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a b s t r a c t 

Osteomyelitis is an inflammatory process of bone and bone marrow that may even lead to patient death. 

Even though this disease is mainly caused by Gram-positive organisms, the proportion of bone infections 

caused by Gram-negative bacteria, such as Escherichia coli , has significantly increased in recent years. In 

this work, mesoporous silica nanoparticles have been employed as platform to engineer a nanomedicine 

able to eradicate E. coli - related bone infections. For that purpose, the nanoparticles have been loaded 

with moxifloxacin and further functionalized with Arabic gum and colistin (AG + CO-coated MX-loaded 

MSNs). The nanosystem demonstrated high affinity toward E. coli biofilm matrix, thanks to AG coating, 

and marked antibacterial effect because of the bactericidal effect of moxifloxacin and the disaggregating 

effect of colistin. AG + CO-coated MX-loaded MSNs were able to eradicate the infection developed on a 

trabecular bone in vitro and showed pronounced antibacterial efficacy in vivo against an osteomyelitis 

provoked by E. coli . Furthermore, AG + CO-coated MX-loaded MSNs were shown to be essentially non- 

cytotoxic with only slight effect on cell proliferation and mild hepatotoxicity, which might be attributed 

to the nature of both antibiotics. In view of these results, these nanoparticles may be considered as a 

promising treatment for bone infections caused by enterobacteria, such as E. coli , and introduce a general 

strategy against bone infections based on the implementation of antibiotics with different but comple- 

mentary activity into a single nanocarrier. 

Statement of significance 

In this work, we propose a methodology to address E.coli bone infections by using moxifloxacin-loaded 

mesoporous silica nanoparticles coated with Arabic gum containing colistin (AG + CO-coated MX-loaded 

MSNs). The in vitro evaluation of this nanosystem demonstrated high affinity toward E. coli biofilm matrix 

thanks to the Arabic gum coating, a disaggregating and antibacterial effect of colistin, and a remarkable 

antibiofilm action because of the bactericidal ability of moxifloxacin and colistin. This anti- E. coli capacity 

Abbreviations: AG, arabic gum; AG + CO, arabic gum containing colistin; APTES, 3-(aminopropyl)triethoxysilane; BHI, brain-heart infusion; CAMHB, cation adjusted Müller- 

Hinton broth; CFU, colony-forming unit; CO-FITC, colistin labeled with fluorescein isothiocyanate; CO, colistin; CTAB, cetyltrimethylammonium bromide; Cyp3A, cytochrome 

P450 3A4; DLS, dynamic Light Scattering; DMSO, dimethyl sulfoxide; FTIR, Fourier transformed Infrared; GFP, green fluorescent protein; HBSS, Hanks’ balanced saline solution; 

Hs, hepatocytes; IL-6, interleukine 6; KCs, Kupffer cells; MBC, minimum bactericidal concentration; MBEC, minimum biofilm eradication concentration; MBIC, minimum 

biofilm inhibitory concentration; MIC, minimum inhibitory concentration; MSNs, mesoporous silica nanoparticles; MX, RhB moxifloxacin; NPCs, non-parenchymal cells; PBS, 

phosphate buffer saline; PI, propidium iodide; RANKL, receptor activator for nuclear factor κ B Ligand; RhB, Rhodamine B isothiocyanate; SEM, scanning electron microscopy; 

TEOS, tetraethyl orthosilicate; TGA, thermogravimetric Analysis; TNF- α, tumour necrosis factor α; TVX, trovafloxacin. 
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. Introduction 

Osteomyelitis is an inflammatory process of bone and bone 

arrow caused by at least one microorganism, which causes lo- 

al bone destruction, necrosis, and apposition of new bone and can 

ompromise bone or joint infection [1] . Despite its incidence is al- 

ost 22 cases per 10 0,0 0 0 person-years [2] , the implications of

his disease are beyond these numbers, including mortality [ 3 ]. 

Although osteomyelitis can be virtually caused by any microor- 

anism, bone infections are mainly caused by Gram-positive bac- 

eria, such as Staphylococcus aureus , which is responsible for up to 

0% of the cases of pyogenic osteomyelitis [1] . However, the pro- 

ortion of bone infections caused by Gram-negative bacteria has 

ignificantly increased over the last few years [ 4 , 5 ]. Among them,

nterobacteria, like Escherichia coli , have attracted much attention 

wing to their ability to reach antibiotic multi-resistance [ 6 , 7 ]. Be-

ides, the bacterial pathogeny of this infection involves the biofilm 

evelopment, which is a growth form increases the resistance to 

ultiple adverse situations, including phagocytosis by phagocytic 

ells from immune systems, as well as antibiotics [8] . For this rea- 

on, the most frequent treatments for osteomyelitis include intra- 

enous antibiotic administration together with surgical removal of 

ortions of infected or dead bone [ 9 , 10 ]. 

In the last few decades, the application of nanotechnology to 

edicine, so-called nanomedicine, has attracted much attention 

nd it is expected to revolutionize the biotechnological and phar- 

aceutical industries shortly. In this regard, nanoparticles acting 

s drug delivery vehicles account for 75% of the market share 

f approved nanomedicines [11] . Among the different types of 

anocarriers, mesoporous silica nanoparticles (MSNs) are consid- 

red as promising candidates for drug delivery owing to features, 

uch as large surface areas ( ca . 1,0 0 0 m 

2 /g) and pore volumes
cheme 1. Mesoporous silica nanoparticles (green) loaded with moxifloxacin (yel- 

ow) (a) and coated with Arabic gum (purple) plus colistin (blue). 
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SNs was brought out in an in vivo rabbit model of osteomyelitis where

dicate more than 90% of the bacterial load within the infected bone. 
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 ca . 1 cm 

3 /g), tunable pore size and morphologies, ease of sur- 

ace modification, and biocompatibility [12–15] . As a result, MSNs 

ave been widely applied to treat several diseases, including com- 

lex bone diseases, such as osteoporosis, bone cancer and bone in- 

ection [16] . Regarding the latter, the suitability of loading MSNs 

ith low-molecular-weight antibiotics for eliminating E. coli bone 

nfections has been reported [17–19] . Aside from treating bone in- 

ections, endowing the nanoparticles with ability to recognize in- 

ection is of major importance. In this regard, some authors have 

eported the use of antibodies, aptamers, dendrimers, or proteins, 

mong others, to target bone infection [20] . 

In this work, we have employed MSNs to engineer a drug de- 

ivery nanovehicle for the potential treatment of bone infections 

aused by E. coli ( Scheme 1 ). Because of the potential translation of 

his nanomaterial, two clinically relevant antibiotics, moxifloxacin 

MX) and colistin (CO), were selected as payloads. MX is a fourth- 

eneration fluoroquinolone antibacterial agent with a broad spec- 

rum of activity, encompassing Gram-negative and Gram-positive 

acteria [21] , that has been used in monotherapy in bone-related 

nfection [22–24] . CO is a polymyxin agent (polymyxin E) that has 

roven to be effective against Gram-negative infections [25] , and 

as selected because of its anti- E. coli ability vouched by previous 

n vitro and in vivo studies of prosthetic joint infection [26] . Given 

he pivotal role of biofilm formation during this type of infection, 

e aimed to endow MSNs with selectivity for the E. coli biofilm 

odel to enhance the efficacy of the treatment. For that purpose, 

he surface of nanoparticles was modified with Arabic gum (AG), 

 branched-chain, complex polysaccharide composed of 1,3-linked 

eta-D-galactopyranosyl monomers connected to the main chain 

hrough 1,6-linkages [27] , whose degradation by secreted bacterial 

nzymes was observed to improve the retention of MSNs on the 

iofilm. Furthermore, it was observed that the use of the AG coat- 

ng improved the adsorption of CO on the surface of MSNs. Finally, 

he bactericidal effect of this biocompatible nanocarrier was exten- 

ively analysed in vitro and in vivo , showing promising results. To 

he best of our knowledge, this is the first time that MSNs are 

ngineered to carry low molecular weight and a high molecular 

eight antibiotic at the same time, instead of just one antibiotic, 

hile achieving significant targeting capacity for E. coli biofilm and 

ubstantial efficacy in vivo . 

