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Gold Nanoparticles Capped with a Novel
Titanium(IV)-Containing Polyoxomolybdate Cluster:
Selective and Enhanced Bactericidal Effect Against

Escherichia coli

Ménica Paesa, Fernando Almazdn, Cristina Yus, Victor Sebastidn, Manuel Arruebo,
Luis M. Gandia, Santiago Reinoso,* Ismael Pellejero,* and Gracia Mendoza*

Bacterial infections are a public health threat of increasing concern in medical
care systems; hence, the search for novel strategies to lower the use of
antibiotics and their harmful effects becomes imperative. Herein, the
antimicrobial performance of four polyoxometalate (POM)-stabilized gold
nanoparticles (Au@ POM) against Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus) as Gram-negative and Gram-positive bacteria models,
respectively, is studied. The bactericidal studies performed, both in planktonic
and sessile forms, evidence the antimicrobial potential of these hybrid
nanostructures with selectivity toward Gram-negative species. In particular,
the Au@GeMoTi composite with the novel [Ti,(HGeMo,0,),]'> POM
capping ligand exhibits outstanding bactericidal efficiency with a minimum
inhibitory concentration of just 3.12 um for the E. coli strain, thus
outperforming the other three Au@POM counterparts. GeMoTi represents
the fourth example of a water-soluble Ti'V-containing polyoxomolybdate, and
among them, the first sandwich-type structure having heteroatoms in
high-oxidation state. The evaluation of the bactericidal mechanisms of action
points to the cell membrane hyperpolarization, disruption, and subsequent
nucleotide leakage and the low cytotoxicity exerted on five different cell lines
at antimicrobial doses demonstrates the antibiotic-like character. These
studies highlight the successful design and development of a new
POM-based nanomaterial able to eradicate Gram-negative bacteria without
damaging mammalian cells.

1. Introduction

Polyoxometalates (POMs) are a large class
of nanosized anionic metal-oxygen clusters
with diverse molecular topologies in which
controlled compositional modifications can
be systematically performed at the atomic
scale. This fact, together with their remark-
able acid-base and redox properties, endows
POMs with relevant potential applications
in a range of fields including catalysis, en-
ergy, sensing, biomass valorization, elec-
tronics, or materials science.'*! Among
their properties, the ability to act as electron
and proton reversible reservoirs through
fast redox processes of multi-step nature
while keeping their structure nearly intact
stands out. It is well known that UV light
can promote such proton-coupled redox
processes, and thus, POMs emerge as ideal
carriers for the photosynthesis of monodis-
persed metal nanoparticles (NPs), playing
a dual role as reducing agents and stabi-
lizers. POMs mediate the electron trans-
fer from a sacrificial donor (typically al-
cohols or amines) to the metal ions and,
once the resulting metallic nanostructures
are formed, they form a protective shell
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enclosing the metal core that inhibits further agglomera-
tion. In contrast to the most common protective ligands (e.g.,
carboxylates, phosphates), POM-stabilized metal NPs exhibit
boosted and synergistic performance compared to pristine
POMs,!”! thereby increasing the applicability in heterogeneous
catalysis, liquid-phase oxidation, sensors or energy storage,
among other disciplines.[®*]

The biomedical aspects of POMs have become increasingly
encouraging over the past years as the features affecting their
interaction with biological targets may be customized for given
specific applications.'%!") Their rigid structures and bioactivity
provide unique characteristics that have been found relevant in
different fields such as anticancer, antiviral, and antimicrobial
therapies.['>1* The biological activity of POMs commonly results
from their electrostatic interaction with proteins aided by hydro-
gen bonding. The negatively charged clusters are mainly found
within or at positively charged protein regions,!'**! though co-
valent interactions between POMs and biomacromolecules have
also been demonstrated.['®)

The search for new strategies against microbial infections is
imperative to fulfill two basic requirements: to behave as an
antibiotic by eradicating bacteria cells without damaging mam-
malian cells and to avoid the generation of resistances. Tradi-
tional antibiotics exert their bactericidal action through the in-
vasion of bacterial cells and the attack against the bacterial mem-
brane or specific molecular targets. This action, in some cases,
does not mainly yield substantial physical damage in the cell
membrane and/or wall, which may result in the development of
resistances with the concomitant threat to public health.['-20] In
this regard, POM-based antimicrobial strategies have been pro-
posed in recent years as a promising approach to face the serious
threat of bacterial infections to human, environmental, and ani-
mal health.

Polyoxotungstates (POTs), -vanadates (POVs), and -molybdates
(POMos) have all been widely assayed and shown promising
bactericidal ability against different Gram-positive and Gram-
negative bacteria strains. These studies point to higher efficiency
of POTs and POVs against Gram-positive bacteria, and POMos
against Gram-negative bacteria.[?!~24l Moreover, the use of UVI?3
or NIRI®! light irradiation has been shown as a potent booster
to enhance the bactericidal action of POMos and POTs, ascrib-
ing these improved antimicrobial and antibiofilm activities to
the oxidizing properties of excited POMs throughout ROS (re-
active oxygen species) generation. Interestingly, the combina-
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tion of POMs with traditional antibiotics (e.g., streptomycin,
oxacillin, and spectinomycin) has also been reported as a rel-
evant strategy against resistances because it allows for achiev-
ing higher antimicrobial efficiency at lower antibiotic doses me-
diated by the POM activity.[?"?22°] The bactericidal mechanism
of POMs has been proposed to be based on their interaction
with some of the biomacromolecules present in bacteria sur-
faces. Among other enzymes, phosphatases, ecto-nucleotidases,
and transferases are found in bacteria walls or membranes and
POMs may interact with such enzymes to result in the disrup-
tion of intracellular metabolic pathways and consequent bacteria
death.l*?]

