of DMA after reaction with 1O2. Irradiation of
polymers with white light in the presence of DMA (10−4 M in
EtOH:H2O, 1:1). Total irradiation time is 90 min.

Figure 6. Yields of juglone in the reaction of DHN with 1O2.
Irradiation of polymers with white light in the presence of DHN (10−4

M in DCM:MeOH, 9:1). Total irradiation time is 120 min.

Figure 7. Yields of juglone in the reaction of DHN with 1O2 during
10 cycles of irradiation. Irradiation of Mo6@polymer-III with white
light in the presence of DHN (10−4 M in DCM:MeOH, 9:1). For
each cycle, the irradiation time is 120 min.
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materials with purported antimicrobial properties should also
show endurance after prolonged times of exposure to light.
These results are in agreement with the previously reported
photoreactivity of 1 supported on polystyrene, for which no
loss of activity was detected after repeated use in the
photosensitized oxygenation of DMA.46,47

Finally, the antimicrobial photodynamic activities of differ-
ent polyHEMA hydrogels containing the {Mo6} complexes
against biofilms of S. aureus were evaluated (see Figures 8 and

9). All the polymeric films were studied in conditions of
biofilm formation, and all showed antimicrobial activity, but
some differences between these materials were found. The
operational procedure followed to carry out this study is the
following one: on small pieces of layers ofMo6@polymer-I, II,
and III (and respective control materials without a photo-
sensitizer), biofilms of S. aureus were allowed to grow (see the
Experimental Section). Afterward, they were irradiated with
blue light (460 nm) with a total fluence of 120 J/cm2. Once
finished with the irradiation period, the biofilms were detached
from the surface and the survival of the bacteria was estimated
by colony counting. We followed a well-established method-
ology employing conditions that ensure the formation of a

biofilm,59 which has been used by part of us in the past with
positive results.60−62 Regarding the quantification of the
bacterial survival, the colony counting methodology has
proven to be a very reliable methodology.63

When comparing the studied polymers, the behavior of
Mo6@polymer-III is especially remarkable, which caused a
reduction of 3.0 log10 CFU/cm

2 of the initial population of S.
aureus (see in Figure 8, bacteria growing in Mueller Hinton
agar plates corresponding to irradiated and nonirradiated
samples of Mo6@polymer-III; and see in Figure 9, the
complete set of assays for all the materials). This result is of
merit, since it is considered that a treatment has effective
bactericidal activity when the initial inoculum is reduced by
99.9% (i.e., 3.0 log10 CFU/cm

2).64 A slightly lower reduction
rate was achieved withMo6@polymer-I (2.8 log10 CFU/cm

2),
whileMo6@polymer-II showed a reduction of 1.9 log10 CFU/
cm2. A practical question was also observed, which could have
relevance for future studies; whereas materialsMo6@polymer-
I and II were rigid and showed some tendency to break into
pieces, the manipulation of Mo6@polymer-III was much
easier due to its flexibility. Controls in the dark, both with and
without 1, showed no significant reduction of the initial
population. Another interesting observation is that the
polymers without a photosensitizer (controls I, II, and III)
exposed to the light were able to reduce the population of S.
aureus from about 1.0 to 1.5 log10 CFU/cm2, but this effect
could be ascribed to the well-known bactericidal effect of blue
light alone.65

Additional measurements by scanning electron microscopy
(SEM) confirmed the formation of S. aureus biofilms on the
surface of the polyHEMA hydrogels and a striking reduction of
such structures upon irradiation. Parts a and c of Figure 10

show a biofilm formed on the surface of Mo6@polymer-III, at
500× and 5000× magnifications, respectively. Upon irradiation
and subsequent washing, the density of bacteria is notably
reduced, as can be seen in Figure 10b,d (500× and 5000×,
respectively). Since samples were washed before image
acquisition, it must be hypothesized that the irradiation
weakened the extracellular matrix that holds together the

Figure 8. Representative visual example of bacteria growing in
Mueller Hinton agar plates previously inoculated using a spiral plater.
Left: polymeric film Mo6@polymer-III and light. Right: control
without light (Mo6@polymer-III dark).

Figure 9. Antimicrobial photodynamic activity of different poly-
HEMA matrixes containing {Mo6} complexes against biofilms of S.
aureus (n = 3). * p < 0.05.

