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ABSTRACT

Osteomyelitis is a hard-to-treat infection of the bone and bone marrow that is mainly caused by Staphy-
lococcus aureus, with an increasing incidence of methicillin-resistant S. aureus (MRSA). Owing to the ag-
gressiveness of these bacteria in colonizing and destroying the bone, systemic antibiotic treatments fail
to eradicate the infection. Instead, it normally entails surgery to remove the dead or infected bone. In
this work, we report bone-targeted mesoporous silica nanoparticles for the treatment of osteomyelitis.
The nanoparticles have been engineered with a functional gelatine/colistin coating able to hamper pre-
mature release from the mesopores while effectively disaggregating the bacterial biofilm. Because an-
tibiotic resistance is a global emergency, we have designed two sets of identical nanoparticles, carrying
each of them a clinically relevant antibiotic, that have demonstrated to have synergistic effect. The bone-
targeted nanoparticles have been thoroughly evaluated in vitro and in vivo, obtaining a notable reduction
of the amount of bacteria in the bone in just 24 h after only one dose, and paving the way for localized,
nanoparticle-mediated treatment of MRSA-caused osteomyelitis.

Statement of significance

In this work, we propose the use of bone-targeted mesoporous silica nanoparticles to address S. aureus-
caused osteomyelitis that render synergistic therapeutic effect via multidrug delivery. Because the bac-
terial biofilm is responsible for an aggressive surgical approach and prolonged antibiotic treatment, the
nanoparticles have been functionalized with a functional coating able to both disaggregate the biofilm,
hamper premature antibiotic release and protect the intact bone. These engineered nanoparticles are able
to effectively target bone tissue both in vitro and in vivo, showing high biocompatibility and elevated an-
tibacterial effect.
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1. Introduction

Osteomyelitis is the inflammation of the bone and bone marrow
provoked by at least one microorganism, which leads to local bone
destruction, necrosis, and apposition of new bone and can compro-
mise bone or joint infection [1]. Though its incidence is approxi-
mately 22 cases per 100,000 person-years [2], the implications of
this disease are beyond these numbers, including mortality.
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Although any microorganism can virtually cause osteomyelitis,
this infection is mainly caused by Gram-positive bacteria, such
as Staphylococcus aureus, which is responsible for up to 90% os-
teomyelitis cases [1]. Of them, up to 28% are methicillin-resistant
Staphylococcus aureus (MRSA) [3], which makes MRSA a common
causative pathogen in this type of infection [4]. Given the MRSA
antibiotic resistance, “MRSA infections continue to be a major pub-
lic health concern”, according to a recent World Health Organiza-
tion (WHO) report (Global antimicrobial resistance and use surveil-
lance system report: 2021) [5]. MRSA usually shows high resistance
to co-trimoxazole, ciprofloxacin and erythromycin [6].

S. aureus can invade the osteocyte lacuno-canalicular network
of the cortical bone and persist in the bone [78]. This invasion
is possible thanks to durotaxis and haptotaxis, which are motil-
ity events guided by bone stiffness [9], or caused by a gradi-
ent of staphylococcal adhesion [10], respectively. This pathogenic
mechanism is responsible for the high recurrence of this infec-
tion [11], that can re-emerge up to 75 years after first S. au-
reus infection [12]. Besides, this infection involves biofilm devel-
opment, a bacterial state that favours bacterial survival against ad-
verse situations, such as phagocytosis by phagocytic immune cells,
or antibiotics, among others [7]. Because of this form of bacterial
growth, osteomyelitis treatments usually include both surgical re-
moval of infected or dead bone and intravenous antibiotic admin-
istration. For all this, osteomyelitis is considered a hard-to-treat
infection [13].

In the last years, the field of nanomedicine has grabbed the at-
tention of many scientists and it is expected to revolutionize the
pharmaceutical and biotechnological industries soon. In this sense,
up to 75% of approved nanomedicines are nanoparticles acting as
drug delivery carriers [14]. The main rationale for using nanoparti-
cles is that therapeutics can be loaded within them, ideally releas-
ing the cargo only at the diseased area. Hence, nanoparticles hold
the potential to minimize the side effects on healthy cells associ-
ated to the free drugs and would abrogate the need to use high
free drug doses to achieve therapeutic efficacy. Among the differ-
ent types of nanoparticles, mesoporous silica nanoparticles (MSNs)
present relevant features that make them promising candidates for
drug delivery. In this regard, MSNs have been applied to the de-
velopment of new treatments against complex bone diseases, such
as osteoporosis, bone cancer and bone infection [15]. Aside from
biocompatibility, MSNs present physicochemical properties that are
interesting for antibiotic delivery. The large surface areas (ca. 1000
m?/g) and pore volumes (ca. 1 cm3/g) allow the adsorption of high
amounts of drug molecules. In addition, being able to tune the
pore size and morphology allow to design MSNs that could specifi-
cally load low (e.g., moxifloxacin) or high (e.g., vancomycin) molec-
ular weight antibiotics [16-19].

Despite those features, MSNs have been scarcely explored as
carriers for treating osteomyelitis. Huang et al. produced a com-
posite containing levofloxacin-loaded MSNs that inhibited bacterial
adhesion and growth both in vitro [20] and in vivo [21], although
requiring surgical intervention for the administration. Nie et al.
[22] used bone-targeted, vancomycin-loaded MSNs using both Dg
and UBI29-41 peptides, to treat a murine model of osteomyeli-
tis. Despite the good outcome, the S. aureus infection on the im-
plant was let to grow just for 24 h, what makes the infection
more susceptible to the intravenously administrated therapy and
does not reflect a realistic scenario where the infection is caus-
ing an abscess. Hence, such approach would not represent accu-
rately the actual features of osteomyelitis. Instead, the biofilm-
infected implants employed in this manuscript induce the forma-
tion of intraosseous abscess, which is a histological finding com-
monly associated with osteomyelitis [23]. In consequence, the nov-
elty of our work not only relies on the accuracy of the osteomyeli-
tis model employed and the lack of surgical intervention, but
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Scheme 1. Schematic representation of the mesoporous silica nanoparticles (grey)
loaded with moxifloxacin (yellow) or rifampicin (red), coated with gelatine (blue)
plus colistin (green) and decorated with aspartic acid hexapeptides (pink). (For in-
terpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

also on the cooperative multidrug delivery from the bone-targeted
nanoparticles, which present themselves antibiofilm features that
would facility the treatment of the resistant bacteria on infected
bone.

In this work, we have addressed the treatment of S. aureus-
caused osteomyelitis using MSNs engineered for achieving bone-
targeted synergistic multidrug delivery (Scheme 1). To avoid any
undesirable chemical interactions between the antibiotics, we have
designed two sets of identical nanoparticles differing in the antibi-
otic loaded within the pores (moxifloxacin (MX) or rifampicin (RI).
Even though RI is a remarkable antistaphylococcal agent in biofilm-
related infections, it cannot be clinically employed as monother-
apy. In this regard, we have demonstrated that the multidrug ap-
proach improved the individual performances. In addition, since
premature antibiotic release would result in the treatment being
ineffective, the MSNs have been coated with a biocompatible coat-
ing containing enzymatically degradable gelatine and colistin (CO),
an antibiotic with biofilm-disaggregating features. Minimizing pre-
mature drug release is of major importance, since otherwise there
would be no clinical difference between the free drug and the drug
uncontrollably released from the nanoparticles, which might not
reach the diseased area. Furthermore, because the nanoparticles
might be rapidly cleared from the bone, they have been further
decorated with an aspartic acid hexapeptide (Dg) to provide affin-
ity toward bone tissue and guarantee that the treatment remains
in the diseased area long enough for the drugs to be released [22].
Finally, the bactericidal effect of this biocompatible nanocarrier has
been extensively analysed in vitro and in vivo, including various
models of bone infection, showing promising results with just one
dose, and paving the way for improved treatments of MRSA-caused
osteomyelitis. To the best of our knowledge, this is the first ex-
ample ever reported of a bone-targeted nanocarrier capable of ex-
erting synergistic antibacterial affect along with remarkable an-
tibiofilm features with demonstrated efficacy against MRSA-caused
osteomyelitis.
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2. Materials and methods
2.1. Synthesis of MCM-41 mesoporous silica nanoparticles

The following compounds were purchased from Sigma-
Aldrich (USA): Tetraethyl orthosilicate (TEOS); Ammonium ni-
trate; Cetyltrimethylammonium bromide (CTAB); Fluorescein
isothiocyanate (FITC); Rhodamine B isothiocyanate (RhB); 3-
(Aminopropyl)triethoxysilane (APTES).

Mesoporous silica nanoparticles were produced using a mod-
ification of the Stober method [24]. Briefly, CTAB (2.74 mmol, 1
g) was placed in a 1-L flask and NaOH (2M, 3.5 mL) and H,0
(480 mL) were added and heated to 80 °C. Afterward, TEOS (22.39
mmol, 5 mL) was dropwisely added (0.33 mL/min) and the mix-
ture was stirred at 80 °C for further 2 h. Then, the nanoparti-
cles were centrifuged and washed twice with water and once with
ethanol. The CTAB template was eliminated by ionic exchange, em-
ploying a solution of NH4NO3; (10 mg/mL) in ethanol (95%). For
that purpose, the MSNs were dispersed in 350 mL of that solu-
tion, refluxed for 3 h and subsequently collected by centrifugation
and washed with water and ethanol. The whole process was re-
peated two times. Finally, the surfactant-free nanoparticles were
kept in absolute ethanol until the different functionalization steps
were carried out.