In this context, the search for novel POM architectures that
can exert enhanced antibiotic activity without generating resis-
tances emerges as an attractive scientific challenge. For POTs,
the most widely used approach to accomplish such a goal con-
sists in the combination of 3d- and/or 4f-metal ions with la-
cunary POMs acting as polydentate O-donor ligands thanks
to displaying addenda-metal vacant sites in the cluster skele-
ton. This strategy has resulted in a vast library of transition
metal (TM)-substituted heteroPOT families,[2-?°l among which
Ti"V-containing species have shown promising bioactivity.%31]
In particular, the long-known Ti'V-disubstituted [PTi,W,,0,,]’~
Keggin-type anion (PWTi)[*2] has been found to display broad-
spectrum antiviral activity (herpes simplex, hepatitis B, RNA
viruses)!**-%] and to enhance f-lactam antibiotics against multi-
resistant Staphylococcus aureus (S. aureus) strains.3%37] The
landscape becomes completely different when looking at TM-
substituted heteroPOMos. The use of lacunary POMo ligands
is limited because of their high instability in solution and
their kinetically fast rearrangement reactions,*®! which results
in the current catalog of TM-substituted heteroPOMos being
short and much underdeveloped compared to their heteroPOT
counterparts.®” Focusing on Ti'V-containing species, the litera-
ture affords only three water-soluble examples to our knowledge:
the [{PMo,O,,TiO},]**~ dimer!“l and two sandwich-type anions
with general formula [Ti,(X""Mo,0,,),]'*~ (X' = Sb, As).*!
Studies on the potential bioapplications of these POMs have not
been reported yet.

Our work aims at developing new POM-based antimicrobial
strategies to eradicate bacterial infections while being harm-
less to mammalian cells, thus exerting antibiotic features while
preventing the generation of resistances. To this end, we look
for synergistic effects between colloidal metallic NPs and un-
precedented POM assemblies as functional capping agents and
provide the possible mechanisms of action for their bacterici-
dal ability. Herein, we report i) the novel [Ti,(HGeMo,O,),]*"
(GeMOoTi) cluster as the fourth water-soluble Ti'V-containing het-
eroPOMo known to date; ii) its use as stabilizing ligand for
the photo-assisted preparation of monodispersed metallic gold
nanoparticles (Au@ GeMoTi); and iii) the antimicrobial activity of
the latter hybrid nanostructures against Escherichia coli (E. coli) as
amodel of Gram-negative bacteria and S. aureus as Gram-positive
bacteria, both in planktonic cultures and as sessile (i.e., biofilm-
forming) forms. The potential bactericidal mechanisms are also
studied, as well as the cytotoxic effects of the treatment with
such NPs on mammalian cells. For comparative purposes, anal-
ogous tests are performed for an additional Au@POM set with
three other known POMs: the above-mentioned PWTi, for which
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POM:-stabilized gold NPs have not been reported yet, and the
commercial H,PW,,0,, (PW) and H,PMo,,0,, (PMo) het-
eropolyacids.

2. Results and Discussion

2.1. The POM Precursor GeMoTi

To enlarge the limited collection of TM-substituted heteroPOMos
with additional Ti"V-containing species, we undertook a combi-
natorial approach to one-pot syntheses starting from three differ-
ent heteroatomic sources (GeO,, Na,HPO,, Na,SiO,), two dif-
ferent Mo precursors (Na,MoO,, (NH,);Mo,0,,) and a single
Ti reagent (TiOSO,). The reactions were carried out in differ-
ent aqueous media (water, aqueous alkali metal chloride solu-
tions, acetate buffers) either at room temperature or 90 °C and
at pH values ranging from 6.0 to 1.0. Out of these systematic
studies, the new POM GeMoTi was isolated as the sodium salt
Na,,[Ti, (HGeMo,0,),]-34H, 0 in moderate-to-good yields from
the synthesis GeO,:Na,MoO,:TiOSO, (1:9:2.2 molar ratio) in
aqueous 0.5 M sodium acetate buffer (pH 4.7) regardless of the
reaction temperature (see Figures S1 and S2, Supporting Infor-
mation, for routine characterizations).

Single-crystal XRD analysis shows that the molecular structure
of GeMoTi consists of a central {Ti,0,,} core of two edge-sharing
TiO, octahedra sandwiched in ideal C,, symmetry by two MoO,-
monocapped Keggin-type {HGeMo,O,,} hexalacunary subunits
(Figure 1a). These subunits belong to the B-form and can be
formally derived from the corresponding plenary Keggin clus-
ter by removing two edge-sharing {Mo,0,;} trimers, the addi-
tional {MoO, }** capping moiety grafting at the single remaining
{Mo,0,,} tetrameric face (Figure S3a, Supporting Information).
They constitute a new structural feature in POMo chemistry as
analogs have only been observed with lone-pair containing het-
eroatoms (As'!, Sb'!) instead of Ge'V, leading to subunits with
general formula {XMo,0,,} instead of {XMo, 0, }.[*1-*]

The sandwich-type structure of GeMoTi closely resembles
that of the previously reported [Ti,(X!'Mo,0,,),]**~ (X! = Sb,
As) anions!*!l (Figure S3b, Supporting Information). This type
of architecture was initially described for [TM,(AsMo,0,,),]"~
assemblies!*>*3] with central cores made of TM = Cu!, Fe!'!, Cr!ll,
thus constituting a structural archetype for TM-substituted PO-
Mos with lone-pair containing heteroatoms where a variety of
TM ions from divalent to tetravalent can function as the core
atoms. The isolation of GeMoTi represents the first evidence
of such an archetype being also achievable with heteroatoms
in high-oxidation states, which marks a key difference in its
potential use as a capping ligand. In all cases, two out of the
six metal vacant sites on each hexalacunary subunit are satu-
rated by the Ti atoms, leading to POM fragments related to
the Keggin-type trilacunary B-f-isomer with the {Ti,0,,} core in
place of the 60°-rotated trimer (Figure S3c, Supporting Informa-
tion). The shape of the {GeTi,Mo,0;;} fragment in GeMoTi is
not unusual in heteroPOMo chemistry, but has always been ob-
served without TM-substitution as in some [TM,(XMo0,03;),]"~
examples.[***] The remaining vacant sites in the archetype are
blocked for [TM,(X™Mo,0,,),]"~ assemblies due to the steric
hindrance exerted by the heteroatomic lone-pair, but this is re-
placed in GeMoTi with a terminal Ge—OH group (O protonation
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Figure 1. a) Molecular structure of GeMoTi (color code: Mo, blue; Ge,
green; Ti, violet, O, red) compared to the {a-XM;,0,0} Keggin-type clus-
ter (X, pink; M, light gray). b) UV-vis spectra and c) TEM images of the
Au@POM nanostructures synthesized in this work.