. Materials and methods 

.1. Synthesis of MCM-41 mesoporous silica nanoparticles 

The following compounds were purchased from Sigma- 

ldrich (USA): Tetraethyl orthosilicate (TEOS); Ammonium nitrate; 

etyltrimethylammonium bromide (CTAB); Rhodamine B isothio- 

yanate (RhB); 3-(Aminopropyl) triethoxysilane (APTES). 

Mesoporous silica nanoparticles were synthesized through a 

odification of the Stöber method [28] . For that purpose, H 2 O 

480 mL), NaOH (2 M, 3.5 mL) and CTAB (2.74 mmol, 1 g), were 

ixed in a 1-L flask and heated to 80 °C. Then, TEOS (22.39 mmol, 

 mL) was added dropwise (0.33 mL/min) over 15 min and the 

hole mixture was then stirred at 80 °C for 2 h. After that, the 

anoparticles were collected by centrifugation and washed twice 

ith water and once with ethanol. The organic template was re- 

oved by ionic exchange, using a solution of NH NO (10 mg/mL) 
4 3 
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n ethanol (95%). For that purpose, nanoparticles were dispersed in 

50 mL of such solution, refluxed for 3 h and subsequently cen- 

rifuged and washed with water and ethanol. The whole process 

as repeated two times, and the final surfactant-free nanoparticles 

ere stored in absolute ethanol. 

The biological experiments were performed using Rhodamine 

-labeled MSNs. For this end, RhB (0.002 mmol, 1.07 mg) was re- 

cted with APTES (0.009 mmol, 2.2 μL) in 40 μL of ethanol for 

 h. Then, this mixture was gently mixed with TEOS (22.39 mmol, 

 mL) and the synthesis of MSNs was carried out as described 

bove. 

The nanoparticles were characterized in terms of Fourier Trans- 

ormed Infrared (FTIR) spectroscopy, Thermogravimetric Analysis 

TGA), Dynamic Light Scattering (DLS), Zeta potential, and N 2 ad- 

orption analysis. FTIR spectra were collected in a Nicolet Nexus 

Thermo Fisher Scientific) equipped with a Goldengate attenuated 

otal reflectance device, averaging 64 scans in the range 4,0 0 0–

00 cm 

−1 (resolution 1 cm 

−1 ). TGA measurements were carried 

ut in a Perkin Elmer Pyris Diamond TG/DTA analyser, applying 

 °C/min heating ramps from rt to 600 °C. DLS and Zeta potential 

easurements were performed in a Zetasizer Nano ZS (Malvern In- 

truments) equipped with a 633 nm laser. Samples were dispersed 

n distilled water with sonication and placed in a DTS1070 dispos- 

ble folded capillary cell (Malvern instruments) for data acquisi- 

ion. N 2 adsorption analysis (adsorption and desorption isotherms) 

ere obtained in a Micromeritics ASAP 2020. Samples were de- 

assed under vacuum for 24 h and analyzed at 77 K. Pore size was

stimated from the maximum of the pore size distribution plot. 

.2. Arabic gum coating of nanoparticles and antibiotic release from 

oated nanoparticles 

Arabic gum coating was performed by adapting a methodol- 

gy previously described [29] . The use of Arabic gum is based on 

he enterobacterial ability to degrade and use it as carbon source 

 30 , 31 ]. MSNs were initially functionalized with AG before the an-

ibiotics incorporation to find out the conditions that provided sig- 

ificant AG deposition onto the surface. Briefly, Arabic gum (10%, 

/v) was prepared by dissolving 4 g of Arabic gum from acacia 

ree powder (Sigma Aldrich, USA) in 20 mL distilled water. The so- 

ution was stirred with low heat (40–45 °C) for 60 min using a 

ot plate magnetic stirrer and was left to cool down to room tem- 

erature. Then, 1 mL of Arabic gum 10% was deposited in a 4 mL 

lass recipient under vigorous agitation at room temperature and 

ixed with 1 mL of water with 12 mg/mL of MSNs for 10 min.

hen, the nanoparticles were centrifuged and washed twice with 

istilled water, leading to AG-coated MSNs. 

For the synthesis of Arabic gum plus colistin-coated MSNs, 

0 mg of colistin sodium methanesulfonate (Sigma Aldrich, USA) 

ere mixed with 1 mL of Arabic gum 10% and the coating was 

arried out as described above to yield AG + CO-coated MSNs. 

The coated nanoparticles were characterized in terms of Fourier 

ransformed Infrared (FTIR) spectroscopy, Thermogravimetric Anal- 

sis (TGA), Transmission Electron Microscopy (TEM), Dynamic Light 

cattering (DLS) and Zeta potential. TEM images were taken on a 

EOL JEM 1400. Samples were dispersed in distilled water under 

onication and then few drops were deposited onto carbon-coated 

opper grids. 

.3. Antibiotic loading into the nanoparticle and antibiotic release 

One millilitre of a 5 mg/mL solution of moxifloxacin (Sigma 

ldrich, USA) (MX) in HEPES buffer [32] (Lonza, Switzerland) was 

dded to 12 mg of MSNs. These MSNs were loaded at 500 rpm and

 °C for 24 h [33] . After loading, MSNs were washed two times

ith HEPES buffer (MX-loaded MSNs). 
220 
To determine the moxifloxacin release from loaded MSNs, 

2 mg of MSNs were suspended in 1 mL of phosphate buffer 

aline (PBS) (pH = 7.4) (Lonza, Switzerland). This suspension was 

laced with another millilitre of PBS into the lower chamber from 

 Transwell® 6-well plate (Corning, USA). Then, the upper cham- 

er of the Transwell® 6-well plate was placed and 1 mL of PBS 

as added. This buffer was selected because is one of the most 

sed buffer for antibiotic release [34–38] . The final concentration 

f nanoparticles was 4 mg/mL per well ( n = 4). The plate was in-

ubated at 37 °C and 5% CO 2 . Periodically, 300 μL of each upper

hamber from well were sampled and replaced by 300 μL of new 

BS. These 300 μL were used to determine moxifloxacin concen- 

ration by measuring the fluorescence using an excitation wave- 

ength of 294 nm and an emission wavelength of 503 nm [39] , and

 calibration curve made with a concentration range from 125 to 

.122 μg/mL. This experiment was performed four times. 