Figure 10. SEM images of hydrogelMo6@polymer-III with S. aureus
biofilm, grown in the dark (a and c) and after exposure to light (b and
d). Magnification 500× (a, b; scale bar = 10 μm) and 5000× (c, d;
scale bar = 1 μm).
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bacterial biofilm. Additional SEM pictures can be found in
Figure S5.
Thus, it can be concluded that the family of molybdenum

clusters can be added to the list of photosensitizers successfully
used to treat S. aureus biofilms, like, for instance, porphyrins66

and chlorins,67 methylene blue,68,69 toluidine blue O,70 and
hypericin.71

Regarding the biocidal mechanism, since the phototoxicity
of {Mo6} complexes is related to 1O2 production, the
photodynamic bactericidal activity against S. aureus biofilms
could be related to the oxidative damage of this reactive
oxygen species. Moreover, it is also known that, in addition to
acting directly on bacterial cells, the products generated as a
result of irradiations also act on the extracellular matrix of
biofilm, increasing the photodynamic efficiency. For instance,
Beiraõ and co-workers have demonstrated a reduction of 81%
in the polysaccharide content of the matrix of P. aeruginosa
biofilms after treatment with a cationic photosensitizer.66 In
our case, further studies will determine the target of the 1O2
generated by 1.
In summary, three new photoactive materials embedding

cluster 1 in different HEMA-based matrixes have been
synthesized (radical polymerization initiated by AIBN) and
characterized by means of FTIR, TGA, and emission
spectroscopy. All the materials display excellent ability to
generate 1O2 upon irradiation with visible light (400−700 nm),
as demonstrated by the reactivity toward two chemical traps
(DMA and DHN). Differences have been detected between
the photoactive materials, probably attributable to variations in
the permeability to solvent and oxygen. Regarding the
antimicrobial activity, all the three polyHEMA hydrogels
doped with 1 are efficient for inactivation of S. aureus biofilms,
when irradiated with blue light (460 nm). The material made
with the composition of 90% HEMA monomer and 10%
PEGDMA cross-linker (Mo6@polymer-III) is especially easy
to manipulate and achieves the highest levels of bacterial
population reductions (3.0 log10 CFU/cm

2). The findings here
reported open the door for the development, in the future, of
new photoactive materials based on other hexanuclear
molybdenum cluster photosensitizers and HEMA-based trans-
parent polymeric hydrogels.

■ EXPERIMENTAL SECTION
HEMA, EGDMA, PEGDMA (Mn 550 ), and AIBN were purchased
from Sigma-Aldrich and used as received. The solvents were
spectroscopic grade (Scharlab, S. L.).
Preparation of Photoactive Films. The synthesis of cluster 1

has been described previously in the literature.26 The synthesis of the
polymeric sheets is based on previously described procedures.50−56 In
short, (Bu4N)2[Mo6I8(CH3COO)6] (1) was dissolved (1 wt %) in the
appropriate mixture of HEMA and EGDMA or PEGDMA, following
the proportions detailed in Table 1. Then, AIBN was added and
dissolved (1 wt % relative to the total mass of monomer and cross-
linker). A small part of this solution was pipetted into the narrow
space formed between two microscope glass slides separated by two
thin lamellas (100 μm thickness) at the edges. In order to facilitate the
later unmolding process, the glass slides were previously treated with
silicone oil and cured at 200 °C for 60 min (oven) The system
containing the polymerizable mixture was placed in an oven at 85 °C
for 15 min. After polymerization, the two glass slides were separated
and the film was removed. Finally, the film was washed with distilled
water to eliminate any unreacted material.
Steady-State Emission. Steady-state emission of the samples was

recorded with an Agilent Cary-Eclipse spectrofluorometer at 25 °C,
between 600 and 750 nm, with excitation at 470 nm. The films were

supported between two microscope glass slides and placed on the
corresponding solid sample holder to proceed with the measurements.

Fourier-Transform Infrared Spectroscopy (FTIR). FTIR
microscopy was performed on a Jasco FT/IR 6200 type A with a
TGS detector, between 4000 and 400 cm−1.

Thermogravimetric Analyses (TGA). The thermogravimetric
analyses were performed on a TG-STDA Mettler Toledo model
TGA/SDTA851e/LF/1600 coupled to a quadrupole mass spectrom-
eter Pfeiffer Vacuum model Thermostar. The samples (6−7 mg) were
heated between 25 and 500 °C, under an air atmosphere, with a
heating rate of 10 °C/min.

Scanning Electron Microscopy (SEM). Field-emission scanning
electron micrographs were recorded on a JEOL 7001F microscope.
The corresponding samples were placed on top of aluminum
specimen mount stubs. The samples were then sputtered with Pt
(Baltec SCD500) for 30 s and observed at 15 kV.

Benchmark Model Reactions to Test 1O2 Production. For the
photo-oxygenation reaction of DMA, photochemical reactions were
performed inside 10 mL sealed vials containing 50 mg of the
polymeric film and 3 mL of an aerated solution of DMA 10−4 M in
EtOH−H2O (1:1). Irradiations were carried out using two LED
lamps (11 W each, Lexman, ca. 400−700 nm emission output) placed
1.5 cm away from the vial during 90 min under continuous stirring.
The evolution of the photoreactions was monitored over time by
means of UV−vis absorption spectrophotometry (decrease of
absorbance at 376 nm).