confirmed by a Bond Valence Sum!*! of 1.269), making those
sites potentially available for saturation with additional metals.
Close inspection of the crystal packing reveals indeed two sodium
ions incorporated at those positions (Figure S3d, Supporting In-
formation), which supports the availability of vacant sites for fur-
ther metal coordination in GeMoTi.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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The sample used for single-crystal XRD is illustrative of the
bulk GeMoTi material, as demonstrated by the good reliabil-
ity factors derived from the full-profile matching of the powder
XRD pattern to a monoclinic P2,/c phase (Figure S4, Support-
ing Information). The lattice parameters afforded by this pattern-
matching analysis agree with those obtained at 100 K by single-
crystal XRD, thereby confirming bulk GeMoTi as a homogeneous
crystalline phase. The solution stability of GeMoTi in water was
assessed by UV-vis spectroscopy. The spectrum of a freshly pre-
pared 0.7 mm sample is dominated by two absorption maxima
at 230 and 245 nm accompanied with a broad signal centered
at 210 nm and remains unmodified when compared to that of a
stock solution aged for 1 month (Figure S5, Supporting Informa-
tion), thus showing that GeMoTi is stable upon dissolution and
does not undergo any structural rearrangement or side reaction
for weeks. The solution stability under UV light was also investi-
gated by irradiating the above sample with a 365 nm LED lamp
in the presence of isopropyl alcohol (IPA) as a sacrificial electron
donor, its color darkening to deep blue due to the Mo"! to MoV re-
duction as shown by the appearance of an additional absorption
at 715 nm (Figure S6, Supporting Information). The intensity in-
crease of such absorption was monitored for 1 h and the final blue
photolyte was left to oxidize while evaporating in an open ves-
sel to dryness. The FT-IR spectrum of the resulting pale-yellow
solid, as well as its powder XRD pattern, were virtually identical
to those of GeMoTi. This result evidences that GeMoTi can un-
dergo reversible redox processes without any structural impact
(Figure S6, Supporting Information). The combination of pos-
sessing vacant skeletal sites available for metal coordination with
the solution stability shown under UV light makes GeMoTi a suit-
able capping ligand for the preparation of POM-stabilized metal
NPs.

2.2. Au@POM Hybrid Nanostructures

The synthesis of hybrid Au@GeMoTi nanoparticles was carried
out through an adaptation of Troupis and Papaconstantinou’s
method,[*’! previously used in our group to prepare Au@POM
nanostructures for catalytic or SERS-sensing purposes.”*] This
method consists of the POM-assisted photoreduction of the gold
precursor HAuCl, in aqueous 0.5 M IPA, thus using IPA as a
sacrificial electron donor. In this process, the POM has three
main roles: i) to mediate the electron transfer from the sacrificial
donor to the Au'" centers through photoinduced redox cycles, ii)
to stabilize the so formed Au® metal cores by self-assembling in a
protective monolayer iii) to prevent agglomeration thanks to the
outer POM shells undergoing electrostatic repulsion.

To avoid the use of short-chain alcohols undesirable in an-
timicrobial studies, IPA was in this work replaced with the long-
chain, water-soluble, and biocompatible polyvinyl alcohol (PVA).
The interaction of PVA chains and POMs has been reported to
benefit the bactericidal properties due to the PVA coating effect
enhancing the POM thermo-oxidative stability, as observed for
PVA/PEI-H;PV,Mo,,0 nanohybrid membranes with strong an-
tibacterial activity against both Gram-negative and Gram-positive
bacteria.l*! To this end, the photo-induced synthetic protocol
above was slightly modified (see Experimental Section) upon a
thorough study of the reaction conditions (precursor concentra-
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tions, PVA addition — solid versus solution -, irradiation time and
light irradiance) that was preliminarily carried out (not shown
here) in order to assure complete Au'! reduction and to maxi-
mize the Au® concentration in the final solution, but avoiding
precipitation of aggregated NPs or brown Au® colloids at the same
time. Compared to our previous IPA-based syntheses,[**®] the use
of a PVA as an electron donor allowed us to scale the POM con-
centration up by almost 3 times, but it significantly increased the
irradiation time needed instead. The reaction solution darkened
from yellow to burgundy color after 1 h of stirring under UV
irradiation confirming substantial Au@GeMoTi formation, but
according to the UV-vis monitorization of the intensity of the
surface plasmonic resonance absorption (Figure S7, Supporting
Information), it had to be kept under UV light for an additional
1 h for the signal to reach saturation, thereby assuring a complete
gold reduction. The redox activity of Au@GeMoTi nanoparticles
under UV-LED irradiation was also monitored in buffered PBS
medium at different time points and a significant development
of singlet oxygen production was observed with increasing the ir-
radiation time. These mechanisms could be of relevance in the
bactericidal effects of Au@GeMoTi.

For comparative purposes, an additional Au@POM set was
also prepared following the same protocol but using three other
well-known POM photocatalysts: PWTi ([PTi,W;,0,,]""), widely
considered as a reference standard for Ti"V-substituted POMs,
and the commercial PW (H,PW,,0,,) and PMo (H;PMo,,0,,)
heteropolyacids. All of them show the typical structure of the a-
Keggin archetype depicted in Figure 1a. These three POM species
were selected to investigate how the Au@POM bactericidal per-
formance can be affected by modifications in the POM skeleton,
such as the type of addenda metal (Mo"", Ti'V, and W"7), the het-
eroatom (Ge'v vs PV) or the molecular topology (elongated with
vacant sites versus plenary globular).