To determine the colistin release from Arabic gum plus colistin 

oated MSNs, 12 mg of MSNs were coated with 50 mg of colistin 

n presence or absence of 1 mL of Arabic gum 20%. Colistin pre- 

iously labeled with fluorescein isothiocianate (CO-FITC) to mon- 

tor the release. For that reason, 50 mg of colistin and 0.1 mg 

f FITC were dissolved in DMSO and stirred overnight at RT. The 

ixture was then precipitated in cold ether/acetone (90:10), cen- 

rifuged and washed with ethanol until no FITC was observed in 

he supernatant. CO-FITC MSNs were suspended in 1 mL of phos- 

hate buffer saline (PBS) (Lonza, Switzerland) to evaluate the re- 

ease kinetics. This millilitre was placed with another millilitre of 

BS into the lower chamber from a Transwell® 6-well plate (Corn- 

ng, USA). Then, the upper chamber of the Transwell® 6-well plate 

as placed and 1 mL of PBS was added. The final concentration of 

anoparticles was 4 mg/mL per well ( n = 3). The plate was incu- 

ated at 37 °C and 5% CO 2 . Regularly, 300 μL of each upper cham-

er from well were sampled and replaced by 300 μL of new PBS. 

hese 300 μL were used to determine colistin-FITC concentration 

y measuring the fluorescence using an excitation wavelength of 

90 nm and an emission wavelength of 525 nm, and a calibration 

urve made with a concentration range from 500 to 0.244 μg/mL. 

.4. Microbiological studies 

E. coli ATCC 25922-GFP strain was used in all microbiologi- 

al studies. This strain can produce a green fluorescent protein 

GFP). The strain was kept frozen at –80 °C until experiments were 

erformed. According to the recommendations of the commercial 

ouse, this strain was grown in tryptic soy broth (BioMérieux, 

rance) supplemented with 100 μg/mL of ampicillin (Merck, USA) 

t 37 °C in 5% CO 2 . The purity of its axenic culture was corrobo-

ated every day by inoculating each broth on a blood tryptic-soy 

gar (BioMérieux, France). 

.4.1. Bacteria-nanoparticle interaction 

The E. coli -nanoparticle interaction was evaluated by using four 

ifferent experiments, (1) use of Arabic gum coating as a carbon 

ource by E. coli , (2) E. coli biofilm-nanoparticles interaction, (3) 

actericidal ability of Arabic gum plus colistin coating against E. 

oli and, (4) E. coli effect on the release of drugs loaded in the 

anoparticles. 

To evaluate the use of Arabic gum coating as a carbon source 

y E. coli , 500 μL of PBS with 10 mg/mL (1% p/v) of each type

f nanoparticle (MSNs and AG-coated MSNs) were deposited in a 

ell from a 24-well plate. Then, 10 μL of a bacterial suspension 

ith 3.18 × 10 6 CFU/mL were added. PBS supplemented with 1% 

f Arabic gum was used as positive control. Then, the plate was 

ncubated statically at 37 °C and 5% CO 2 for 24 h. After incubation, 

00 μL of each well were placed in a 96-well flat-bottom plate 
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Thermo Fisher Scientific, USA) and their fluorescence was mea- 

ured using an excitation wavelength of 488 nm and an emission 

avelength of 510 nm. This experiment was performed by dupli- 

ate and four times ( n = 8 per condition). 

To describe the E. coli effect on the release of drugs loaded in 

G-coated MSNs, 12 mg of MSNs were loaded with 500 μL of pro- 

idium iodide (PI) in water (500 μg/mL) (Sigma Aldrich, USA) at 

50 rpm and 5 °C for 24 h. After loading, these nanoparticles were 

insed one time with 1 mL of distilled water. After this, 12 mg 

f each PI-loaded MSNs were suspended in 1 mL of brain-heart 

nfusion (BHI) (BD, USA) to determine the PI release from AG- 

oated PI-loaded and noncoated PI-loaded MSNs. This suspension 

as mixed 1:1 with another suspension (10 8 CFU/mL of bacteria in 

HI) into the lower chamber from a Transwell® 6-well plate. Then, 

he upper chamber of the Transwell® 6-well plate was inserted 

nd 1 mL of BHI was added. The final concentration of nanoparti- 

les was 4 mg/mL per well. The plate was incubated at 37 °C and

% CO 2 . Periodically, 300 μL of each upper chamber from well were 

ampled and replaced by 300 μL of sterile BHI. These 300 μL were 

sed to determine the PI concentration by measuring the fluores- 

ence using an excitation wavelength of 493 nm and an emission 

avelength of 636 nm, and a calibration curve made with a con- 

entration range from 250 to 0.122 μg/mL. The bacterial concentra- 

ion was estimated by using a well from a 6-well plate with the 

ame bacterial concentration but without MSNs. This experiment 

as performed by triplicate. 

To study E. coli biofilm-nanoparticles interaction, 100 μL of 

aline 0.9% NaCl (B. Braun, Germany) with 3.23 × 10 8 CFU/mL 

ere placed in each well of a 96-well flat-bottom plate and incu- 

ated statically at 37 °C and 5% CO 2 for 1.5 h. The supernatant was

hen removed, and each well was rinsed two times with 150 μL 

f saline. Then, 200 μL of wound-like medium were added to each 

ell, and the plate was incubated statically at 37 °C and 5% CO 2 

or 48 h. Wound-like medium is composed by 5 mL of Bolton broth 

Sigma Aldrich, USA), 4.5 mL of bovine adult serum (Sigma Aldrich, 

SA), and 0.5 mL of laked horse blood (Oxoid, USA) [ 40 , 41 ]. The

se of wound-like medium had no other purpose but mimicking in 

itro the nutritional conditions that a bacterium causing bone in- 

ection could find in vivo . After incubation, the supernatant was re- 

oved, and each well was rinsed two times with 200 μL of saline. 

hen, 150 μL of saline with 2 mg/mL of each type of MSN (MSN, 

G-coated MSN, and AG + CO-coated MSNs) were added to the cor- 

esponding wells and incubated at 100 rpm, 37 °C, and 5% CO 2 for 

0 min and 3 h. After that, each well was rinsed again with 200 μL

f saline and stained with 1% of safranin, according to a previ- 

usly reported methodology [42] . The experiment was performed 

y triplicate ( n = 24 per condition). 

To demonstrate the bactericidal ability of Arabic gum plus col- 

stin coating against E. coli , 500 μL of saline with 1 × 10 8 CFU/mL

lus 500 μL of saline with 4 mg/mL of each type of nanoparticle 

MSNs, AG-coated MSNs, and AG + CO-coated MSNs) were placed in 

 2 mL tube (final concentration of 2 mg/mL). This concentration 

f bacteria was chosen to bring to light the antibacterial effect of 

SNs without needing the bacterial growth. Each tube was agi- 

ated at 1.400 rpm and 37 °C for 30 min. After this, 150 μL of each

ube were mixed with 150 μL of tryptic-soy broth supplemented 

ith 20% alamarBlue (BIO-RAD, USA) [43] in a well from a 96-well 

at-bottom plate, and were incubated at 100 rpm and 37 °C for 

 h. The fluorescence from each well was then measured using an 

xcitation wavelength of 560 nm and an emission wavelength of 

90 nm. This experiment was performed four times ( n = 4 per 

ondition). To support visually the numerical results, the previous 

xperiment was analysed using transmission electron microscopy 

TEM). The protocol for TEM has been described previously [44] . 

emithin sections (0.6 μm) for light microscopy and thin sections 

60 nm) for TEM of resin-included bacteria were cut using a Le- 
221 
ca Ultracut ultramicrotome UC7 (Leica). Sections were collected on 

00 mesh nickel grids and examined using a Jeol JEM 1400 trans- 

ission electron microscope (Jeol Ltd, Tokyo, Japan). 