The biological experiments were performed using either FITC-
or RhB -labelled MSNs. For this purpose, FITC (0.002 mmol, 0.78
mg) or RhB (0.002 mmol, 1.07 mg) were reacted with APTES (0.009
mmol, 2.2 pL) in 40 pL of ethanol for 2 h. Then, the mixture was
mixed with TEOS (22.39 mmol, 5 mL) and the MSNs were synthe-
sized following the above-described methodology.

The nanoparticles were characterized by means of Thermogravi-
metric Analysis (TGA), Fourier Transformed Infrared (FTIR) spec-
troscopy, Zeta potential and Dynamic Light Scattering (DLS). TGA
measurements were carried out in a Perkin Elmer Pyris Diamond
TG/DTA analyser, applying 5 °C/min heating ramps from rt to 600
°C. FTIR spectra were collected in a Nicolet Nexus (Thermo Fisher
Scientific) equipped with a Goldengate attenuated total reflectance
device, averaging 64 scans in the range 4000-400 cm~! (resolution
1 cm™1). Zeta potential and DLS measurements were performed in
a Zetasizer Nano ZS (Malvern Instruments) equipped with a 633
nm laser. Samples were dispersed in distilled water and placed in
a DTS1070 disposable folded capillary cell (Malvern instruments)
for data acquisition.

2.2. Gelatine coating of nanoparticles

The gelatine (GE) coating was performed by modifying a
methodology previously described [25]. The use of GE is based on
the staphylococcal ability to degrade it and use it as carbon source
[26,27]. MSNs were initially functionalized with GE in the absence
of antibiotics to optimize the coating conditions. Briefly, a GE so-
lution (0.5 %, w/v) was prepared by dissolving 100 mg of type B
GE powder from bovine skin (Sigma Aldrich, USA) in 20 mL phos-
phate buffer saline (PBS) (pH=7.4) (Lonza, Switzerland). The solu-
tion was stirred at 45 °C for 30 min. Then, 1 mL of that solution
was placed in a 4-mL vial under vigorous stirring at room temper-
ature, to which a dispersion of MSNs was rapidly added (1 mL, 12
mg/mL of MSNs in PBS). The whole mixture was stirred for 5 min.
Finally, the nanoparticles were centrifuged and washed twice with
PBS at 0 °C, leading to GE-coated MSNs.

For the synthesis of GE+CO-coated MSNs, 50 mg of colistin
sodium methanesulfonate (Sigma Aldrich, USA) were mixed with
the GE solution prior to the addition of the nanoparticles. Then,
the coating was carried out as described above to yield GE+CO-
coated MSNs. CO is a polymyxin agent (polymyxin E) that is only
effective against Gram-negative infections [28]. Regardless, CO can
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destabilise the S. aureus biofilm matrix structure and lead to the
release of planktonic cells, making them more susceptible to an-
tibiotics [29].

The functionalized nanoparticles were characterized in terms of
Fourier Transformed Infrared (FTIR) spectroscopy, Thermogravimet-
ric Analysis (TGA), Transmission Electron Microscopy (TEM), Dy-
namic Light Scattering (DLS) and Zeta potential. TEM images were
taken on a JEOL JEM 1400. Samples were dispersed in distilled wa-
ter under sonication and then a few drops were deposited onto
carbon-coated copper grids.

2.3. Antibiotic loading into the nanoparticles and antibiotic release

2.3.1. Antibiotic loading

The different nanoparticles were loaded by shaking them in the
presence of a saturated solution of the corresponding antibiotic. To
produce MX-loaded nanoparticles, 12 mg of MSNs were dispersed
in 1 mL of a 10 mg/mL solution of moxifloxacin (Sigma Aldrich,
USA) (MX) in distilled water for injection (B. Braun, Germany). To
produce RI-loaded nanoparticles, 12 mg of MSNs were dispersed
in 1 mL of a 10 mg/mL solution of rifampicin (Sigma Aldrich, USA)
(RI) in chloroform (Sigma Aldrich, USA). Then, each solution was
stirred at 1,400 rpm and 5 °C for 24 h [30]. Afterward, antibiotic-
loaded MSNs were centrifuged, and the supernatant was removed.
The MX-loaded MSNs were dried at 60 °C for 3 h, whilst RI-loaded
MSNs were dried at room temperature for 2 h. After loading each
antibiotic, the MSNs were coated with GE+CO as described above.

The rationale for using MX is that it is a broad spectrum,
fourth-generation fluoroquinolone antibacterial antibiotic, effective
against both Gram-negative and Gram-positive bacteria [31], that
is commonly used in monotherapy to treat bone-related infections
[32-34]. Similarly, the use of RI relies on the fact that it is a
broad spectrum polyketide belonging to ansamycins that is effec-
tive against both Gram-negative and Gram-positive bacteria. How-
ever, it needs to be used in combination with another antibiotic
[35]. In addition, it is a potent antistaphylococcal [36-38].

2.3.2. Antibiotic release

To determine the drug release from the nanoparticles, 12 mg
of the corresponding antibiotic-loaded MSNs were suspended in 1
mL of PBS. Then, each suspension was placed with another mL of
PBS into the lower chamber of a 6-well plate Transwell® (Corning,
USA). Then, the upper chamber was placed, and 1 mL of PBS was
added. This buffer was selected because it is one of the most used
solutions for evaluating antibiotic release from nanomaterials [39-
43]. The final concentration of nanoparticles was 4 mg/mL per well
(n = 4). The plate was incubated at 37 °C and 5% CO,. Periodically,
300 pL from each upper chamber were removed for analysis and
replaced by 300 pL of fresh PBS. MX concentration was determined
by measuring the fluorescence using an excitation wavelength of
294 nm and an emission wavelength of 503 nm [44], whereas that
of RI was quantified by measuring the absorbance at a wavelength
of 475 nm [45]. To estimate the percentage of antibiotic released
from each nanoparticle, the values were normalized to the total
amount of antibiotic collected at the end of the experiment (24 h).
This experiment was conceived to demonstrate that the GE coating
could slow down the antibiotic release in the absence of stimulus,
compared to the same uncoated nanoparticles. The kinetics were
studied for 24 h to match the time that the animals would be re-
ceiving the treatment.

CO was labelled with FITC (CO-FITC) to monitor the release.
CO was selected because it is a polymyxin agent that has been
shown to destabilize the S. aureus biofilm, leading to the release
of planktonic cells that are more susceptible to antibiotics [29].
For that purpose, 50 mg of colistin and 0.1 mg of FITC were dis-
solved in DMSO and stirred overnight at room temperature. The
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mixture was then precipitated in cold ether/acetone (90:10), cen-
trifuged and washed with ethanol until no FITC was observed in
the supernatant.

To determine CO release, 12 mg of GE+CO-coated MSNs were
placed in the presence or absence of S. aureus. A control group
containing MSNs just coated with CO was also employed. CO-FITC
MSNs were suspended in 1 mL of PBS to evaluate the release
kinetics. This millilitre was placed with another millilitre of PBS
with or without a 0.5 McFarland suspension in PBS of SAP231 into
the lower chamber of a Transwell® 6-well plate. Then, the up-
per chamber of the Transwell® 6-well plate was placed and 1 mL
of PBS was added. The final concentration of nanoparticles was 4
mg/mL per well (n=3). The plate was incubated at 37 °C and 5%
CO,. Regularly, 300 pL of each upper chamber were sampled and
replaced by 300 pL of new PBS. These 300 pL were used to de-
termine colistin-FITC concentration by measuring the fluorescence
using an excitation wavelength of 490 nm and an emission wave-
length of 525 nm.

2.4. Peptide grafting

First, the GE coating of GE+CO-coated MSNs was partially
thiolated (GE+CO-coated MSNs-SH). For that purpose, 12 mg of
GE+CO-coated MSNs were dispersed in 1 mL of cold PBS con-
taining 16 mg/mL of 2-Iminothiolane hydrochloride (Sigma Aldrich,
United States). The mixture was incubated with stirring and at
room temperature for 1 h. After that, the nanoparticles were cen-
trifuged, washed with 1 mL of cold PBS, and dispersed again in 1
mL of cold PBS containing 4 mg/mL of aspartic acid hexapeptide
(Dg) N-terminal modified with a 6-maleimidohexanoic acid (Abyn-
tek Biopharma S. L., Spain). The Dg peptide shows affinity for hy-
droxyapatite, an inorganic component of hard tissues, such as bone
or teeth [46]. The mixture was incubated at 750 rpm and room
temperature for 1 h. Finally, the nanoparticles were centrifuged
and washed with 1 mL of cold PBS at 4 °C, leading to Dg-decorated
GE+CO-coated MSNs (Dg-GE+CO MSNs).

2.5. Affinity of Dg toward bone

To highlight the affinity of Dg toward bone, 1 mL of PBS con-
taining 2 mg/mL of either GE-coated or Dg-GE+CO-coated MSNs
was incubated with 25 mg of bovine trabecular bone (Bio-Oss
Spongiosa from 0.25 to 1Tmm; Inibsa, Spain) at 750 rpm and at 37
°C for 2 h. After this, the bone was washed three times with 1 mL
of PBS. The bone was directly analysed in a Leica SP-2 AOBS confo-
cal laser-scanning microscope (Leica, Germany). The nanoparticles
were labelled with rhodamine B (Sigma Aldrich) to allow visual-
ization under the microscope.