For the photo-oxygenation reaction of DHN, photochemical
reactions were performed inside 10 mL sealed vials containing 50
mg of the polymeric film and 3 mL of an aerated solution of DHN
10−4 M in DCM−MeOH (9:1). Irradiations were carried out using
two LED lamps (11 W each, Lexman, ca. 400−700 nm emission
output) placed 4 cm away from the vial during 120 min under
continuous stirring. A chemical filter (NaNO2 0,72 M solution)
between the lamps and the vial was used in this case to minimize the
absorption of light by DHN. The evolution of the photoreactions was
monitored over time by means of UV−vis absorption spectropho-
tometry (increase of absorbance at 427 nm and decrease at 300 nm).

Antimicrobial Photodynamic Activity against S. aureus
Biofilms. S. aureus ATCC 29213 (American Type Culture
Collection, Rockville, MD) was used to evaluate the antimicrobial
photodynamic activity of the {Mo6} complexes against biofilms. To
prepare bacterial inocula (protocol described in the literature59−62),
an overnight staphylococcal culture in tryptic soy broth containing
0.25% glucose (TSB) under aerobic conditions at 37 °C using a
shaker incubator was adjusted to 0.5 in the McFarland scale (108

cells/mL) and diluted at 1:100 in TSB (final concentration: 106 cells/
mL). Each polymeric film containing the photosensitizer (1 cm2)
(Mo6@polymer-I, Mo6@polymer-II, or Mo6@polymer-III) and its
respective control (I, II, or III) were placed in 6-well flat-bottom
tissue culture plates (Cellstar, Greiner bio-one), and 8 mL of inocula
was added to each well. The plates were incubated for 24 h at 37 °C
for biofilm growth.

At this time, the polymeric films were taken out and washed three
times with water to eliminate planktonic cells, and then, they were
exposed to light (LED illumination 460 ± 10 nm) for 150 min
(fluence 120 J/cm2). Afterward, they were washed with PBS (buffer
phosphate saline pH 7.2) and adherent bacteria were detached by
sonication (40 kHz, 2 min). The samples were serially diluted in PBS,
and viable bacteria were determined by colony counting in Mueller
Hinton agar (MHA). The survival bacteria data are expressed as
colony-forming unit/cm2 (CFU/cm2). In other series of experiments,
polymeric films with and without {Mo6} complexes were not treated
with light (dark controls: Mo6@polymer-I, -II, and -III dark and I,
II, and III dark).

The bactericidal activity of {Mo6} complexes against biofilm-
forming bacteria was evaluated using the same criterion as that for the
bactericidal activity against planktonic bacteria.

All the experiments were performed three times. The results are
expressed as mean ± standard deviation. The differences between the
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groups were compared by an analysis of variance with statistical
significance at p ≤ 0.05.
For the analysis using SEM, the polymeric films were fixed for 1 h

in 2.5% glutaraldehyde and dehydrated in several ethanol washes
(10%, 25%, 50%, 75%, and 90% for 20 min and 100% for 1 h). The
polymeric samples were dried overnight in a bacteriological incubator
at 37 °C, and afterward, they were mounted as described previously.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c00992.

Figures of irradiation setups, representative polymeric
sheet under visible and UV illumination, IR spectra,
TGA curves, and SEM images (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
Isabel García-Luque − Departamento de Microbiología,
Facultad de Medicina, Universidad de Sevilla, 41009 Sevilla,
Spain; Red Española de Investigación en Patología Infecciosa
(REIPI RD16/0016/0001), Instituto de Salud Carlos III,
28029 Madrid, Spain; orcid.org/0000-0003-1280-3102;
Email: igarcial@us.es

Francisco Galindo − Departamento de Química Inórganica y
Orgánica, Universitat Jaume I, 12071 Castellón, Spain;
orcid.org/0000-0003-0826-6084;

Email: francisco.galindo@uji.es

Authors
Noelia Lo ́pez-Lo ́pez − Departamento de Química Inórganica
y Orgánica, Universitat Jaume I, 12071 Castellón, Spain;
orcid.org/0000-0003-2522-760X
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(10) Mosinger, J.; Jirsaḱ, O.; Kubat́, P.; Lang, K.; Mosinger, B.
Bactericidal Nanofabrics Based on Photoproduction of Singlet
Oxygen. J. Mater. Chem. 2007, 17 (2), 164−166.
(11) Feese, E.; Sadeghifar, H.; Gracz, H. S.; Argyropoulos, D. S.;
Ghiladi, R. A. Photobactericidal Porphyrin-Cellulose Nanocrystals:
Synthesis, Characterization, and Antimicrobial Properties. Biomacro-
molecules 2011, 12 (10), 3528−3539.
(12) Benabbou, A. K.; Guillard, C.; Pigeot-Reḿy, S.; Cantau, C.;
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Millań-Lou, M.; Miravet, J. F.; Mikhailov, M.; Sokolov, M. N.;
Rezusta-Loṕez, A.; Galindo, F. Superior Performance of Macroporous
over Gel Type Polystyrene as a Support for the Development of
Photo-Bactericidal Materials. J. Mater. Chem. B 2017, 5 (30), 6058−
6064.
(48) Kirakci, K.; Zelenka, J.; Rumlova,́ M.; Cvacǩa, J.; Ruml, T.;
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