The characterization of the four types of plasmonic Au@POM
hybrid nanostructures used in this work by UV-vis spectroscopy
and TEM is shown in Figure 1b,c, respectively. The UV-vis
spectra display intense surface plasmonic resonance absorption
maxima at 523 nm for GeMoTi, 530 nm for PMo, 529 nm for
PWTi, and 531 nm for PW. The TEM image analyses revealed
homogeneous colloids of monodispersed nanostructures with
nearly spherical shape for the four Au@POM samples and af-
forded comparable average sizes in all cases, the diameters be-
ing #10.4 + 4.5, 31.9 + 9.1, 18.3 + 9.8, and 13.5 + 3.5 nm for
Au@GeMoTi, Au@PMo, Au@PWTi, and Au@PW, respectively.
Compared to our previous IPA-based NPs,**] the plasmon res-
onances of the Au@POM nanohybrids in this work are slightly
blueshifted, the particle sizes are noticeably smaller, and the size-
distribution dispersions are somewhat narrower. These results
might originate from the fact that PVA slowly dissolved during
the irradiation time, thus providing a controlled release of the sac-
rificial electron donor for precise Au'! reduction that decreased
the formation speed of Au® nuclei. These nuclei could then be
fast capped by the POM clusters present in high concentration,
thereby preventing further growth and leading to homogeneous,
small-sized Au@POM nanostructures. The PVA present in the
reaction medium is also expected to act as a coating agent, help-
ing to stabilize the colloidal dispersions!**! by avoiding the precip-
itation of aggregated Au@POM nanostructures even at the high
Au:POM concentrations used in this work (up to 1 mm). Our NP

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Bacteria growth (CFU mL™") after treatment with Au@POM samples (0-500 um) for 24 h: a) E. coli. b) S. aureus. Control samples represent
bacteria cultures not treated with Au@POM nanoparticles but adding PVA amounts equal to those present in the highest Au@POM concentration
assayed. At least three experiments in triplicate were used to represent mean + SD.

solutions displayed outstanding stability, as they remained virtu-
ally the same even after storage for more than one year at 4 °C
(results not shown).

2.3. Bactericidal Activity of Au@POM Nanopatrticles

The antibacterial activity of the four types of as-prepared
Au@POM nanostructures (Au@GeMoTi, Au@PMo, Au@PW,
and Au@PWTi) in E. coli and S. aureus cultures is depicted in
Figure 2. The Au@POM addition to E. coli cultures inhibited
the bacteria growth significantly (Figure 2a), showing minimum
inhibitory concentration (MIC) values in the 3.12-75 um range.
Au@GeMoTi was the most effective inhibitor, showing the low-
est MIC (3.12 um) among all samples tested (=20 times lower).
Previous studies in E. coli cultures have reported PMo to exhibit
lower MIC values than PW, which could be related to its su-
perior chemical stability and redox properties.[?2235!] These re-
sults point to POM stability as a significant feature of their bi-
ological activity. Other authors have also studied the effect of
POTs on Gram-negative bacteria cultures, showing MIC values
in the range of ours (125-330 pg mL™!).[2452] Interestingly, an
Au@GeMoTi concentration of only 3.12 pm (0.614 pg,, mL~!
and 7.744 pgc.aom ML for the cluster without counterions) was
enough to significantly inhibit the bacteria growth, whereas no
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growth (minimum bactericidal concentration, MBC) was found
when E. coli was treated with a concentration of 6.25 um. The
bactericidal effect of Au@GeMoTi is comparable to that of some
pharmaceutical antibiotics (see Table S1, Supporting Informa-
tion) and superior to other Au NPs synthesized using well-known
stabilizing agents like citratel>}] or polysaccharides.>* It is also
superior to that found for diverse POM hybrid materials, such as
PMo-graphene oxidel>*! or PW-peptide conjugates.?!

In S. aureus cultures (Figure 2b), the Au@POM treatments
were also effective in inhibiting the bacteria growth, but at con-
centrations significantly higher than those achieved in E. coli
(150-500 pm). Zhang et al.’%! found that the MIC for S. aureus
ATCC29213 was 32 pg mL~! when adding a nanocomposite in-
cluding PW and Ag instead of Au, which may be the reason
for the lower concentration to inhibit the bacteria growth com-
pared to our results for Au@PW and Au@PWTi (25-500 um).
Gram-negative and Gram-positive bacteria differ in their cell wall
structure. The former possesses an outer multilayered mem-
brane, which serves as a selective permeability barrier avoid-
ing the penetration of foreign molecules, whereas the latter
presents a thick single-layer peptidoglycan cell wall. These struc-
tures involve differences in their protection against antimicrobial
drugs.[251]

In order to explore whether our Au@POM nanoparticles ex-
hibit any additive or synergistic bactericidal effect between POM
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ligands and Au® metal cores in comparison to pristine POM clus-
ters, additional inhibitory and bactericidal concentration assays
were conducted in E. coli samples following the same protocol
above but using POM solutions with concentrations in the same
ranges as those of the Au@POM samples (Figure S8, Supporting
Information). Compared to bacteria control samples, no inhibi-
tion of bacteria growth was observed in this case for the concen-
tration ranges tested, highlighting relevant synergism between
the components of our hybrid Au@POM nanostructures that al-
low for achieving antimicrobial effect. Similar results were found
for hybrid Tyrosine-capped Ag-H,PW,,0,, and Ag-H,PMo,,0,,
NP systems, in which neither of the two pristine POMs exhib-
ited antibacterial activity when tested alone.l>’] Neither this core-
coating synergistic effect nor any observation of bacteria inhi-
bition is present when Au NPs are coated and stabilized with
non-active capping ligands like citrate,[>*] PVA,[*®] or PEGP]
(polyethylene glycol). However, we have recently shown that
Au'! solutions are able to induce bacterial wall damage, being
much more harmful against Gram-negative than Gram-positive
bacteria.l®’! This previous study demonstrated the biosynthetic
generation of Au NPs by bacteria after treatment with gold ionic
species, and proteomics and genomics showed the molecular
mechanisms responsible for gold toxicity against Gram-negative
bacteria.

Considering the superior bactericidal performance displayed
by Au@GeMoTi, we further aimed to evaluate the influence
of UV-light irradiation on its inhibiting activity toward bac-
teria growth (Figure S9, Supporting Information). Irradiated
Au@GeMoTi solutions (365 nm LED, 1350 mW, 1 h) were as-
sayed in E. coli cultures and no growth was observed neither af-
ter 20 min of irradiation at MIC value, nor after 15 min of treat-
ment at 10 times the MIC. Irradiation significantly increased
the Au@GeMoTi antimicrobial activity, achieving the MBC in
only 20 min of incubation with the MIC determined for the
non-irradiated samples. This may be attributed to the signifi-
cant increase in singlet oxygen production after LED irradiation
mentioned above (Figure S7, Supporting Information). More-
over, the bactericidal ability of GeMoTi alone was also tested at the
same conditions. However, the bacteria growth was in the range
of control samples (Figure S9, Supporting Information), point-
ing to the synergistic relationship between the Au core and the
GeMoTi ligands as key to developing antimicrobial effects. Con-
trol samples in which Au@GeMoTi or UV light was absent did
not show E. coli growth inhibition (results not shown). Hybrid
Au@GeMoTi nanostructures could interact and penetrate the
cell membrane of Gram-negative bacteria, as other researchers
have demonstrated with Keggin-type POTs,??l and may then ac-
tivate oxidation processes inside the cells upon irradiation with
UV light, leading to cell damage and enhancing the bactericidal
activity.[?*!