.4.2. Minimal inhibitory concentration and minimal bactericidal 

oncentration 

Minimum inhibitory concentrations (MIC) were determined us- 

ng the previously described broth microdilution method [45] with 

ne modification. The MIC is the minimum concentration required 

o inhibit the bacterial visible growth. The main modification con- 

isted of supplementing all the broth used with 100 μg/mL of 

mpicillin. In brief, a series of nanoparticle concentrations starting 

rom 2,0 0 0 to 1.953 μg/mL with a two-fold dilution were added to 

ation adjusted Müller-Hinton broth (Sigma Aldrich, USA) (CAMHB) 

o a final volume of 100 μL per well. One hundred microlitres of 

acterial suspension in CAMHB containing approximately 1.6 × 10 6 

olony-forming units per millilitre (CFU/mL) was added to a Costar 

6-well round-bottom polypropylene plate (Corning Inc., USA) fol- 

owed by static incubation at 37 °C and 5% CO 2 for at least 20 h.

fter incubation, MIC was determined measuring fluorescence us- 

ng an excitation wavelength of 488 nm and an emission wave- 

ength of 510 nm. Minimum bactericidal concentration (MBC) were 

etermined using the flash microbiocide method previously de- 

cribed [ 46 ] . The MBC is defined as the minimum concentration 

equired to kill a certain bacterial concentration. Briefly, 10 μL of 

ach well were mixed after 24 h incubation with 190 μL of tryp- 

ic soy broth in a new 96-well plate, which was further incubated 

tatically at 37 °C and 5% CO 2 for 24 h. After incubation, MBC 

as determined by measuring the fluorescence, using an excitation 

avelength of 488 nm and an emission wavelength of 510 nm. The 

xperiments were performed by triplicate. 

.4.3. Minimal biofilm inhibitory concentration and minimal biofilm 

radication concentration 

Minimal biofilm inhibitory concentrations (MBIC) and mini- 

al biofilm eradication concentrations were determined using the 

ethodology previously described [47] . The MBIC is the minimum 

oncentration required to inhibit the visible growth of a bacterial 

iofilm. For MBIC, biofilm formation on pegs from the Calgary de- 

ice was induced by inoculating 200 μL of tryptic-soy broth con- 

aining 10 6 CFU/mL of bacteria per well in a 96-well flat-bottom 

late (Thermo Fisher Scientific, Massachusetts, United States). The 

id (Thermo Fisher Scientific) of the Calgary device was then placed 

nd the plate was incubated in turmoil at 37 °C and 5% CO 2 for

4 h. After incubation, the pegs from the lid were rinsed two times 

n wells containing 200 μL of saline. Afterwards, the lid was placed 

n a plate with different MSN concentrations starting from 2,0 0 0 to 

.953 μg/mL with a two-fold dilution were added to CAMHB to a 

nal volume of 200 μL per well and was incubated by static incu- 

ation at 37 °C and 5% CO 2 for at least 20 h. After incubation, MBIC

as determined by measuring the fluorescence, using an excitation 

avelength of 488 nm and an emission wavelength of 510 nm. The 

BEC is the minimum concentration required to kill a bacterial 

iofilm. For MBEC, the lid from the MBIC was rinsed two times in 

 plate with wells containing 200 μL of saline 0.9% NaCl, placed in 

 plate with 200 μL of tryptic-soy broth, and incubated statically at 

7 °C and 5% CO 2 for 24 h. After incubation, MBEC was determined 

y measuring the fluorescence, using an excitation wavelength of 

88 nm and an emission wavelength of 510 nm. The experiments 

ere performed by triplicate. 

.4.4. Anti-biofilm efficacy of AG + CO-coated MX-loaded MSNs 

A four-mL flat-bottom sterile tube with 25 mg of bovine tra- 

ecular bone (Bio-Oss Spongiosa from 0.25 to 1 mm; Inibsa, Spain) 

as rinsed with 1 mL of saline. Then, 500 μL of saline with 

.15 × 10 8 CFU/mL were added to each tube and were incubated 
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tatically at 37 °C and 5% CO 2 for 1.5 h. The supernatant was then

emoved, and each tube was rinsed two times with 1 mL of saline. 

fterward, 1 mL of wound-like medium were placed into each 

ube, which were further incubated statically at 37 °C and 5% CO 2 

or 48 h. The wound-like medium is a biofilm model that resem- 

les the type of biofilm that is usually found in clinical practice 

48] . The rationale for using this medium relies on its composi- 

ion. Among others, this wound-like medium contains erythrocytes 

nd serum, which are components that the nanoparticles would 

ave to deal with in an infection in a human body. Hence, the pur- 

ose of using bovine trabecular bone and wound-like medium was 

o mimic in vitro in a very realistic way the conditions where a 

acterium causing osteomyelitis would grow in vivo . After biofilm 

ormation, each tube was rinsed two times with 1 mL saline and 

reated in presence or absence of 1 mL of two effective concen- 

rations of nanoparticles, which were further incubated statically 

t 37 °C and 5% CO 2 for 24 h. Such concentrations, 31.25 and 

2.5 μg/mL, were estimated according to the MBEC obtained, and 

onsidering previous studies that stablish 4 × MIC as a good ther- 

peutic approach [ 32 , 49 ]. After incubation, each tube was rinsed 

wo times with 1 mL of saline and all trabecular bone from each 

ube were transferred to a 5 mL round-bottom tube containing 1 

L of saline. All tubes were sonicated at room temperature for 

 min [50] . Then, the number of bacteria was determined as CFU 

er gram of bone by using the drop plate method [51] in Mac- 

onkey agar plates (BioMérieux, France). The plates were incubated 

t 37 °C and 5% CO 2 at least 24 h. The experiment was performed

ve times. 

To support visually the numerical results, the previous experi- 

ent was analysed using laser confocal microscopy and scanning 

lectron microscopy (SEM). For laser confocal microscopy, the ex- 

eriment was performed in a 4 × 2 glass-bottom plate (ibidi, Ger- 

any) where the tubes were replaced by wells, and all the above- 

entioned volumes were replaced by 300 μL of each medium. Af- 

er 24 h, each well was directly analysed in a Leica DM IRB confo- 

al laser-scanning microscope (Leica, Germany) without removing 

he supernatant. For SEM study, the same samples were fixed with 

.5% glutaraldehyde in 0.1 M sodium cacodylate buffer at pH7 at 

 °C for 90 min. Samples were then dehydrated with increasing 

oncentrations of ethanol (30, 50, 70, 90, and 100%) at 22 °C for 

0 min. Micrographs were obtained using a field emission gun JEOL 

SM6400 scanning electron microscope (Jeol Ltd, Tokyo, Japan). 

.5. Cell studies 

MC3T3-E1 cells were inoculated in a concentration of 

0,0 0 0 cells/cm 

2 on 96-well plates with α-minimum essen- 

ial medium with 10% foetal bovine serum and 1% penicillin- 

treptomycin ( αMEM, Invitrogen, Thermo Fisher Scientific). 