2.6. Microbiological studies

A methicillin-resistant S. aureus strain (SAP231) was used in all
microbiological studies. This strain can produce bioluminescence
per se [47]. The strain was kept frozen at -80 °C until the experi-
ments were performed. The purity of its axenic culture was corrob-
orated every day by inoculating each broth on a blood tryptic-soy
agar (Biomérieux, France). The purity of each experiment was as-
sessed by seeding each replicate of each condition in TSA supple-
mented with blood and checking that the S. aureus strain morphol-
ogy was the same. In case of doubt, the strain was identified by
using Matrix-Assisted Laser Desorption/lonization -Time-Of-Flight
(MALDI-TOF, Vitek® MS, Biomérieux, France).

2.7. Bacteria-nanoparticles interaction

The SAP231-nanoparticle interaction was evaluated through
four different experiments: (1) evaluation of whether the GE coat-
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ing can be employed as carbon source by SAP231, (2) evalua-
tion of the influence of the nanoparticle coating on the SAP231
biofilm development, (3) analysis of the interaction between the
grown SAP231 biofilm and the nanoparticles, and (4) evaluation of
whether SAP231 can trigger drug release from GE-coated nanopar-
ticles.

To evaluate the use of the coating as carbon source by SAP231,
75 pL of PBS containing 20 mg/mL of either MSNs or GE-coated
MSNs were deposited in a well of a luminescence Hard-Shell® 96-
Well PCR Plate (Bio-Rad, United States). Then, 75 pL of 1.07 Mc-
Farland suspension in PBS were added. PBS supplemented with 1%
(p/v) of GE was used as positive control. Then, the plate was stat-
ically incubated at 37 °C and 5% CO, for 1 h. After incubation, bi-
oluminescence was measured in a EnSpire multimode plate reader
(Pelkin Elmer, United States). This experiment was performed by
duplicate and four times (n=8 per condition).

To evaluate the effect of the nanoparticle coating on the biofilm
development of SAP231, 100 uL of 1.07 McFarland suspension in
0.9% NaCl saline (B. Braun, Germany) were adhered on the bot-
tom of a 96-well flat-bottom plate at 37 °C and 5% CO, for 90
min. Thereafter, the supernatant was removed, and each well was
washed with 200 pL of sterile saline twice. Finally, 150 pL of
TSB supplemented with 1% glucose with or without uncoated, GE-
coated or GE+CO-coated MSNs were added (n=8 per condition).
This medium is a widely recognized inducer of biofilm formation
in bacteria [48]. The plate was incubated at 37 °C and 5% CO,
for 24 h, which is the incubation time generally employed in the
field to obtain a S. aureus mature biofilm. After that, each well was
rinsed with 200 pL of saline and stained with 2% of crystal violet,
according to a previously reported methodology [48]. The experi-
ment was performed in triplicate (n=24 per condition).

To evaluate the effect of the nanoparticle on a SAP231 mature
biofilm, 100 pL of 1.08 McFarland suspension in 0.9% NaCl saline
(B. Braun, Germany) were adhered on the bottom of a 96-well flat-
bottom plate at 37 °C and 5% CO, for 90 min to generate a biofilm.
Thereafter, the supernatant was removed, each well was washed
with 200 pL of sterile saline twice and 200 pL of TSB supple-
mented with 1% glucose were added. The plate was incubated at
37 °C and 5% CO, for 24 h. The supernatant was then removed, and
each well was rinsed twice with 200 pL of saline. Then, 200 pL of
saline with or without uncoated and GE- or GE+CO-coated MSNs
were added to each well, and the plate was incubated at 100 rpm
at 37 °C for 30 min. After that, each well was rinsed again with
200 pL of saline and stained with 2% of crystal violet. The experi-
ment was performed in triplicate (n=24 per condition).

To gain insight into the effect of GE on the SAP231 biofilm
development, the expression of different proteases (aureolysin,
staphopain, ssp 8V protease and splF) and a transcription factor
(rot factor) during biofilm development was evaluated. The biofilm
formation was induced in 2 mL of TSB + 1% glucose in pres-
ence or absence of 10% of bovine GE at 37 °C for 24 h, as de-
scribed above. The 2 mL were centrifuged after incubation, and the
mRNA was extracted using TRIzol™ Max™ Bacterial RNA Isolation
Kit (Thermo Fisher Scientific, United State). A real time PCR was
done using SYBER Green Master Mix (Qiagen, United States), em-
ploying the primers described by Mootz et al. to detect specific
transcripts [49]. Gene expression was normalized by the endoge-
nous control (16S rRNA). Results were expressed in mRNA copy
numbers, calculated for each sample using the cycle threshold (Ct)
value, and normalized by bacteria grown in TSB+1% glucose with-
out bovine GE. The relative gene expression was represented by
2—AACt, where AACt = ACt target gene —ACt 16S RNA. The fold
change for the bacteria grown in presence of bovine GE was de-
fined as the relative expression compared with bacteria grown in
absence of bovine gelatine. The latter was calculated as 2—AACt,
where AACt = AC bacteria grown in presence of bovine gelatine
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—AC bacteria grown in absence of bovine GE. This experiment was
performed five times. Of note, it was not possible to perform this
experiment using any type of MSNs at the concentration chosen
(10 mg/mL) because they interfered with RNA extraction.

To evaluate whether SAP231 could trigger the drug release from
GE-coated MSNs, 12 mg of MSNs were loaded with 500 pL of pro-
pidium iodide (PI) in water (500 pg/mL) (Sigma Aldrich, USA) at
1,400 rpm at 5 °C for 24 h. Then, the nanoparticles were cen-
trifuged and rinsed once with 1 mL of distilled water. After this,
12 mg of each Pl-loaded MSNs were suspended in 1 mL of brain-
heart infusion (BHI) (BD, USA) to determine the PI release from ei-
ther uncoated or GE-coated MSNs. This suspension was mixed with
1 mL 1.08 McFarland suspension of SAP231 into the lower cham-
ber of a Transwell® 6-well plate. Then, the upper chamber of the
Transwell® 6-well plate was inserted and 1 mL of BHI was added.
The final concentration of nanoparticles was 6 mg/mL per well.
The plate was incubated at 37 °C and 5% CO,. Periodically, 300 pL
of each upper chamber were sampled and replaced by 300 pL of
sterile BHI. These 300 pL were used to determine the PI concentra-
tion by measuring the fluorescence using an excitation wavelength
of 493 nm and an emission wavelength of 636 nm. A calibration
curve ranging from 250 to 0.122 pg/mL was employed. The bacte-
rial concentration was estimated by using a well of a 6-well plate
with the same bacterial concentration but without MSNs and mea-
suring the SAP231 luminescence. This experiment was performed
in triplicate.

2.8. Minimal inhibitory concentration and minimal bactericidal
concentration

Minimum inhibitory concentrations (MIC) were determined us-
ing the previously described broth microdilution method [50] with
one modification. The MIC is the minimum concentration required
to inhibit the bacterial visible growth. In brief, a series of nanopar-
ticle concentrations ranging from 1,000 pg/mL to 0.9765 pg/mL
with a two-fold dilution were added to cation adjusted Miiller-
Hinton broth (Sigma Aldrich, USA) (CAMHB) to a final volume of
100 pL per well. One hundred pL of bacterial suspension in CAMHB
containing approximately 1.6x108 colony-forming units per mL
(CFU/mL) were added to a Costar 96-well round-bottom polypropy-
lene plate (Corning Inc., USA) followed by static incubation at 37
°C and 5% CO, for at least 20 h. After incubation, MIC was deter-
mined by the naked eye as the well with the lowest concentration
of nanoparticles where no bacterial growth was observed. Mini-
mum bactericidal concentration (MBC) was determined using the
flash microbiocide method [51]. The MBC is defined as the mini-
mum concentration required to kill a certain bacterial concentra-
tion. Briefly, 20 pL of each well from the MIC 96-wells plate were
mixed after 24-h incubation with 180 pL of tryptic soy broth (TSB)
in a new 96-well plate, which was incubated statically at 37 °C
and 5% CO, for 24 h. After incubation, MBC was determined by
the naked eye as the well with the lowest concentration of MSNs
where no bacterial growth was observed. The experiments were
performed four times.

2.9. Minimal biofilm inhibitory concentration and minimal biofilm
eradication concentration

Minimal biofilm inhibitory concentrations (MBIC) and mini-
mal biofilm eradication concentrations were determined using a
methodology previously described [52]. The MBIC is the minimum
concentration required to inhibit the visible growth of a bacte-
rial biofilm. For MBIC, biofilm was formed by inoculating 100 pL
of CAMHB containing 105 CFU/mL of bacteria on the bottom of
the wells of a 96-well flat-bottom plate (Thermo Fisher Scien-
tific, United States). The plate was statically incubated at 37 °C
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and 5% CO, for 24 h. After incubation, the supernatant was re-
moved. Afterwards, each well was filled with 200 uL of CAMHB
containing different concentrations of the corresponding nanopar-
ticles, ranging from 1,000 pg/mL to 0.9765 pg/mL with a two-
fold dilution. The plate was statically incubated at 37 °C and 5%
CO, for at least 20 h. After incubation, MBIC was determined by
adding 20 pL of 5 mg/mL of MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide) tetrazolium assay and incubating at
37 °C for 30 min [53]. After incubation, 100 pL of the supernatant
from each well were carefully aspirated and deposited in a new
96-well plate. MBIC was determined by the naked eye as the well
with the lowest concentration of nanoparticles where no colour
change could be observed. The MBEC is the minimum concentra-
tion required to kill a bacterial biofilm. For MBEC, the bottom of
each well was scrapped with a 100-pL tip to detach physically the
biofilm from the bottom surface of each well and 20 pL of each
well were transferred to a new well containing 180 pL of TSB. The
plate was incubated statically at 37 °C and 5% CO, for 24 h. After
incubation, MBEC was determined by the naked eye as the well
with the lowest concentration of nanoparticles where no bacterial
growth was observed. The experiments were performed four times.