Synergistic interactions between Au@GeMoTi and the three
other Au@POM nanostructures assayed were also investigated.
Fractional Inhibitory Concentration Index (FICI) values obtained
against E. coli (Table S2 and Figure S10, Supporting Informa-
tion) indicate that the combination of Au@GeMoTi and Au@PW
has a synergistic effect, whereas an additive effect is found with
Au@PWTi. No interaction between Au@GeMoTi and Au@PMo
nanoparticles was retrieved. These results might be attributed
to the different specific metal compositions in each Au@POM
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nanostructure and we plan to develop further studies in the near
future to ascertain this hypothesis.

2.4. Antimicrobial Mechanisms of Au@POM Nanopatticles

To assess the antimicrobial mechanism exerted by our Au@POM
nanostructures, the bacteria morphology, membrane polariza-
tion, and nucleic acid release were evaluated. The morpho-
logical changes on bacteria observed by SEM before (con-
trol sample) and after Au@POM treatment at MIC values, ei-
ther irradiated at 365 nm or non-irradiated, are depicted in
Figure 3a (E. coli) and Figure S1la (Supporting Information)
(S. aureus).

The images show clear damage inflicted by Au@POM
nanoparticles in the bacteria walls or outer membranes regard-
less of whether the samples are irradiated or not. Both E. coli and
S. aureus show an increase in size and surface roughness, dis-
rupted surface, and loss of morphology, pointing to cell wall or
membrane damage as the Au@POM bactericidal mechanism.
Before the bacteria’s death, cell filamentation, and elongation
result from the alteration in cell size and shape under oxida-
tive stress due to the bacteria’s response against external dam-
age by growing without any cell division.l>?! Differences in the
bacteria morphology between irradiated and non-irradiated sam-
ples are not found in any case. As depicted in the micrographs,
nanostructures with Keggin-type POMs are observed to be ad-
hered to the bacteria wall or membrane, which agrees with previ-
ous studies regarding Gram-negative bacteria.l?*! In contrast, no
Au@ GeMoTi clustering on the bacteria surface is observed, prob-
ably because of its large aqueous solubility and colloidal stability
even in culture media.

The membrane disintegration feature of bacterial cells was
confirmed via flow cytometry analysis by quantifying changes
in the membrane potential (Figure 3a for E. coli; Figure S11Db,
Supporting Information, for S. aureus). The hyperpolarization
of the cell membrane represents changes within cells, in par-
ticular a variation in the distribution of the electrical charge as-
sociated with the intracellular exchange of cations and anions,
resulting in a lower negative charge in the cell. Some bacteria
have demonstrated the ability to modulate this ion flux to coun-
teract the impact of different antibiotics. Thus, the design of
novel NPs able to interact with the bacteria membrane and ham-
per the ion flux would be very promising for the treatment of
bacterial infections.?! After 2 h of incubation with Au@POM
samples at MIC and MBC values, the percentages of hyperpo-
larized cells slightly increased (<10%) compared to the control
ones for all nanostructures except Au@GeMoTi, for which the
percentage was remarkably higher reaching almost 90%. Af-
ter 24 h of incubation at MIC values, the percentage of hyper-
polarized cells significantly increased in all Au@POMs tested,
being more pronounced for the molybdenum-based Au@PMo
and Au@GeMoTi hybrids as their larger shift in both forward
and side scatter characteristics reveal (complexity and size, see
Figure S11b, Supporting Information). It is known that PO-
Mos are more prone to reduce than POT analogs,!®! and there-
fore, the presence of molybdenum could correlate with a higher
oxidizing strength, which may lead to a superior antibacterial
activity in turn. This interpretation is supported by previous
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Figure 3. Au@POM antimicrobial mechanisms against E. coli: a) SEM images of pristine and UV-irradiated E. coli bacteria before (control) and after
incubation with Au@POM samples for 24 h at MIC values (arrows indicate the location of representative Au@POM nanostructures on the bacteria). b)
Quantitative measurement by flow cytometry of the bacteria membrane potential after Au@POM treatment at MIC and MBC values for 2 and 24 h. ¢)
Quantification of the bacteria nucleic acid release after incubation with Au@POM samples at different concentrations for 4 h. Results were normalized
to the control. Data are expressed as mean =+ SD of at least three independent experiments performed in triplicate. Statistically significant differences
between control and treated samples: “p < 0.05; “p < 0.01; “*p < 0.001; and “*p < 0.0001.

studies that have demonstrated higher antimicrobial activity of
alendronate-POV capped NPs@POV"V gold NPs compared to
citrate capped CitNPs@POV'"Y,; analogs against S. epidermidis
due to the oxidation state of the vanadium centers.[?! In this
line, Li and coworkers have shown that the copper-containing
hybrid [{Cu(phen),},(H,W;,0,,)] exerts higher antibacterial ac-
tivity, pointing to the importance of the elemental composition
rather than the molecular structure itself.[®*] These results are in
accordance with our SEM images showing the Au@POM abil-
ity to disrupt the cell membrane integrity. Similar results were
obtained with [MP;W,,0,,,]'*~ Preyssler-type POMs (M = Na,
Ag) %I with a [Co(L),]5[PMo,,0,,] hybrid combining a Keggin-
type POM and thiosemicarbazones,>!l and with peptide-based
polymer-POM composites,’26+%51 which are all able to modulate
the cell growth rate of bacteria by modifying the membrane po-
tential.