AW264.7 cells were seeded in a concentration of 50 0 0 cells/cm 

2 

n 96-well plates with α-minimum essential medium with 10% 

oetal bovine serum and 1% penicillin-streptomycin ( αMEM, In- 

itrogen, Thermo Fisher Scientific Inc. USA). After cell adherence, 

C3T3-E1 cells medium was replaced by αMEM with 50 mg/mL 

scorbic acid (Sigma-Aldrich, USA), 10 mM ß-glycerol-2-phosphate 

Sigma-Aldrich, USA), and part of the RAW264.7 cells was in- 

ubated in the presence of 50 ng/mL of Receptor Activator for 

uclear Factor κ B Ligand (RANKL) (R&D Systems, Bio-Techne, 

adrid, Spain) to promote osteoclast differentiation. All types of 

ells (MC3T3-E1, RAW264.7 and RAW264.7 osteoclast precursors) 

ells were treated with 31.25 and 62.5 μg/mL of AG + CO-coated 

X-loaded MSNs (n = 8 per concentration). Non-treated cells in- 

ubated only with growth medium were considered as control 

 n = 8). All growth media were refreshed every 48 h. These 

SNs concentrations were chosen based on the microbiological 

usceptibility results. Cytotoxicity was tested by CytoTox 96®
222 
onRadioactive Cytotoxicity Assay (Promega, USA) after 48 h of 

ncubation, according to previously published methodology [52] . 

ell proliferation was determined by addition of alamarBlue®

olution (BIO-RAD, USA) at 10% (v/v) to the cell culture at 14 and 

1 days of culture for MC3T3-E1 [53] cells or 4 days for RAW cells 

 54 , 55 ]. The 14-days and 21-days incubations of MC3T3-E1 allow 

o emulate how the cell proliferation of this type of cells would 

e affected upon incubation with the nanosystem as it would 

heoretically take place in vivo . Data were represented as relative 

roliferation of each treatment compared to the control, which 

as considered as 100% of cell proliferation. 

.6. Hepatotoxicity model 

Seven 7-week-old male RjHan:SD - Sprague Dawley rats (Jan- 

ier Labs, Le Genest-Saint-Isle, France) were used for primary hep- 

tocytes and Kupffer cells (KCs) isolation as previously described 

 56 , 57 ]. First, the liver was perfused in situ with 200 mL of Hanks’

alanced saline solution (HBSS) without Ca 2 + and Mg 2 + (Thermo 

isher Scientific) at 10 ml/min and 37 °C without recirculation. 

he organ was then excised and inserted into a sterile plastic 

ag where ex situ perfusion was continued with 60 mL of 0.2% 

ronase (Merck, New Jersey, United States) in HBSS accompanied 

y 225 mL of 0.01% collagenase (Boehringer-Mannheim, Ingelheim, 

ermany) in HBSS under the same conditions. The liver was then 

eparated from the perfusion device, the capsule was taken off and 

he tissue was divided into very small pieces. Tissue was dissoci- 

ted in a mixture containing 0.03% pronase and 0.01% DNAse in 

00 mL of HBSS and was incubated at 37 °C with constant shak- 

ng for 30 min. Subsequently, a 125 μm nylon mesh filter was 

sed to filter the liver homogenate removing the undigested tis- 

ue. The obtained cell suspension was centrifuged at 70 × g at 4 °C 

or 4 min. Mature hepatocytes (H) were found in the pellet while 

on-parenchymal cells (NPCs) were detected in the supernatant. 

he centrifugations were repeated two more times, and all the su- 

ernatants were collected for KCs isolation. To purify the hepato- 

yte population, the pellets were treated with a Percoll density- 

radient centrifugation (GE Healthcare, Marlborough, MA). For KCs 

solation, supernatants were treated with 100 mL of HBSS supple- 

ented with 100 μg/mL DNAse and 1% BSA, achieving their disso- 

iation by gently shaking for 5 minutes. The cell suspension was 

hen filtered using a 297 μm nylon mesh filter and centrifuged at 

00 × g for 6 min at 4 °C. To separate the KCs from other NPCs

ells, the suspension was subjected to an Optiprep density gradient 

Sigma-Aldrich, Missouri, United States) and centrifuged at 1400 g 

or 17 min at 4 °C, thus isolating the KCs. 

These cell co-cultures were seeded at a 2:1 ratio (H: KC) on 48- 

ell Type-I collagen-coated plates. First, 375,0 0 0 hepatocyte cells 

ere plated into each well and allowed to adhere for approxi- 

ately 1h at 37 °C / 5% CO 2 with gentle shaking every 20 min.

he medium was changed after hepatocytes attachment to remove 

nbound cells. Then, 187,500 KCs from the same donor-matched 

ere added to each well and again the KCs were allowed to ad- 

ere for 1 h, with manual gentle shaking every 20 min. After- 

ard, the medium of the wells was changed for maintenance and 

ater use. The cells were incubated with two different concentra- 

ions of AG + CO-coated MX-loaded MSNs (32.25 and 62.5 μg/mL) 

or 1 h. Cells incubated with 50 μM of trovaflaxacin (TVX) (Sigma 

ldrich, Missouri, United States) plus 1 μg/mL lipopolysaccharide 

LPS) (Sigma Aldrich, Missouri, United States) were used as posi- 

ive control. The supernatant of each condition was then collected 

nd stored at -80 °C until the time of analysis. The levels of each 

ytokine were measured using rat TNF- α and IL-6 ELISA kits ac- 

ording to the manufacturer’s recommendations (Life Technologies, 

hermo Fisher Scientific, Massachustts, United States) and quanti- 

ed using a Synergy TM HTX Multi-Mode Microplate Reader (Biotek, 
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Fig. 1. Surgical model. Skin and muscles were sectioned until the lateral epicondyle was reached ( Fig. 1 a and b). A hole 3.2 mm in diameter was drilled and cylindrical Ti- 

6Al-4V implant infected with E. coli ATCC25922GFP was placed ( Fig. 1 c). The infected implant was placed in the bone marrow; the hole was closed with bone wax ( Fig. 1 d). 

The wound was closed with a continuous cross suture ( Fig. 1 e). The correct location of the implant was corroborated through dorsoventral ( Fig. 1 f) and lateral ( Fig. 1 g) 

fluoroscopy of each animal. The white bars represent approximately 2 cm. 

Fig. 2. AG + CO-coated MX-loaded MSNs intraosseous treatment. Under general anaesthesia, the femur of each rabbit from the treated group was drilled with a with a 1.5 cm 

needle (a). The vacuum was made on the needle using drops of sterile serum (b). Finally, 4 mL of 62.5 μg/mL of AG + CO-coated MX-loaded MSNs were injected. 
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ermont, USA). CYP3A activity was measured directly in cells in 

ach well by using the P450-Glo TM CYP3A4 assay with Luciferin- 

PA (Promega, Wisconsin, United States) according to the indica- 

ions for cultured cells, and using a luciferin standard curve (Lu- 

iferin Beetle, Promega). Samples were analyzed using a Synergy TM 

TX Multi-Mode Microplate Reader. 