2.10. Interaction between the antibiotics loaded in the nanosystems

The combined therapeutic effect of Dg-GE+CO-coated MX-
loaded MSNs and Dg-GE+CO-coated RI-loaded MSNs on SAP231
biofilm was assessed by using the checkerboard [54,55]. This
methodology is supported by the European Committee on Antimi-
crobial Susceptibility Testing (EUCAST) [56]. The interaction be-
tween both antibiotics may be quantified by the fractional in-
hibitory concentration (FIC) [57].

2.11. In vitro anti-biofilm efficacy of GE+CO-coated antibiotic-loaded
MSNs in a model of bone infection

The anti-biofilm efficacy of each loaded GE+CO-coated MSNs
was evaluated using a model of bone infection made from wound-
like medium [58]. Briefly, the wound-like medium is composed of
45% Bolton broth (Sigma Aldrich, United States), 50% bovine serum
adult (Sigma Aldrich, United States), and 5% laked horse red blood
(ThermoFisher Scientific, United States) [59]. First, a 2-mL tube
with 10 mg of bovine trabecular bone was rinsed with 1 mL of
saline. Then, 500 pL of saline with 3.15x108 CFU/mL were added
to each tube and were incubated statically at 37 °C and 5% CO,
for 1.5 h. The supernatant was then removed, and each tube was
rinsed twice with 1 mL of saline. Afterward, 1 mL of wound-like
medium was placed into each tube, which were further incubated
statically at 37 °C and 5% CO, for 48 h. The use of bovine trabec-
ular bone and wound-like medium mimics in vitro the conditions
where a staphylococcus causing osteomyelitis would grow in vivo.
After biofilm formation, each tube was rinsed twice with 1 mL
saline and treated in presence or absence of two different concen-
trations of nanoparticles dispersed in 1 mL of saline, which were
further incubated statically at 37 °C and 5% CO, for 24 h. The con-
centration of Dg-GE+CO-coated MX-loaded MSNs (125 pg/mL) was
estimated according to the MIC obtained, and considering previ-
ous studies that stablish 4xMIC as a good therapeutic approach
[58,60,61]. Given the low values of MIC obtained for Dg-GE+CO-
coated RI-loaded MSNs, it was decided to evaluate three concen-
trations: the same concentration of Dg-GE+CO-coated MX-loaded
MSNs (125 pg/mL), and two two-fold dilutions (62.5 and 31.25
pg/mL). After incubation, each tube was rinsed twice with 1 mL of
saline and all trabecular bone from each tube was transferred to a
5 mL round-bottom tube containing 1 mL of saline. All tubes were
sonicated at room temperature for 5 min [62]. Then, the number
of bacteria was determined as CFU per gram of bone by using
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the drop plate method [63] in Chapman agar plates (BioMérieux,
France). The plates were incubated at 37 °C and 5% CO, for at least
24 h. The experiment was performed five times.

To support visually the numerical results, the previous experi-
ment was also analysed using scanning electron microscopy (SEM).
For SEM observation, the same samples were fixed with 2.5% glu-
taraldehyde in 0.1 M sodium cacodylate buffer at pH 7 at 4° C for
90 min. Samples were then dehydrated with increasing concentra-
tions of ethanol (30, 50, 70, 90, and 100%) at 22 °C for 10 min. Mi-
crographs were obtained using a field emission gun JEOL JSM6400
scanning electron microscope (Jeol Ltd, Tokyo, Japan).

2.12. In vitro prevention of bone infection

To demonstrate the preventive ability of the D6-GE+CO-coated
antibiotic-loaded MSNs adhered on the bone, 10 mg bovine trabec-
ular bone were incubated with 350 pL of 2 mg/mL of D6-GE+CO-
coated MX-loaded and RI-loaded MSNs in PBS were incubated at
750 rpm and at 37 °C for 2 h. After this, the bone was washed
three times with 500 pL of PBS. Thereafter, 500 pL of wound-like
medium with a 1:100 dilution of a 0.48 McFarland suspension of
SAP231 in saline were added. The whole system was statically in-
cubated at 37 °C and 5% CO, for 24 h. Non-treated bovine trabec-
ular bone was used as positive control. After incubation, each tube
was rinsed twice with 1 mL of saline and all trabecular bone from
each tube was transferred to a 5 mL round-bottom tube containing
1 mL of saline. All tubes were sonicated at room temperature for
5 min [62]. Then, the number of bacteria was determined as CFU
per gram of bone by using the drop plate method [63] in Chapman
agar plates (BioMérieux, France). The plates were incubated at 37
°C and 5% CO, for at least 24 h. The experiment was performed
five times. This experiment was also visualized using SEM accord-
ing to the above-mentioned methodology.

2.13. Cell studies

For the cell studies, MC3T3-E1 and RAW264.7 cells obtained
from American Type Culture Collection (ATCC) were used. The cells
were stored in liquid nitrogen until the experiments were car-
ried out. MC3T3-E1 were inoculated at a concentration of 10,000
cells/cm? on 96-well plates with a-minimum essential medium
containing 10% foetal bovine serum and 1% penicillin-streptomycin
(oMEM, Invitrogen, Thermo Fisher Scientific). RAW264.7 cells were
seeded at a concentration of 5,000 cells/cm? on 96-well plates
with o-minimum essential medium containing 10 % foetal bovine
serum and 1% penicillin-streptomycin (¢MEM, Invitrogen, Thermo
Fisher Scientific Inc. USA). After cell adherence, MC3T3-E1 cells
medium was replaced by «MEM containing 50 mg/mL ascor-
bic acid (Sigma-Aldrich, USA) and 10 mM R-glycerol-2-phosphate
(Sigma-Aldrich, USA). Part of the RAW264.7 cells was incubated in
the presence of 50 ng/mL of Receptor Activator for Nuclear Factor
«x B Ligand (RANKL) (R&D Systems, Bio-Techne, Madrid, Spain) to
promote osteoclast differentiation. During incubation, all the cells
were kept in the incubator at 37 °C, 5% CO,, and 95% humidity.
All types of cells (MC3T3-E1, RAW264.7 and RAW264.7 osteoclast
precursors) were treated with 125 pg/mL of Dg-GE+CO-coated MX-
loaded MSNs and 62.5 pg/mL of Dg-GE+CO-coated Rl-loaded MSNs
(n=24 per concentration). These nanoparticle concentrations were
chosen based on the microbiological susceptibility results. Non-
treated cells incubated with just growth medium were considered
as control (n=24). The cytotoxicity was tested by CytoTox 96®
Non-Radioactive Cytotoxicity Assay (Promega, USA) after 48 h of
incubation, according to previously published methodology [64].
To evaluate the cytotoxic effect of the nanosystem over time, cells
exposed for 48 h to the nanosystem were incubated for further
24 h (72 h in total), or 48 h (96 h). The cell metabolic activity
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of MC3T3-E1 [65] and RAW cells [66,67] was studied at 2 and 4
days, respectively, through the MTT method. For that purpose, 20
pL of a 5 mg/mL solution of MTT were added to each well and
the cells were further incubated for 4 h at 37 °C and 5% CO, [68].
Data were represented as relative metabolic activity of each treat-
ment compared to the control, which was considered as 100% of
cell metabolic activity.

2.14. In vivo model

This study was approved by the Instituto de Investigacién San-
itaria of Fundacién Jiménez Diaz (IIS-FJD) Animal Care and Use
Committee, which includes ad hoc members for ethical issues. An-
imal care and maintenance complied with institutional guidelines
as defined in national and international laws and policies (Spanish
Royal Decree 53/2013, authorization reference PROEX109.7/21 July
18, 2021, by the Ministry of the Environment, Local Administration
and Territorial Planning of the Community of Madrid and, Direc-
tive 2010/63/EU of the European Parliament and of the Council of
September 22, 2010).

Specific pathogen-free New Zealand white male rabbits (Granja
San Bernardo, Navarra, Spain) of between 2.5 and 3 Kg of weight
were used. All animals were housed in individual cages in an air-
conditioned room at 22+2 °C and light-darkness cycles of 12:12 h.

The in vivo model was based on a study previously published
[58] with modifications.

2.15. In vivo evaluation of nanosystem affinity toward bone

Two rabbits were subjected to general anaesthesia and treated
with a 4-mL intraosseous injection containing 187.5 pg/mL of un-
loaded D6-GE+CO-coated MSNs suspended in saline by using a
1.5-cm needle and Arrow® EZ-IO® Intraosseous Vascular Access
System (Teleplex, Ireland) in the right lateral condyle. One of the
animals was euthanized 1 h after the injection and the other one
after 24 by intravenous overdose of sodium thiobarbital under gen-
eral anaesthesia. The spleen, liver, a kidney, and a femur were re-
covered for each animal. All organs except the femur were fixed,
paraffin-infiltrated, and haematoxylin-eosin-stained.