The nucleic acid release after incubation of E. coli with
Au@POM samples was also evaluated (Figure 3c; Figure S1lc,
Supporting Information) as cell wall or membrane damage may
involve the release of cytoplasmic components to the culture
medium. The evaluation of the released nucleic acids was car-
ried out by measuring the fluorescence signal detected by the
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Qubit™ ssDNA Assay kit, as well as by flow cytometry medi-
ated by propidium iodide. No released nucleic acids were detected
after 2 h of Au@POM treatment of E. coli cultures at concen-
trations in the range of MIC and MBC; the obtained data fell
in the range of control samples (non-treated bacteria; data not
shown). However, a significant detection was achieved after 4 h
(Figure 3c), being more pronounced at the highest Au@ GeMoTi
concentration assayed (6.25 um). These results were confirmed
by flow cytometry in which only nucleic acids from dead bacte-
ria or with damaged membranes were stained by propidium io-
dide, observing the highest signal (>40%) after 24 h of treatment
with Au@GeMoTi and Au@PW (Figure S11c, Supporting Infor-
mation). This may imply that cell lysis and nucleic acid release
began in E. coli after 4 h of Au@POM treatment, being more pro-
nounced for Au@GeMoTi. Leakage of intracellular components
and loss of cell integrity have been previously reported after treat-
ment with AgPW@PDA@Nisin nanoflowers,>°! as well as with
the above-mentioned POV-capped NPs@POV nanoparticles!®?!
and the [Co(L),];[PMo;,0,,] hybrid.°!] These data agree with the
SEM images and the changes in the bacteria membrane polar-
ization (Figure 3; Figure S11, Supporting Information), confirm-
ing that our Au@POM nanostructures can also cause irreversible

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. Schematic overview of the putative mechanisms of antibacte-
rial Au@POM systems: Au@POM targets include Cell hyperpolarization,
Nucleic acids release, and Cellular membrane disruption.

bacterial cell damage, intracellular material leakage, and eventual
cell death.[17:63.66]

Figure 4 schematizes the putative Au@POM mechanisms of
action. In brief, Au@POM nanohybrids are able to strongly ad-
here to cell membranes, which results in the hyperpolarization
of the bacterial cells with subsequent membrane cell wall disrup-
tion and leakage of intracellular moieties. All of these damages
consequently lead to bacteria cell death.

2.5. Disruption of E. coli Biofilms by Au@POM Nanoparticles

Biofilms produced because of antibiotic overuse have emerged
as a health threat worldwide, being the main cause of antimicro-
bial therapy failures. The higher resistance of biofilms is asso-
ciated with their ability to elude phagocyte-initiated innate im-
mune responses, as well as with the inhibition of antibiotic pen-
etration through the thick exopolysaccharide matrix. Therefore,
the search for novel antibacterial and antibiofilm strategies is ur-
gently needed.?>%?] In this work, the capacity of Au@GeMoTi
and irradiated-Au@GeMoTi samples to avoid biofilm forma-
tion and to disrupt an existing mature E. coli biofilm was ex-
plored following three distinct methodologies: i) the crystal-
violet (CV) staining method, ii) the bacteria quantification by the
microdilution method (CFU/mL), and iii) confocal microscopy
(Figure 5; Figure S12, Supporting Information). The addition of
Au@GeMoTi to bacteria suspensions prior to the biofilm forma-
tion inhibited this process up to 80% at all concentrations tested
(3.12-25 pum), whereas a biomass reduction of 60-70% compared
to the controls (100% biomass) was reached in preformed mature
biofilms (Figure 5a). However, lower differences were found in
the quantification method when compared to untreated biofilms,
indicating that Au@POM concentration values higher than those
of MIC and even MBC may be needed for bacteria eradication.
According to the results obtained in both planktonic bacteria and
sessile forms, an Au@GeMoTi concentration of 31.25 um (10
times the MIC) was chosen for the subsequent experiments.

As shown in the confocal microscopy images in Figure 5b, the
addition of Au@GeMoTi at 31.25 um before and after the biofilm
was formed clearly decreased the amount of biofilm (blue) and
bacteria (red). The biofilm blue staining in the inhibition exper-
iment is not very strong because E. coli being a sessile bacteria
does not rapidly form a thick adherent biofilm, but a biofilm in
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the air-liquid interface. However, the blue staining was clearly
observed in the experiments on mature biofilm after 24 h. These
results highlight the ability of Au@GeMoTi to prevent or elim-
inate E. coli biofilms. When Au@GeMoTi samples were pre-
liminarily irradiated with UV light for 1 h and subsequently
added to the bacteria suspension before and after the biofilm
formation, reductions up to 80% and 30% were reached, respec-
tively, in accordance with confocal images (Figure S12, Support-
ing Information). Interestingly, a reduction of the bacteria growth
in two orders of magnitude was observed after the addition of
irradiated-Au@GeMoTi to bacteria suspensions before biofilm
formation, indicating its superior ability to eradicate bacteria and
inhibit biofilm formation (Figure S12, Supporting Information).
In this line, Zhang et al. showed that the combination of reduced-
GdW,,0, clusters with NIR irradiation or/and H,O, treatment
efficiently enhances the antibacterial activity in E. coli and S. au-
reus biofilms with a clear reduction of biomass formation and
thickness.[?]

2.6. Cytocompatibility of Au@POM Nanoparticles

Considering that the evaluation of the mammalian cell cytotox-
icity is an essential indicator for antimicrobial applications, our
four types of Au@POM nanohybrids were evaluated in five cell
lines: fibroblasts, keratinocytes, macrophages, mouse mesenchy-
mal stem cells (mMSCs) and U251MG cell lines (Figure 6). Cells
were treated for 24 h at different concentrations in the 100-
250 pm range corresponding to the MIC and MBC values ob-
tained from E. coli and S. aureus planktonic cultures (Figure 2).
Keratinocytes treated with Au@GeMoTi (Figure 6a) main-
tained a viability higher than 70% (the lowest value established by
ISO 10993-57 to consider the material as non-cytotoxic)!®] at all
concentrations tested. However, the subcytotoxic Au@GeMoTi
concentration was 200 um for mMSCs and U251MG, while
150 pum was obtained in macrophages and fibroblast cultures.
These subcytotoxic concentrations were much higher than the
MIC and MBC values obtained for E. coli, thus highlighting its
potential use as an antibiotic-like agent. Interestingly, Au@PMo
nanostructures (Figure 6b) showed high cytocompatibility for all
of the five cell lines studied at all concentrations tested, exert-
ing subcytotoxic concentrations higher than 200 um. In turn,
Au@PW nanoparticles (Figure 6c¢) exerted different subcytotoxic
concentrations in the cell lines inspected, though cell viabil-
ity was higher than 70% at the lowest concentration assayed
(100 um). Finally, Au@PWTi can be considered cytotoxic to the
cell types tested at concentrations lower than or equal to 150 um
(Figure 6d). It has been previously reported that the concentra-
tions needed to eradicate bacteria using peptide-based polymer-
POM nanocomposites and POM-functionalized AgNPs exerted
neither cytotoxicity nor morphological changes toward HeLa and
human PC3 epithelial cells, respectively.>%’] POTs also exerted
low cytotoxic effects at MIC and MBC values in HEK-293T and
TZM-bl cells,?* as well as in human dermal fibroblasts.[>®!