.7. In vivo model 

This study was approved by the Instituto de Investigación San- 

taria of Fundación Jiménez Díaz (IIS-FJD) Animal Care and Use 

ommittee, which includes ad hoc members for ethical issues. An- 

mal care and maintenance complied with institutional guidelines 

s defined in national and international laws and policies (Spanish 

oyal Decree 53/2013, authorization reference PROEX109.7/21 July 

8, 2021, by the Ministry of the Environment, Local Administration 

nd Territorial Planning of the Community of Madrid and, Direc- 

ive 2010/63/EU of the European Parliament and of the Council of 

eptember 22, 2010). 

Specific pathogen free New Zealand white male rabbits (Granja 

an Bernardo, Navarra, Spain) of between 2.5 and 3 Kg of weight 

ere used. All animals were housed in individual cages in an 

ir-conditioned room at 22 ± 2 °C and light-darkness cycles of 

2:12 h. 
223 
.7.1. Evaluation of systemic administration 

Three rabbits were treated under general anaesthesia with an 

ntravenous injection through the marginal vein of the left ear of 

2.5 μg of AG + CO-coated MX-loaded MSNs per millilitre of rabbit 

lood, considering that each animal possesses 66.33 mL of blood 

er kilogram [58] . Two days after the intravenous treatment, each 

nimal was euthanized under general anaesthesia by intracardiac 

verdose of sodium thiobarbital. The rabbit spleen, liver and a kid- 

ey were recovered through sterile preparation, surgical field isola- 

ion. All organs were fixed, paraffin-infiltrated, and haematoxylin- 

osin stained. 

.7.2. Osteomyelitis model 

The E. coli ATCC25923-GFP strain was employed for this in vivo 

odel. Each animal was placed in the supine position under gen- 

ral anaesthesia, its right hind leg was immobilised and isolated 

n a sterile field. Skin and muscles were sectioned until the lat- 

ral epicondyle was reached ( Fig. 1 a and b). A hole 3.2 mm in

iameter and 1 cm deep was drilled. A 5 mm-long and 3 mm- 

iameter cylindrical Ti-6Al-4V implant infected with E. coli was 

laced ( Fig. 1 c). Each implant was incubated with 2 mL of a 3 Mc-

arland suspension of E. coli in saline ( ≈2.58 × 10 8 colony-forming 

nits per millilitre) in a well from a 12-well plate for 2 h at 37 °C
nd 5% CO for implant infection. After incubation, each implant 
2 
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as washed with 2 mL of saline (B. Braun, Germany). After lodging 

he infected implant in the bone marrow, the hole was closed with 

thicon bone wax (Johnson & Johnson, United States) ( Fig. 1 d). The 

ntire area was disinfected with 6-volume hydrogen peroxide. The 

ound was closed with a continuous cross suture using a 3/0 Pro- 

ene suture (Johnson & Johnson, United States) ( Fig. 1 e). The cor- 

ect location of the implant was corroborated through dorsoven- 

ral ( Fig. 1 f) and lateral ( Fig. 1 g) fluoroscopy of each animal. The

ehavior, temperature and weight of each animal were monitored 

very 24 h throughout the experimental procedure. 

The infected animals were randomly assigned to two groups, 

amely control group ( n = 3) and AG + CO-coated MX-loaded MSNs 

reated group ( n = 3). The sample size was estimated by Wilcoxon 

ann-Whitney test and an a-priori type of power analysis consid- 

ring d = 4.00, α = 0.05, (1- β) = 0.95, allocation ratio = 1 by

sing G 

∗Power 3.1.9.7 software [59] . The d parameter assumes that 

G + CO-coated MX-loaded MSNs treatment can reduce the bacte- 

ial concentration by at least 99% per gram of bone when com- 

ared to the uncoated implant group. The statistical power of the 

ample was 0.983. 

Three days after the surgery, each animal was anaesthetized 

nd treated with a 4 mL intraosseous injection of 62.5 μg/mL of 

G + CO-coated MX-loaded MSNs by using a 1.5 cm needle and Ar- 

ow® EZ-IO® Intraosseous Vascular Access System (Teleplex, Ire- 

and) ( Fig. 2 ). The control group received no treatment. Two days 

fter the intraosseous treatment, all animals were euthanized un- 

er general anesthesia by intracardiac overdose of sodium thiobar- 

ital. The rabbit femur, liver and a kidney were recovered through 

terile preparation. 
s

ig. 3. Physico-chemical characterization of the different nanoparticles. (a) Thermogravim

G + CO-coated MSNs, (d) MX release experiment from MSNs (black), AG-coated MSNs (gre

SNs (black) and AG + CO-coated MSNs (red) (For interpretation of the references to color

224 
For microbiological studies, each femur with the implant was 

mashed with a hammer. This smash was immersed in sterile 

aline and sonicated using an Ultrasons-H 30 0 0840 low-power 

ath sonicator (J. P. Selecta, Barcelona, Spain) at 22 °C for 5 min 

50] . The resulting sonicate was diluted in a 10-fold dilution bank 

nd seeded on blood-chocolate agar (Biomérieux, Marcy-l’Étoile, 

rance) using the spread plate method [ 60 , 61 ]. The concentration 

f bacteria was estimated as CFU/g of bone and adnexa. The liver 

nd one kidney of each animal were intended for pathological 

tudies. Histological sections were fixed, paraffin-infiltrated, and 

ematoxylin-eosin stained. 

.8. Statistical analysis 

Statistical analyses were performed using Stata Statistical Soft- 

are, Release 11 (StataCorp 2009). Data were evaluated using a 

ne-sided Wilcoxon nonparametric test to compare two groups. 

tatistical significance was set at p -values ≤ 0.05. All results are 

epresented as median and interquartile range. 

. Results 

.1. Nanoparticles characterization 

.1.1. Synthesis and functionalization of mesoporous silica 

anoparticles 

The successful coating with AG and CO was confirmed through 

ifferent characterization techniques ( Figs. 3 and S2). TGA ( Fig. 3 a) 

howed a difference in a weight loss of 8% and 14% for AG-coated 
etric analysis, (b) FTIR spectroscopy, (c) TEM image of phosphotungstic acid-stained 

en) and AG + CO-coated MSNs (red), (e) CO-FITC release experiment from CO-coated 

 in this figure legend, the reader is referred to the web version of this article). 
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SNs and AG + CO-coated MSNs, respectively, compared to pristine 

SNs. Hence, it could be concluded that the amount of CO ad- 

orbed onto the surface was ca . 6%. The presence of AG and CO 

as further confirmed through FTIR spectroscopy ( Fig. 3 b). In this 

egard, the appearance of a deep vibration band at ca. 3400 cm 

−1 

 νOH ) as well as a subtle one at ca. 3,0 0 0 cm 

−1 ( νCH ) in the

G-coated MSNs spectrum were ascribed to the presence of AG. 

his was in agreement with the vibration bands observed for 

G alone (Fig. S3). Finally, the presence of vibrations bands at 

650 and 1,540 cm 

−1 that were ascribed to the amide bonds of 

O undoubtedly confirmed its successful adsorption onto the sur- 

ace. Besides, AG + CO-coated MSNs were stained with phospho- 

ungstic acid and observed under the TEM, where the blurry sur- 

ace was indicative of organic matter deposition ( Fig. 3 c). Zeta po- 

ential measurements on AG + CO-coated MSNs yielded a value of 

21.6 mV, which was less negative than what observed for MSNs (- 
ig. 4. E. coli -AG-coated MSNs interaction. (a) Use of AG-coated MSNs by E. coli as a ca

purple) in presence of E. coli that is actively replicating (green). (c) E. coli biofilm- AG-co

uorescence intensity. ∗: p -value < 0.05, ∗∗∗∗: p -value < 0.0 0 01 for Wilcoxon test (For int

he web version of this article). 