Femurs were fixed for 72 h and were dehydrated with 70, 90,
96 and 100% ethanol for 24 h per concentration. Portions of each
femur were included in a transparent two-component embedding
resin based on methyl methacrylate (Technovit 4004, Kulzer Tech-
nik, Germany), and sanded to a thickness of 200-300 pum by Arte-
Lab S. L. (Madrid, Spain). Femur slices were directly analysed in a
Leica DM IRB confocal laser-scanning microscope (Leica, Germany)
without staining. Nanoparticles were detected thanks to the FITC
covalent labelling of the Dg-GE+CO-coated MSNs. Bones were ob-
served using the reflected light.

2.16. Osteomyelitis model

The SAP231 S. aureus strain was employed for this in vivo
model. Each animal was placed in the supine position under gen-
eral anaesthesia and its hind leg was immobilised and isolated in a
sterile field. Skin and muscles were sectioned until the lateral epi-
condyle was reached. A hole 3.2 mm in diameter and 1 cm deep
was drilled. Two 5-mm-long and 0.6-mm-diameter cylindrical Ti-
6Al-4V implant infected with a 24-h SAP231 biofilm were placed.
To induce that infection, each implant was incubated with 200 pL
of a 1:100 dilution of a 1.25 McFarland suspension of SAP231 in a
well of a 96-well plate at 37 °C and 5% CO, for 24 h. After incu-
bation, each implant was washed with 200 pL of saline (B. Braun,
Germany). The number of bacteria per implant was 6.82+0.28 CFU
per square centimetre (CFU/cm?2). After lodging the infected im-
plant in the bone marrow, the hole was closed with Ethicon bone
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Fig. 1. Anteroposterior fluoroscopy of a rabbit femur with the two infection seeds
inside femoral bone marrow.

wax (Johnson & Johnson, United States). The entire area was dis-
infected with 6-volume hydrogen peroxide. The wound was closed
with a continuous cross suture using a 3/0 Prolene suture (Johnson
& Johnson, United States). The correct location of the implant was
corroborated through dorsoventral (Fig. 1) fluoroscopy of each an-
imal. The behaviour, temperature and weight of each animal were
monitored every 24 h throughout the experimental procedure.

The infected animals were randomly assigned to two groups,
namely control group (n=7) and Dg-GE+CO-coated antibiotic-
loaded MSNs treated group (n=7). The sample size was esti-
mated by Wilcoxon Mann-Whitney test and an a-priori type of
power analysis considering d=2.00, «=0.05, (1-8)=0.95, allocation
ratio=1 by using G*Power 3.1.9.7 software [69]. The d parameter
assumes that Dg-GE+CO-coated antibiotic-loaded MSNs treatment
can reduce the MRSA concentration by at least 90% per gram of
bone when compared to the control group. The statistical power
of the sample was 0.963.

Two days after the surgery, each animal from the treated group
was anaesthetized and the infected femur was treated with the
antibiotic-loaded nanoparticles. For that purpose, 4 mL of saline
containing 500 pg of D6-GE+CO-coated MX-loaded MSNs (ca. 6.77
pg/mL of MX) and 250 pg of D6-GE+CO-coated RI-loaded MSNs
(ca. 2.38 pg/mL of MX) were administered by using a 1.5-cm nee-
dle and Arrow® EZ-IO® Intraosseous Vascular Access System. The
control group received no treatment. All animals were euthanized
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after 24 h by intravenous overdose of sodium thiobarbital under
general anaesthesia. The femur, liver and a kidney were recovered
through sterile preparation. The femurs were decontaminated by
addition of 200 mL of with 6-volume hydrogen peroxide for 10
min. Then, they were washed with 250 mL of sterile saline and
were deposited in a sterile plastic bag. Each femur with the im-
plant was smashed with a hammer. The medial condyle was used
for determining bioluminescence by using an in vivo imaging sys-
tem (IVIS Lumina Series III; PerkinElmer Inc., USA). Finally, those
medial condyles were fixed, paraffin-infiltrated, and haematoxylin-
eosin stained.

The remaining parts of the femur were smashed, immersed in
sterile saline and sonicated using an Ultrasons-H 3000840 low-
power bath sonicator (J. P. Selecta, Barcelona, Spain) at 22 °C for
5 min [62]. The resulting sonicate was diluted in a 10-fold dilution
bank and seeded on blood-chocolate agar (Biomérieux, France) us-
ing the spread plate method [39,70]. The concentration of bacteria
was estimated as CFU/g of bone.

The liver and one kidney of each animal were preserved for
pathological studies. Histological sections were fixed, paraffin-
infiltrated, and haematoxylin-eosin stained.

2.17. Statistical analysis

Statistical analyses were performed using Stata Statistical Soft-
ware, Release 11 (StataCorp 2009). The normal distribution of
data was analysed using a Shapiro-Wilk normality test. A non-
parametric test was employed to analyse the experiments in which
some of the data did not fit a normal distribution or the sam-
ple size was lower than 8. Data were evaluated using a one-sided
Wilcoxon nonparametric test to compare two groups and a two-
sided Kruskal-Wallis nonparametric test to compare more than two
groups. Statistical significance was set at p-values <0.05. All results
are represented as median and interquartile range.

3. Results
3.1. Nanoparticle characterization

3.1.1. MSNs can load and release antibacterial compounds

The correct synthesis of the bone-targeted, coated nanoparti-
cles was confirmed through different characterization techniques
(See Supporting Information). The loading capacity was found to
be 54.18+1.86 ng MX/mg MSNs and 37.88+3 pg RI/mg MSNs. We
initially evaluated whether the coating could hamper premature
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Fig. 2. Release kinetics of antibiotic-loaded nanoparticles from uncoated MSNs (black) or GE-coated (blue) MX-loaded (a) and RI-loaded (b) MSNs in absence of bacterial
stimulus. Each point represents the mean of three replicates. The error bar represents the standard deviation of the replicates. The inset of each graph shows the result of
the fitting of the corresponding points to a first-order release kinetics bearing a non-empirical factor 8. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 3. Interaction between SAP231 and the different coatings evaluated in this study. (a) Concentration of SAP231 bacteria grown using gelatine (GE) as carbon source.
(b) Effect of GE-coated and GE plus colistin (GE+CO)-coated MSNs on SAP231 biofilm development. (c) Effect of GE-coated and GE+CO-coated MSNs on the growth of
SAP231 mature biofilm. Gene expression of SAP231 during biofilm development in presence or absence of GE: (d) aureolysin, (e) staphopain, (f) Spl F serine protease, (g) V8
protease, and (h) Rot transcriptional factor (h). Assessment of the enzyme-responsive behaviour of the nanoparticles. (i) Propidium iodide (PI) release from MSNs (red) and
GE-coated-MSNs in presence of S. aureus (blue). (j) FITC-labelled CO release profile from GE+CO-coated MSNs (blue) and GE+CO-coated MSNs in presence of SAP231 (green).
BI: bioluminescence intensity. The bars represent the median and the interquartile range (a-h). *: p-value<0.05, **: p-value<0.01, ***: p-value<0.001, ****: p-value<0.0001
for Wilcoxon test. Each point in i-j represents the mean of three replicates. The error bar represents the standard deviation of the replicates. The inset of each graph shows
the result of the fitting of the corresponding points to a first-order release kinetics bearing a non-empirical factor §. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

antibiotic release from the mesopores in absence of any stimu-
lus (Fig. 2). Overall, the coating was shown to reduce premature

drug release in both cases, decreasing the drug release in absence

of enzymatic stimulus by ca. 40% and ca. 60% for MX and RI, re-

Y =A(1 _ e—kt)(s

spectively, compared to pristine MSNs. The release data from each

release experiment were fitted to a first-order kinetic model with
an empirical nonideality factor (§) (Eq. (1)) [71,72]:

(1)
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With Y being the percentage of antibiotic released at time t, A
the maximum amount of antibiotic released (in %), and k, the re-
lease rate constant. The equations for each release experiment are
shown as insets in Fig. 2. In this model, the parameter § can take
values comprised between 0, for materials in which most of the
payload release takes place at the beginning of the experiment,
and 1, for materials whose release follows a pure first-order ki-
netic.

3.2. Microbiological studies

3.2.1. Bacteria-nanoparticle interaction

First, GE-coated MSNs were incubated with SAP231 to evaluate
whether this coating could be effectively degraded by the bacte-
rial collagenases and be employed as carbon source by this bac-
terium. As shown in Fig. 3a, SAP231 bioluminescence increased by
12% in the presence of GE-coated MSNs compared to pristine MSNs
(p-value<0.0001). PBS supplemented with 10% of GE was used as
positive control. Moreover, incubating GE-coated or GE+CO-coated
MSNs with planktonic SAP231 in a biofilm development growth
medium led to impaired biofilm development. Unlike MSNs, both
coated groups were able to reduce the development of the SAP231
biofilm (p-value<0.0001), being especially noticeable for GE+CO-
coated MSNs (p-value=0.0003 vs. GE-coated MSNs) (Fig. 3b). Re-
garding the administration of the nanoparticles onto an already
grown biofilm, both coated groups demonstrated to destabilize the
biofilm. In this regard, the biomass of the SAP231 mature biofilm in
presence of GE-coated or GE+CO-coated MSNs was lower than in
presence of pristine MSNs (p-value<0.0001), demonstrating their
disaggregating features (Fig. 3c). Of note, GE-coated MSNs induced
32% more reduction of mature biofilm growth than GE+CO-coated
MSNs (p-value=0.0004) (Fig. 3c).