3. Conclusion

This study demonstrates the relevance of polyoxometalate
(POM)-stabilized gold nanoparticles (Au@POM) as antibiotic-
like agents and the key relevance of capping POM ligands
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Figure 5. Effect on E. coli biofilms of the Au@GeMoTi treatment: inhibition of biofilm formation (red) and disruption of preformed mature biofilm (blue).
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and Au® cores in such context. The bactericidal ability of hy-  the cell wall and outer membrane. The bactericidal effect was
brid Au@POM nanostructures has been successfully demon-  particularly remarkable for Au@GeMoTi based on the novel
strated in a Gram-negative bacteria model (E. coli). The Gram-  [Ti,(HGeMo,O),]'* cluster, which represents just the fourth
positive bacteria model (S. aureus) was significantly less sensi-  example in the literature of a water-soluble Ti'V-containing
tive to Au@POM treatment, probably owing to differences in  polyoxomolybdate, and among them, the first sandwich-type
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differences between control and treated samples: “p < 0.05; *“p < 0.01; **p < 0.001; and “**p < 0.0001.

structure with heteroatoms in the high-oxidation state. The per-
formance of Au@GeMoTi against E. coli was found to be 2 or-
ders of magnitude higher than those of the three other Au@ POM
nanohybrids tested in this work, all of them bearing a-Keggin
type reference clusters. Our studies demonstrate that the main
bactericidal mechanism displayed by our Au@POM nanoparti-
cles is mediated by cell membrane damage as the bacteria mor-
phology, changes in the membrane polarization, and release
of nucleic acids confirm. Moreover, the antibiofilm ability of
Au@GeMoTi has also been assessed in both biofilm formation
inhibition and preformed biofilm disruption experiments, as well
as the reduced cytotoxicity of our Au@POM nanostructures to
mammalian cells.

The search for novel antimicrobial approaches to eradicate
bacteria without damaging mammalian cells is of paramount
importance for future pharmacological strategies against infec-
tions. A detailed understanding of the antimicrobial mecha-
nism is key to establishing fundamental principles to design
and synthesize antibiotic-like smart nanomaterials. We have
shown that the antibiotic-like materials in this work display
multiple mechanisms of antimicrobial action and, consequently,
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the chances for the bacteria to acquire resistance genes are
reduced.

4. Experimental Section

The most important aspects regarding the synthetic procedures, exper-
imental protocols, and techniques used in this work are described below.
Further details on materials and methods and associated references are
available in the Supporting Information.

Synthesis of Nao[Ti,(HGeMo ;0 53) 5]-34H,0 (GeMoTi):  The following
reagents were successively added to an aqueous 0.5 m NaOAc/HOAc
buffer solution (40 mL) under vigorous stirring: GeO, (0.093 g,
0.89 mmol), Na,MoO,-2H,0 (1.936 g, 8.00 mmol), and (TiO)SO, hy-
drate (0.313, 1.96 mmol). The resulting reaction mixture was heated to
90 °C for 1 h, allowed to cool down to room temperature, and filtered to
remove any solid material. The yellow filtrate was kept in an open vessel
and left to slowly evaporate the remaining solvent at room temperature.
Pale-yellow blocks of GeMoTi suitable for single-crystal XRD were isolated
when the filtrate was concentrated to ~15 mL (yield: 0.90 g, 61% based
on Ge).

FT-IR (KBr pellet): v = 939 (m), 934 (m), 926 (m), 901 (s), 841 (m),
764 (s), 741 (s), 725 (s), 671 (br), 600 (versus), and 496 (s) cm™' for the
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POM cluster. Anal. calcd for H7,Ge,Moq,Na19OgoTi, (3324.60 g mol™):
Ge4.37,Na6.92, Ti2.88; found: Ge 4.49, Na 7.18, Ti 2.71. TGA/DTA: Dehy-
dration was observed as two overlapping endothermic mass losses below
375 °C (caled for 34H,0: 18.4; found: 19.2%) and final residue obtained
at 410 °C after an exothermic process (calcd for Ge,Moq4Na;gOssTiy:
81,0; found: 80,8%). Crystal data: monoclinic P2, /¢, a = 15.5053(2), b =
14.73930(10), c = 18.5897(2) A, § = 108.1660(10) deg, V = 4036.68(3) A3,
T=10002) K, Z=2, peaicq = 2.735 gcm™3, u=3.201 mm~", 30034 reflec-
tions collected, 7304 unique (R;,; =0.0368), 6671 observed [ > 25 (/)], 661
parameters / 42 restraints, R(F) = 0.0247 [I > 25 (I)], wR(F?) = 0.0584 (all
data), GoF 1.079, max/min e densities 0.538/-0.891e A=3; CCDC-2251020
contains the supplementary crystallographic data for this paper, which can
be obtained free of charge from the Cambridge Crystallographic Data Cen-
tre via www.ccdc.cam.ac.uk/data_request/cif. PXRD (pattern matching):
monoclinic P2,/c, a = 15.5308(6), b = 14.7855(6), c = 18.6871(9) A, § =
108.145(2) deg, 11 parameters, R, = 5.20, R, = 7.18, Rq,, = 3.20, 7t =
5.03.