225 
4.8 mV), in agreement with the presence of free amino groups 

hroughout the structure of CO. Finally, the colloidal stability of 

ifferent nanoparticles was analysed through DLS measurements, 

ielding a size distribution centred at 190 nm (Fig. S2). In this 

ense, the stability of nanoparticles remained unaffected by differ- 

nt functionalizations, highlighting their suitability for biomedical 

pplications. 

.1.2. Antibiotic release from MSNs 

MX release from the different nanomaterials was evaluated in 

ial. As shown in Fig. 3 d, modifying the surface with a macro- 

olecule with affinity for the biofilm, AG, and a high molecular 

eight antibiotic, CO, led to release kinetics similar to that ob- 

erved for MSNs. The different release data shown in Fig. 3 d were 

tted to a first-order kinetic model with an empirical nonideality 
rbon source. (b) Propidium iodide release from MSNs (red) and AG-coated-MSNs 

ated MSNs interaction. (d) E. coli planktonic cells-AG-coated MSNs interaction. FI: 

erpretation of the references to color in this figure legend, the reader is referred to 
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Fig. 5. TEM images of E. coli planktonic cells faced to MSNs (a and b), AG-coated 

MSNs (c and d), and AG + CO-coated MSNs (e and f). C: cytoplasm. OM: outer mem- 

brane. ROM: ruptured outer membrane. V: vacuole. 
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actor ( δ) ( Eq. (1 )) [ 62 , 63 ]: 

 = A 

(
1 − e −kt 

)δ
(1) 

Where Y is the percentage of MX released at time t, A the max- 

mum amount of MX released (in percentage), and k , the release 

ate constant. The obtained values are summarized in Fig. 3 d. 

On the other hand, the release profile of CO-FITC + AG-coated 

SNs ( Fig. 3 e) demonstrated that the AG coating enhanced the 

mount of CO loaded onto the surface, which could be beneficial 

or the biological studies, as it would reduce the need to use high 

oses of this nanomedicine. 

.2. Microbiological studies 

.2.1. Bacteria-nanoparticle interaction 

AG-coated MSNs were incubated with E. coli to evaluate 

hether the polymeric coating could be effectively degraded into 

ts monomers by such enzymes and be employed as a carbon 

ource by the bacteria. As shown in Fig. 4 a, E. coli concentration 

howed more than two-fold increase in the presence of AG-coated 

SNs compared to pristine MSNs ( p -value < 0.0 0 01). The enzy-

atic degradation of AG was further confirmed through a release 

xperiment. For that purpose, MSNs and AG-coated MSNs were 

laced with bacteria to evaluate whether the enzyme-mediated 

egradation of AG affected the release profile ( Fig. 4 b). In con- 

rast to Fig. 1 d, the PI release was almost equal from MSNs and

G-coated MSNs in presence of E. coli . The different nanoparticles 

ere then faced to an E. coli mature biofilm and left to interact for 

0 min. As observed in Fig. 4 c, the highest retention values were 

bserved for both AG- and AG + CO-coated MSNs, showing the lat- 

er slightly more accumulation ( p < 0.0307). However, the analy- 

is of the interaction at 3 h demonstrated that AG-coated MSNs 

aintained its high retention capability, whereas that of AG + CO- 

oated MSNs significantly decreased, equalling the results obtained 

or pristine MSNs. 

AG + CO-coated MSNs significantly reduced the E. coli viabil- 

ty ( p -value = 0.0143) compared to AG-coated MSNs and pristine 

SNs (by 42% and 41%, respectively) ( Fig. 4 d). These results were 

onfirmed by using TEM ( Fig. 5 ), which allowed to inspect visually 

he physical changes induced by the drug-loaded nanoparticles on 

he bacteria. Bacteria faced to pristine MSNs and AG-coated MSNs 

howed a normal appearance, with an intact outer membrane and 

acterial wall intimately linked to the cytoplasm ( Fig. 5 a–d). In 

ome cases, AG-coated MSNs were intimately in contact with the 

uter membrane of some bacteria ( Fig. 5 d). The interaction be- 

ween E. coli and AG + CO-coated MSNs gave rise to the presence 

f vacuoles inside the bacteria ( Fig. 5 e and f) resulting from the

etachment of the cytoplasmic membrane from the cell wall right 

here the bacterium had interacted with an AG + CO-coated MSN, 

hich was unequivocally ascribed to bacterial death ( Fig. 5 f). 

.2.2. Minimal inhibitory concentration (MIC), minimal bactericidal 

oncentration (MBC), minimal biofilm inhibitory concentration 

MBIC), and minimal biofilm eradication concentration (MBEC) 

The antibacterial effect of the nanoparticles was evaluated by 

tudying the MIC and MBC. For that purpose, different nanopar- 

icles were faced against planktonic E. coli at different concentra- 

ions. The MIC and MBC of MX against E. coli were found to be

 0.0625 μg/mL for both. The MIC and MBC of CO against E. coli

ere found to be 2 μg/mL for both. The MIC and MBC of MX- 

oaded MSNs against E. coli were found to be < 1.953 μg/mL for 

oth. The MIC and MBC of CO-coated MSNs against E. coli were 

ound to be 15.625 μg/mL for both. Finally, the MIC and MBC of 

G + CO-coated MX-loaded MSNs against E. coli were found to be 

.953 and 3.906 μg/mL, respectively. 
226 
The antibiofilm effect of nanoparticles was evaluated by study- 

ng the MBIC and MBEC. For that, different nanoparticles were 

aced against an E. coli biofilm at different concentrations. The 

BIC and MBEC of MX against E. coli was found to be < 0.0625 

nd 1 μg/mL, respectively. The MBIC and MBEC of CO against E. 

oli were found to be 64 and 128 μg/mL, respectively. The MBIC 

nd MBEC of MX-loaded MSNs against E. coli were found to be 

.953 and 15.625 μg/mL, respectively. The MBIC and MBEC of 

G + CO-coated MSNs against E. coli were found to be 2,0 0 0 and

 2,0 0 0 μg/mL, respectively. Finally, the MBIC and MBEC of AG + CO-

oated MX-loaded MSNs against E. coli were found to be 1.953 and 

.813 μg/mL , respectively. 