Because GE-coated MSNs exerted the highest reduction of
biomass, we analysed the expression of different S. aureus pro-
teases and Rot transcriptional factor to gain insight into the an-
tibiofilm mechanism of the GE coating (Fig. 3d-h). The expres-
sion of aureolysin (Fig. 3d) and Rot (Fig. 3h) increased 5.4-fold (p-
value=0.0079) and 22.7-fold (p-value=0.0079) in presence of GE,
respectively. On the contrary, the expression of staphopain, SpIF,
and V8 protease decreased by 89.2% (p-value=0.0079), 98.4% (p-
value=0.0079), and 94.3% (p-value=0.004), respectively.

The enzymatic degradation of GE by staphylococcal collagenases
was further confirmed through a release experiment. For that pur-
pose, MSNs and GE-coated MSNs were placed with SAP231 to eval-
uate whether the enzyme-mediated degradation of the GE coat-
ing affected the release profile (Fig. 3i). The PI release was almost
equal from MSNs and GE-coated MSNs when both were placed
in presence of SAP231. Similarly, this enzymatic degradation led
to slightly faster colistin release from the GE+CO-coated MSNs
(Fig. 3j). PI was employed as model payload, since the antibiotics
would have eliminated the bacteria, thereby stopping the secretion
of bacterial proteases. Both release experiments were also fitted to
the previously described kinetic model. The equations are shown
in Fig. 3i-j.

3.3. Antibiotic-loaded nanoparticles inhibit and eradicate the growth
of both S. aureus planktonic cell and biofilm

The antibacterial effect of the nanoparticles was evaluated by
studying the MIC and MBC. For that purpose, different nanopar-
ticles were faced against planktonic SAP231 at different concen-
trations. The MIC and MBC of Dg-GE+CO-coated MX-loaded MSNs
were found to be 3.906 and 7.813 pg/mlL, respectively. The MIC
and MBC of Dg-GE+CO-coated Rl-loaded MSNs were found to be
<0.977 pg/mL in both cases.
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Fig. 4. Evaluation of the synergy between GE+CO-coated MX-loaded MSNs and
GE+CO-coated RI-loaded MSNs for inhibiting (a) or eradicating the SAP231 biofilm
(b).

The antibiofilm effect of the nanoparticles was evaluated
through the analysis of the MBIC and MBEC. For that purpose, dif-
ferent nanoparticles were faced against a SAP231 biofilm at dif-
ferent concentrations. The MBIC and MBEC of Dg-GE+CO-coated
MX-loaded MSNs were found to be 15,625 and 31,25 pg/mlL, re-
spectively. Analogously, the MBIC and MBEC of Dg-GE+CO-coated
Rl-loaded MSNs were found to be <0.977 pg/mL in both cases.

Results of the combined effect of Dg-GE+CO-coated MX-loaded
MSNs and Dg-GE+CO-coated RI-loaded MSNs against SAP231
biofilm are represented in Fig. 4. As shown, Dg-GE+CO-coated MX-
loaded MSNs and Dg-GE+CO-coated RI-loaded MSNs were able to
inhibit the planktonic growth of SAP231 biofilm at all concentra-
tions (Fig. 4a). All tested concentrations of Dg-GE+CO-coated RI-
loaded MSNs favoured the SAP231 biofilm eradication, decreas-
ing 4-fold the MBEC of Dg-GE+CO-coated MX-loaded MSNs alone
(Fig. 4b).

3.4. Combining both groups of nanoparticles significantly reduces the
infection in an in vitro osteomyelitis model

Bearing in mind the above-described results, an in vitro model
of infected bone was developed in preparation of the in vivo ex-
periment. For that purpose, three different concentrations of Dg-
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Fig. 5. SAP231 quantity per gram of trabecular bone after 24-h treatment with each condition (a) : treatment 1 (125 pg/mL of GE4CO-coated MX-loaded MSNs plus 125
pg/mL of GE+CO-coated Rl-loaded MSNs), treatment 2 (125 pg/mL of GE+CO-coated MX-loaded MSNs plus 62.5 pg/mL of GE+CO-coated Rl-loaded MSNs), and treatment
3 (125 pg/mL of GE+CO-coated MX-loaded MSNs plus 31.25 ng/mL of GE+CO-coated Rl-loaded MSNs). The bars represent the median and the interquartile range. **: p-
value<0.01 for Kruskal-Wallis’s test. Representative SEM micrographs of SAP231 biofilm grown on trabecular bone after 24-h treatment. (b-d) non-treated (control), (e-g)
treatment 1 (125 pg/mL of GE+CO-coated MX-loaded MSNs plus 125 pg/mL of GE+CO-coated RI-loaded MSNs), (h-j) treatment 2 (125 pg/mL of GE+CO-coated MX-loaded

MSNs plus 62.5 pg/mL of GE+CO-coated RI-loaded MSNs), and (k-m) treatment 3 (125 pg/mL of GE+CO-coated MX-loaded MSNs plus 31.25 nug/mL of GE+CO-coated RI-loaded
MSNG).
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Fig. 6. Three-dimensional reconstruction (a) of trabecular bone (green) exposed to GE+CO-coated MSNs or Dg-GE+CO-coated MSNs labelled with rhodamine B (orange). The
size of the bone trabeculae used is between 0.5- and 1-mm. Representative SEM micrographs of trabecular bone (b) exposed to GE+CO-coated or Dg-GE+CO-coated MSNs.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Concentration of each Dg-GE+CO-coated antibiotic-loaded MSNs in each treat-
ment. MX: moxifloxacin. RI: rifampicin.

Dg-GE+CO-coated Dg-GE+CO-coated

Treatment ~ MX-loaded MSNs (ug/mL) Rl-loaded MSNs (pg/mL)
1 125

2 125 62.5

3 31.25

GE+CO-coated MX-loaded MSNs plus Dg-GE+CO-coated Rl-loaded
MSNs were chosen against a SAP231 mature biofilm grown on the
trabecular bone (Table 1).

As observed in Fig. 5a, all conditions were able to reduce by
99.7% the bacterial viability of the SAP231 biofilm (p-value=0.005).
Considering these results, the intermediate concentration of Dg-
GE+CO-coated RI-loaded MSNs (62.5 pg/mL) was chosen for the
following experiments.

To further support these numerical results, representative SEM
micrographs from each treatment were taken (Fig. 5b-m). The non-

1

treated SAP231 biofilm showed microcolonies adhered on the tra-
becular bone pieces composed of cocci 0.5 to 0.8 pm in diameter
(Fig. 5b-d). All treated SAP231 biofilms showed similar appearance:
microcolonies with clumps of nanoparticles adhered to their sur-
faces and covered with open polymeric skeins (Fig. 5e-m). At high
magnifications, the damage inflicted by MX and RI was reflected in
the significant structural damage to the wall of the staphylococci
imaged (Fig. 5m).

3.5. Dg-GE+CO-coated antibiotics-loaded MSNs target bone tissue
in vitro and prevent the development of S. aureus biofilm

The targeting ability towards bone of the Dg-GE+CO-coated
MSNs was evaluated through confocal laser-scanning microscope
and SEM. The three-dimensional reconstructions from the confo-
cal laser-scanning microscope demonstrated that only Dg-GE+CO-
coated MSNs were able to attach to the bone surface (Fig. 6a). In
this regard, Dg-GE+CO-coated MSNs adhered irregularly, forming
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Fig. 7. SAP231 quantity per gram of trabecular bone grown on trabecular bone pre-treated with a mixture of Dg-GE+CO-coated MX-loaded MSNs and Dg-GE+CO-coated
RI-loaded MSNs (a). The bars represent the median and the interquartile range. **: p-value<0.01 for Wilcoxon test. Representative SEM micrographs of SAP231 biofilm grown
on trabecular bone pre-treated with a mixture of Dg-GE+CO-coated MX-loaded MSNs and Dg-GE+CO-coated Rl-loaded MSNs (b). The yellow, green, blue, and red bars
represent 200, 20,10, and 3 pm, respectively. Red arrows indicate staphylococcal cells or aggregates. Yellow arrows point out Dg-GE+CO-coated antibiotic-loaded MSNs. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

small clusters of nanoparticles on the surface, ranging from 3 to
15-20 pum (Fig. 6b).

Furthermore, pre-treating the bone with a 1:1 mixture of Dg-
GE+CO-coated MX-loaded MSNs and Dg-GE+CO-coated RI-loaded
MSNs led to almost complete inhibition (99.1-100%) of SAP231
biofilm development on the bone surface (Fig. 7a). These numerical
results were further supported by representative SEM micrographs
taken from each condition (Fig. 7b). The SAP231 biofilm grown on
the non-pre-treated bone showed abundant exopolysaccharide ma-
trix (Fig. 7b, control) and numerous microcolonies adhered on tra-
becular bone pieces composed of cocci 0.5 to 0.8 pm in diameter
(Fig. 7b, red arrows). On other hand, only scarce and isolated cocci
could be observed on the nanoparticle-pre-treated bone (Fig. 7b,
red arrows). As observed above, Dg-GE-+CO-coated MSNs formed
clusters on the bone (Fig. 7b, yellow arrows).