Preparation of Au@POM Nanoparticles: Stock 2.0 mm solutions
of HAuCl, and the four selected POM photocatalysts: GeMoTi, PMo
(H3PMo1,040), PW (H3PW1,0,0), and PWTi (K, [PTi,W100,]) were first
prepared in deionized water. Then, as previously described,[*3] 10 mL of
the HAuCl, solution was mixed with an equal volume of the correspond-
ing POM solution, and, upon deoxygenation with a N, stream for 5 min,
the resulting mixture was irradiated under mild stirring with UV light pro-
vided by a LED lamp placed at 25 mm over the center of the reaction ves-
sel (Thorlabs M365LPT - 365 nm, 1350 mW). Natural PVA was added to
the vessel as a 2 cm long filament (2.85 mm diameter) immediately be-
fore turning the UV light on and the reaction mixture was irradiated for
2 h to induce the in situ formation of Au@POM nanoparticles. The final,
burgundy-colored Au@POM dispersions were transferred to clean vials
for storage at 4 °C until being used for antimicrobial studies as-synthesized
without any further purification. The formation of hybrid Au@POM nanos-
tructures was monitored through UV-vis spectroscopy and confirmed by
TEM. The nanoparticle diameters were determined from statistical analy-
sis of TEM images.

Au@ POM Antimicrobial Activity:  Minimum inhibitory (MIC) and bac-
tericidal (MBC) Au@POM concentrations were tested in two bacteria cul-
tures, E. coli and S. aureus. Both strains were grown overnight in TSB at
37 °C under shaking (150 rpm), reaching stationary phase growth (10—
10° CFU mL™"). These overnight cultures were diluted (10° CFU mL™")
in TSB and subsequently exposed to different final concentrations (0
500 um) of Au@PWTi, Au@PMo, Au@GeMoTi, and Au@PW for 24 h at
37 °C under shaking (150 rpm). Then, the broth microdilution method!®8]
was carried out to determine viable bacteria. As a positive control, un-
treated bacteria were included, as well as an assay performed on the se-
lected bacteria using the highest concentration of PVA and water (without
the antimicrobials agents) to corroborate that the Au@POM dispersion
media did not cause any antimicrobial action by themselves.

To evaluate the influence of UV light on the Au@POM bactericidal
effect, samples were irradiated using a 365 nm UV LED lamp (Thor-
labs M365LP1 — 365 nm, 1350 mW) for 30 min at a total energy of
110 ) cm~2. Irradiated-Au@POM samples were subsequently added to the
corresponding bacterial suspension (10> CFU mL™") at different final con-
centrations (0-500 um) for 24 h at 37 °C under shaking (150 rpm). Then,
the microdilution assay was developed as described above.

Evaluation of Au@ POM Antimicrobial Mechanisms: The bacteria mor-
phology before and after Au@POM treatment (either irradiated or non-
irradiated) was analyzed by SEM as previously reported.[®] Briefly, in-
cubated samples were spin-dried and washed twice in 0.1 m PBS. Bac-
teria were then fixed in 2.5% glutaraldehyde, and after 90 min, filtered
and dehydrated twice in a series of 30-100% ethanol solutions for
15 min. Finally, air-dried samples were covered with Pt (10 nm) to ac-
quire SEM micrographs. To study the Au@POM ability for modulating
cell hyperpolarization,[26] E. coli (10> CFU mL~") was treated with such
nanoparticles at MIC and MBC and incubated for 2 and 24 h at 37 °C. Con-
trol groups (non-treated bacteria) were also analyzed. After incubation, the
bacteria were collected and resuspended in PBS. To evaluate changes in
the membrane potential, 5 pL of DilC1(5) were added to the resuspended
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bacteria, which were then incubated for 15 min (37 °C, 5% CO,) before
being analyzed by flow cytometry. To corroborate whether the Au@POM
bactericidal effect is mediated by cell wall disruption mechanisms, 51 E.
coli (10°> CFU mL~") was incubated with Au@POM nanoparticles at MIC
and MBC for 2 and 4 h in TSB at 37 °C. The resulting bacterial suspen-
sions were centrifuged (3500 rpm, 5 min) and nucleic acids present in
the supernatants were quantified by a fluorescence technique (Qubit ss-
DNA Assay). For propidium iodide (Pl) staining, E. coli was exposed to
Au@POM nanoparticles at the MIC value for 24 h in TSB at 27 °C. Sub-
sequently, 2.5 uL of a 1 mg mL™" PI solution was added. The cells were
then incubated in the dark at room temperature for 15 min and subjected
to analysis using flow cytometry.

Au@POM Effect on E. coli Biofilms: The studies carried out to eval-
uate biofilm formation inhibition or eradication were performed using
Au@GeMoTi samples only. For the biofilm formation,!”°! E. coli was grown
overnight in TSB until reaching the stationary growth phase. At this point,
the bacteria were adjusted to 107 CFU mL™" and the effect of the treatment
with Au@GeMoTi and irradiated-Au@GeMoTi samples on E. coli biofilms
were studied following two different methodologies:

1) Inthe first approach, the Au@GeMoTi effect on the biofilm disruption
was studied. Briefly, the bacteria at 107 CFU mL~ were incubated in
60 mm Petri dishes at 37 °C for 16 h without shaking. Then, the result-
ing biofilms were washed twice with PBS and different concentrations
of Au@GeMoTi or irradiated-Au@GeMoTi samples (3.12-31.25 um)
were added to the preformed mature biofilms before incubation for
24 h at 37 °C without shaking.

2) In the second methodology, the Au@GeMoTi effect during the
biofilm formation was assessed. Briefly, Au@GeMoTi or irradiated-
Au@GeMoTi samples at different concentrations (3.12-31.25 um)
were added to bacterial suspensions (107 CFU mL™") and incubated
in 60 mm Petri dishes for 24 h at 37 °C without shaking.

After incubation, planktonic cells were removed by washing them twice
with PBS and three different methodologies were carried out to study the
effect on the final E. coli biofilms:

1) For the crystal violet (CV) staining method, the biofilms were washed
twice with PBS and 0.1% (w/v) CV was added to the biofilm matrix
before being incubated for 15 min at room temperature. After remov-
ing the excess CV by washing twice with PBS, the fixed CV was re-
leased using an acetone-alcohol (20:80, v/v) solution. The biofilms
were then quantified 