3.6. The nanosystems are biocompatible on bone-related cells

The biocompatibility of Dg-GE+CO-coated antibiotics-loaded
MSNs was evaluated on bone-related cells (Fig. 8). The treat-
ment was found to be non-cytotoxic over time for osteoblasts
and macrophages (Fig. 8a, c), whereas some cytotoxicity over time
could be observed for osteoclasts (Fig. 8b) during the first 72 h
of exposure. Similarly, Dg-GE+CO-coated antibiotic-loaded MSNs
had moderate impact on the cell metabolic activity of osteoclasts
and macrophages (Fig. 8e-f), whereas that of osteoblasts showed a
slight but significant increase of 11% (Fig. 8d).
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3.7. In vivo studies

3.7.1. Dg-GE+CO-coated MSNs target bone tissue in vivo

Having confirmed in vitro that Dg-GE+CO-coated MSNs outper-
formed the non-functionalized MSNs in terms of bone targeting,
only the former was evaluated in vivo to minimize the number of
animals to be employed and comply with the three R’s rule. The
results obtained are shown in Fig. 9. The semiquantitative analysis
clearly showed the presence of the Dg-GE+CO-coated MSNs in the
four portions of the femur 5 min after the intraosseous injection.
Overall, slightly lower but comparable fluorescence intensity was
measured in the four portions of the femur after 24 h (Fig. 9). At
5 min, the highest concentrations of Dg-GE+CO-coated MSNs were
detected in the epiphyses (Fig. 9b, portions 1 and 4), decreasing
after 24 h from the site of injection in the distal epiphysis (Fig. 9b,
portion 4) to the proximal epiphysis (Fig. 9b, portion 1). Interest-
ingly, no differences in concentration of Dg-GE+CO-coated MSNs
were observed between 5 min and 24 h in the distal epiphysis
(Fig. 9b, portion 4).

Overall, the liver and kidneys of the two animals that received
the intraosseous Dg-GE+CO-coated MSNs injection showed no his-
tological alteration, whilst the spleen showed just a mild type of
expansion of red pulp with a depletion of white pulp (Fig. S4a).

3.7.2. Combining both nanosystems reduces the infection in vivo
All rabbits recovered from the surgery. The weight of the
positive control remained unaffected over time (R2=0.05624; p-
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Fig. 8. Cytotoxicity of 125 pg/mL of Dg-GE+CO-coated MX-loaded MSNs plus 62.5 pg/mL of Dg-GE+CO-coated RI-loaded MSNs (red) on MC3T3-E1 osteoblasts (a), RAW264.7
osteoclasts (b), and RAW264.7 macrophages (c). Cell proliferation of MC3T3-E1 osteoblasts (d), RAW264.7 osteoclasts (e), and RAW264.7 macrophages (f) in presence of
125 pg/mL of Dg-GE+CO-coated MX-loaded MSNs plus 62.5 pg/mL of Dg-GE+CO-coated Rl-loaded MSNs. *: p-value<0.05, **: p-value<0.01, ***: p-value<0.001 for Wilcoxon

test.****: p-value<0.0001 for Wilcoxon test.

value=0.2244) (Fig. 10a), whereas that of the treated group in-
creased over time (R%=0.1816; p-value=0.0237) by ca. 70 mg
per day (Fig. 10a). Though some rabbits showed fever (>40 °C)
(Fig. 10b, yellow area), overall temperature remained constant over
time (R2=0.0991, p-value=0.1028 for the positive control group
and R2=0.001365, p-value=0.8519 for the treated group). Regard-
ing the antibacterial effect, the selected dose reduced the concen-
tration of colony-forming units per gram of femur by 91.4% after
just one dose (p-value=0.0364) (Fig. 10c).

The pathological analysis of the kidneys of all animals (treated
and untreated) revealed no histological alteration. Regarding the
spleens, both untreated and treated rabbits showed one type of ex-
pansion of red pulp with depletion of white pulp (Fig. S4). Out of
the untreated animals, 2, 3 and 2 rabbits showed mild, moderate,
and severe expansion of red pulp with depletion of white pulp, re-
spectively. Among the treated rabbits, 1, 4 and 2 animals showed
mild, moderate, and severe expansion of red pulp with depletion
of white pulp, respectively.

The liver of three out of seven untreated rabbits was normal
(Fig. S5a-b), while three of them showed mild portal (Fig. S5c-d),
periportal or lobular inflammatory infiltrates (Fig. S5e-f), and one
of them showed hepatic necrosis with marked sinusoidal conges-
tion. Among the treated rabbits, the liver of one of them was nor-
mal; five out of seven showed mild, periportal and/or lobular in-
flammation of the liver; and only one showed significant presence
of eosinophils in the infiltrates.

The histology of the condyle and the joint of each group is
shown in Fig. S6. The condyle of two animals from both groups
was normal (Fig. S6a-b). Five rabbits from the untreated group
showed mild or moderate bone inflammation (Fig. S6¢-d), and two
showed a bone abscess (Fig. S6e-f). Two rabbits from the treated
group showed mild bone inflammation, one showed a bone ab-
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scess, and one showed an intraarticular abscess. Two animals from
the treated group showed mild inflammation of the cartilage of the
femoral condyle (Fig. S6g-h).

4. Discussion

In this study, we demonstrate the feasibility of using a com-
bination of Dg-GE+CO-coated nanoparticles loaded with either MX
or RI to treat bone infections caused by MRSA, showing no cytotox-
icity on osteoblast and macrophages in vitro, and absence of organ
damage in vivo upon intraosseous administration.

MSNs were synthesized following a modification of the Stober
method, using CTAB as structure directing agent and TEOS as sil-
ica source. Following the synthesis, the surfactant was removed
from the pores using an ethanolic solution of NH4NO3, yielding
MSNs with empty pores ready to be filled with the antibiotics. The
nanoparticles were sequentially modified to finally yield the bone-
targeted, GE4+CO-coated MSNs, as demonstrated by the physico-
chemical characterization (See Supporting Information).

The release experiment carried out for each antibiotic-loaded
nanoparticles was conceived to demonstrate that the coating was
able to minimize and slow down premature release of the drugs
from the mesopores in absence of bacterial enzymes, compared to
the pristine MSNs (Fig. 2). Both plots show a biphasic behaviour:
an initial phase where a high amount of cargo is rapidly released,
and a second one where the release is more sustained. The initial
phase would be related with the drug that is not confined within
the pores, but on the outer section of the pores/on the surface.
These molecules are the first to be released and constitute what
is referred to as “premature drug release”. On the other hand, the
second phase is ascribed to the molecules that are progressively
desorbed from the inner part of the pores. In view of the results,
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Fig. 9. In vivo affinity toward bone of the Dg-GE+CO-coated MSNs. (a) Percentage
of green fluorescence area per image (%GFAPI) at 5 min (red) and 24 h (blue) in the
different portions of the femur (1,2,3,4). The red arrow represents the anatomical
site of injection. (b) Representative images of the different portions of the femur
at different time points after nanoparticle administration. Dark grey and black rep-
resent the bone. Green denotes Dg-GE+CO-coated MSNs labelled with fluorescein
isothiocyanate. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

it was shown that the GE coating could minimize such premature
drug release. Hence, the better part of the drug release would take
place in presence of bacterial enzymes, i.e., localized and restricted
to the infected area. A major implication of these findings is that
those nanoparticles unable to remain attached to the bone upon
the intraosseous administration would keep most of the loaded
drugs confined within the pores, thereby minimizing the presence
of free drug in the organism and reducing potential side effects.
The release of the different antibiotics in absence of stimulus was
further analysed by fitting the data to a modified first-order kinetic
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model. According to Fig. 2a, the § values estimated for the MX-
loaded nanoparticles were 0.23 and 0.68 for pristine and coated
MSNs, respectively. These values would account for the faster re-
lease observed for the MX-loaded pristine MSNs at the beginning
of the experiment. When the RI-loaded nanoparticles were fitted to
the model, any of them was close to 0, which would account for
the slower release observed in both cases, compared to the MX-
loaded pristine nanoparticles. This behaviour would be likely as-
cribed to the different electrostatic interactions of the drugs with
the silica matrix as well as to the hydrophilicity/hydrophobicity na-
ture of each antibiotic.

The rationale behind the selection of GE as coating for the
nanoparticles relied on the enzyme-mediated degradation of this
biocompatible component. In this regard, staphylococci can secrete
3 families of proteases: metalloproteases, cysteine proteases, and
serine proteases [73]. Hence, these proteases would degrade the
GE coating, accelerating the antibiotic delivery from the GE+CO-
coated MSNs on the infected bone, as shown through different ap-
proaches in Fig. 3. Indeed, the cargo release from GE+CO-coated
MSNs in presence of bacteria matched that of pristine MSNs, un-
like it happened in absence of enzymatic stimulus (Fig. 2).

The fact that GE+CO-coated MSNs impaired the biofilm de-
velopment (Fig. 3b) and destabilized the already grown mature
biofilm (Fig. 3¢) have relevant consequences. First, destabilizing the
mature biofilm would trigger the release of planktonic bacteria in
an infected bone, which are more susceptible to antibiotics. On the
other hand, the preventive antibiofilm effect of the nanosystem
would avoid the reinfection of clean areas of the infected bone.
This anti-biofilm effect is consistent with a previous work that de-
scribed the CO ability to destabilize the structure of the S. au-
reus biofilm matrix [29]. Interestingly, our findings demonstrated
that the antibiofilm effect observed at short incubation times was
rather ascribed to the nature of the GE coating. In this regard, S.
aureus is known to produce 12 different proteases: one metallo-
protease (aureolysin), two cysteine proteases (staphopains A and
B), and nine different serine proteases. These serine proteases in-
clude V8 protease, six serine protease-like proteins (A-F), and two
exfoliative toxins (A and B) [73]. In consequence, the destabiliza-
tion of the S. aureus biofilm might stem from the increase of re-
pressor of toxins (Rot) and aureolysin and gene expression (Fig. 3d,
h). The Rot protein is a DNA-binding transcriptional regulator that
directly binds protease gene promoters and inhibits their transcrip-
tion [49], which would explain the reduced levels of some pro-
teases like staphopain A, SplF and V8 protease (Fig. 3e-g). Au-
reolysin, a single-chain metalloprotease that binds one zinc and
three calcium ions [74], has been shown to limit the biofilm for-
mation of both MRSA and methicillin-susceptible S. aureus [75].
Interestingly, though some authors have asserted that Rot protein
inhibit all proteases in general [49], according to our results the
presence of GE in the GE4+CO coating could repress the expression
of other proteases (e.g., staphopain A, SpIF and V8 protease) via
the Rot protein while preferably favouring the expression of aure-
olysin. The regulation of these proteases has relevant implications.
In this regard, it has been recently reported that MSNs can be
functionalized with enzymes to target S. aureus biofilms and dis-
perse them [76]. However, enzymes are labile structures that can
suffer rapid degradation in living tissues, and even the anchoring
method can compromise the enzymatic activity [77]. Nonetheless,
incorporating these easy-to-perform gelatine coating would abro-
gate the need to deal with those issues, while promoting the active
dispersal of the biofilm by the staphylococci themselves.

The route of administration (local injection) stems from a main
characteristic of osteomyelitis, which is the presence of congested
or thrombosed blood vessels [78]. This feature seriously compro-
mises the vascularization of infected bone and makes it impossible
to treat this infection systemically without previous surgery. Be-
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Fig. 10. Rabbit model of osteomyelitis caused by SAP231. (a) Rabbit weight and (b) temperature over time. Untreated (positive control) and treated (treatment) groups
are represented in black and red, respectively. The yellow area represents fever in the rabbits. (c) SAP231 quantity per gram of femur. The bars represent the median and
interquartile range. *: p-value<0.05. Blue arrow indicates the day of treatment in the treated group. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

cause nanoparticles might be rapidly cleared from the site of in-
jection, they were modified with the Dg peptide, a peptide that
shows high affinity toward hydroxyapatite, which is a major com-
ponent of bone [46]. As expected, Dg-Ge+CO-coated MSNs outper-
formed the bone targeting ability of pristine MSNs in the in vitro
model of bone (Fig. 5), reason why the former was selected as best
candidate and was employed for the subsequent experiments.

In light of the resulting MBIC and MBEC, each nanosystem could
be individually applied to the treatment for MRSA biofilm, as rec-
ommended by other authors [79,80]. Nevertheless, it is important
to highlight that RI monotherapy is contraindicated for staphy-
lococcal infections, being always used in combination with other
compounds [81-83]. Hence, to maximize the efficacy of the treat-
ment and comply with the clinical management, it was evaluated
whether there was synergy against SAP231 biofilm between both
nanosystems. In this regard, it was found that both nanosystems
presented at least a cooperative effect for inhibiting the growth of
the SAP231 biofilm, as well as for eradicating it (Fig. 4). In this
sense, using the Rl-loaded nanoparticles combined with the MX-
loaded ones clearly improved the eradication capacity of the lat-
ter, as the required dose of MX-loaded MSNs decreased four times
when the combination was employed.

The antibacterial efficacy of Dg-GE+CO-coated antibiotic-loaded
MSNs was further evaluated using an in vitro model of MRSA
biofilm grown in wound-like medium on bovine trabecular bone
in which all tested conditions removed more than 99% of the bac-
terial load. This experiment allowed to optimize the therapeutic
conditions for the subsequent in vivo experiments (125 pg/mL for
MX-loaded and 62.5 pg/mL for RI-loaded nanosystems). In addition
to showing the infection-preventing capacity, these nanoparticles
proved to prevent the appearance of new infected areas (Fig. 7), in-
dicating again that this treatment would be useful to prevent bac-
terial colonization of intact bone of the infected bone foci.

Osteomyelitis provokes progressive inflammatory tissue de-
struction, which in the end induces marked local bone resorp-
tion and proximal abnormal bone formation in the infected bone.
Excluding bacteria, this process is mainly regulated by three
main types of cells, namely osteoblasts/osteocytes, osteoclast and
macrophages [84], whose cell viability would remained mostly
unaffected in the presence of nanoparticles (Fig. 8b). The cyto-
compatibility of gelatine-coating is well-known [85-89]. On the
other hand, the observed osteoblastic metabolic activity (Fig. 8d-
f) is coherent with previous studies that described the osteoblast-
stimulant effect of the GE [90-93], since collagen can trigger
the recruitment of osteoblasts during bone remodelling [94]. Con-
versely, it has been shown that it might have some negative effects
on the osteoclastic proliferation [95], which is supported by our re-
sults of cytotoxicity over time and metabolic activity. In addition,
the reduced macrophagic metabolic activity could be consequence
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of the antibiotics used. In this sense, CO inhibits cell metabolic ac-
tivity in general [96], MX presents antiproliferative effect on cer-
tain cells [97], and RI is known to induce depression of the im-
mune response and reduction of phagocytic activity [98].

Having identified in vitro the best candidate in terms of
both bone-targeting and antibacterial features, its performance
was evaluated in vivo. First, Dg-GE+CO-coated MSNs were in-
traosseously injected in the femur of the rabbits, showing nanopar-
ticle attachment to the cancellous bone of the bone marrow for
at least 24 h, assuring enough time for the antibiotics to be lo-
cally released. Of note, it was found that the adherence of the
functionalized nanoparticles at 5 min increased with the amount
of cancellous bone in the femur. Conversely, it was observed that
the concentration of nanosystem adhered to the bone at 24 h in-
creased when the distance of the observed femur portion to the
injection site decreased. These findings are consistent with the his-
tological composition of the femur, since the surface associated to
cancellous marrow is higher in the epiphysis than in the diaphysis
[99]. Regarding the elimination of the nanoparticles, these foreign
bodies are normally captured by the reticuloendothelial system,
which is located in some organs such as the spleen, liver, kidney
and lungs [100]. In this regard, the rabbits that received the intra-
venous injection of Dg-GE+CO-coated MSNs showed mild expan-
sion of red pulp with depletion of white pulp type. These patho-
logical findings would confirm that the nanoparticles that were un-
able to remain attached to the bone were cleared by the reticu-
loendothelial system from the spleen. Similar findings were found
by a previous study that reported red pulp expansion and relative
white pulp shrinkage in the spleen of mice treated with a high
dose of MSNs [101].

The Dg-GE+CO-coated antibiotic-loaded MSNs treatment was
able to reduce the S. aureus concentration more than 92% in the
infected rabbit femurs in just 24 h with just one dose, highlight-
ing the antimicrobial efficacy of the bone-targeted nanoparticles
(Fig. 10c). In this regard, should this nanosystem be translated into
the clinic, the patients could benefit from the periodic intraosseous
application of this treatment. This treatment regime would guaran-
tee high and sustained local drug delivery, which would progres-
sively diminish the bacterial load after each dose. In consequence,
this nanosystem could be used as intraosseous treatment of in-
fected bones. It must be considered that the results derived from
the in vivo model are the result of a single dose. However, the po-
tential patients that would receive this treatment could be injected
periodic doses, increasingly reducing the bacterial load after each
of them.

The pathological findings also supported the microbiological
results. The livers of both groups showed mild central perive-
nous inflammation and minimal lobular hepatitis accompanied by
an inflammatory infiltrate, which is indicative of a bacterial in-



JID: ACTBIO

J.J. Aguilera-Correa, M. Gisbert-Garzardn, A. Mediero et al.

fectious process taking place [102]. This pathological finding was
slightly more common in the animals treated with D6-GE+CO-
coated MSNs. The spleen of the untreated rabbits showed mild or
moderate expansion of red pulp with depletion of white pulp type,
which would be ascribed to the splenic detection of the haemoly-
sis caused by S. aureus [103,104]. Again, the infected group that re-
ceived an intravenous injection of D6-GE+CO-coated MSNs showed
animals with moderate or severe expansion of red pulp with de-
pletion of white pulp type. This may be consequence of: (1) the
splenic recruitment of the injected nanoparticles unable to attach
to the bone, and (2) the uptake of remains of the bacterial lysis
or dead S. aureus bacteria detached from the treated biofilm, since
the liver and spleen are the two organs able to filter bacteria from
blood [111].

5. Conclusions

In this work, we have engineered bone-targeted MSNs against
MRSA osteomyelitis. Two sets of nanoparticles have been prepared,
each of them carrying a clinically relevant antibiotic. To prevent
premature drug release, the nanoparticles have been functionalized
with a biocompatible coating containing enzymatically degradable
gelatine and CO, an antibiotic with biofilm-disaggregating features.
The nanosystem demonstrated high affinity toward bone tissue
thanks to the bone targeting hexapeptide and marked synergistic
antibacterial effect thanks to the combined used of MX and RI. The
combined treatment could reduce and locally prevent in vitro the
infection developed on a trabecular bone and showed pronounced
antibacterial efficacy in vivo against a MRSA-provoked osteomyeli-
tis. Furthermore, Dg-GE+CO-coated antibiotics-loaded MSNs were
shown to be highly biocompatible, with only moderate cyto-
toxic and antiproliferative effect on osteoclasts. Considering these
results, combining these bone-targeted antibacterial nanocarriers
could help to overcome the pitfalls of current treatments for bone
infections caused by methicillin-resistant staphylococci, as well as
to minimize the increasing global concern of antimicrobial resis-
tance.
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