Bearing in mind the above-described results, and an in vitro 

odel of infected bone was developed for the subsequent prepara- 

ion of in vivo experiment. For that purpose, two concentrations of 

G + CO-coated MX-loaded MSNs, 31.25 (4 × MBEC) and 62.5 μg/mL 

8 × MBEC), were chosen to be used against E. coli . Both con- 

entrations of AG + CO-coated MX-loaded MSNs were able to de- 

rease more than 99.9% the viability of biofilm grown on the tra- 

ecular bone compared to non-treated biofilm ( p -value < 0.01) 

 Fig. 6 a). Furthermore, the 62.5 μg/mL concentration significantly 

educed 98.9% more bacteria than 31.25 μg/mL concentration ( p - 

alue = 0.0238). To support these numerical results, represen- 

ative images from each treatment were taken ( Fig. 6 b–i). Non- 

reated E. coli biofilm showed many different small viable aggre- 
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Fig. 6. Bacterial quantity per gram of trabecular bone after 24 h treatment with each AG + CO-coated MX-coated MSNs (a). Representative confocal images from the different 

conditions: (b and c) positive control, (d, e and f) 31.25 μg/mL, and (g, h and i) 62.5 μg/mL of AG + CO-coated MX-coated MSNs. Green represents the E. coli viable bacteria, 

red represent the AG + CO-coated MX-coated MSNs, and grey represent the trabecular bone surface. ∗: p -value < 0.05, ∗∗: p -value < 0.01 for Wilcoxon test. Blue, pink and 

white bars represent 250, 25, and 7.5 μm, respectively (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 

article). 
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ates of bacteria or microcolonies mainly adhered on the bone sur- 

ace ( Fig. 6 b and c), an aspect that is reminiscent of the micro-

copic appearance of certain biofilms isolated from clinical sam- 

les [64] . When E. coli biofilm was exposed to 31.25 μg/mL, the 

umber of aggregates was slightly lower ( Fig. 6 d–f). In this case, 

G + CO-coated MX-loaded MSNs adhered on microcolonies. This 

SNs attachment would be responsible for the absence of viable 

acteria (absence of green fluorescence) in the periphery of mi- 

rocolonies ( Fig. 6 d–f). The best results were obtained when the 

. coli biofilm was treated with 62.5 μg/mL of AG + CO-coated MX- 

oaded MSNs ( Fig. 6 g and h). As shown in Fig. 4 g, the quantity of
227 
iable bacteria into the microcolonies adhered on the bone surface 

as extremely scarce. Likewise, AG + CO-coated MX-loaded MSNs 

dhered on those few aggregates, but the viable bacteria inside 

f them were fewer than those in the microcolonies treated with 

1.25 μg/mL ( Fig. 6 h and i). At microscopic level ( Fig. 7 ), untreated

. coli biofilm grown on bone showed bacterial clusters adhered 

n bone and was embedded in exopolymeric substances ( Fig. 7 a–

), in opposition to the E. coli cells observed on the bone sur- 

ace treated with 32.5 and 61.25 μg/mL ( Fig. 7 d–f) which were 

ound in the form of aggregates, mainly 32.5 μg/mL, or simply 

s individualized cells completely covered by the nanoparticles 
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Fig. 7. SEM images of E. coli biofilm grown on trabecular bone after 24 h treatment with each AG + CO-coated MX-coated MSNs: (a, b andc) positive control, (d, e andf) 

31.25 μg/mL, and (g, h, and i) 62.5 μg/mL of AG + CO-coated MX-coated MSNs. 

Fig. 8. Cytotoxicity of AG + CO-coated MX-coated MSNs concentration on MC3T3-E1 osteoblasts (a), RAW264.7 osteoclasts (b), and RAW264.7 macrophages (c). ∗∗: p - 

value < 0.01, ∗∗∗∗: p -value < 0.0 0 01 for Wilcoxon test. 
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nd displaying important membrane damages, mainly 61.25 μg/mL 

 Fig. 7 g-i). 

.3. Cell studies 

The biocompatibility of AG + CO-coated MX-loaded MSNs was 

valuated on bone-related cells ( Fig. 8 ). AG + CO-coated MX-loaded 

ere found to be non-cytotoxic for osteoclasts, and only re- 
228 
uced cytotoxicity was observed at the highest concentration 

62.5 μg/mL) for osteoblasts and macrophages. Moreover, AG + CO- 

oated MX-loaded MSNs had an impact on the cell proliferation 

f osteoblast and macrophages ( Fig. 9 a, c), since these cells de- 

reased their proliferation in presence of nanoparticles. Interest- 

ngly, osteoblast showed a dose-dependent effect on proliferation 

t 14 days, but these cells showed better proliferation in presence 

f 62.5 μg/mL than 31.25 μg/mL at 21 days ( Fig. 9 a). 
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Fig. 9. Cell proliferation of MC3T3-E1 osteoblasts (a), RAW264.7 osteoclasts (b), and RAW264.7 macrophages (c) in presence of each AG + CO-coated MX-loaded MSNs con- 

centration. ∗: p -value < 0.05, ∗∗: p -value < 0.01, ∗∗∗: p -value < 0.001 for Wilcoxon test. 
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.4. Hepatotoxicity model 

The results derived from the hepatotoxicity model are shown 

n Fig. 10 . Tumor necrosis factor- α (TNF- α) increased proportion- 

lly with the concentration of AG + CO-loaded MX-loaded MSNs 

 Fig. 10 a), whereas interleukin-6 (IL-6) showed opposite behav- 

or ( Fig. 10 b). In addition, cytochrome P450 metabolic capac- 

ty (CYP3A) decreased proportionally with the concentration of 

anoparticles ( Fig. 10 c). 

n vivo studies 

.4.1. Evaluation of systemic administration 

The three livers showed a preserved hepatic parenchyma archi- 

ecture with absence of hepatocyte lesion. In one of the animals, 

ild intraepithelial lymphocytosis in the ducts and presence of 

hronic central perivenular inflammatory aggregates were identi- 

ed. In the remaining two, mild signs of ductulitis were observed, 

ith signs of lymphocytosis in bile ducts ( Fig. 11 a and b). The

hree kidneys showed a renal parenchyma with normal morphol- 

gy and appearance without glomerular or tubular lesions, and 

bsence of inflammation or necrosis ( Fig. 11 c and d). The three 

pleens showed a splenic pulp without relevant microscopic alter- 

tions ( Fig. 11 e and f). 

.4.2. Osteomyelitis model 

AG + CO-coated MX-loaded MSNs completely eradicated E. coli 

nfection in two out of the three treated femurs and reduced up 

o 99.4% in the remaining femur, compared to the control group 

 Fig. 12 ). 

The three livers of control (untreated) group showed liver 

arenchyma with mild-moderate central perivenous portal inflam- 

ation and minimal lobular hepatitis ( Fig. 13 a and b). The in- 

ammatory infiltrate consisted of lymphocytes, plasma cells and 

osinophils ( Fig. 13 c). The livers of AG + CO-coated MX-loaded 

SNs-treated group showed liver parenchyma with preserved cy- 

oarchitecture without hepatocyte lesions ( Fig. 13 d). Minimal foci 

f ductulitis with signs of lymphocytes in bile ducts were observed 

n all three treated animals ( Fig. 13 e and f). Focal signs of cholesta-

is were detected in one of the treated rabbits. All the kidneys 

rom both control group and AG + CO-coated MX-loaded MSNs- 

reated showed renal parenchyma of normal morphology and ap- 

earance without glomerular or tubular lesions, and absence of in- 

ammation or necrosis. 
229 
. Discussion 

In this study, we demonstrate the feasibility of using AG + CO- 

oated MX-loaded nanoparticles to treat bone infections caused 

y E. coli , showing no cytotoxicity on osteoblast, osteoclast and 

acrophages in vitro , and absence of organ damage in vivo upon 

ntraosseous administration. 

Given the bacterial origin of this kind of infection, two clini- 

ally relevant antibiotics, MX and CO, were selected as cargos. Be- 

ause of its low molecular weight (401 g/mol), MX would be easily 

oaded within the mesoporous of nanoparticles, as previously re- 

orted [ 65 , 66 ]. Conversely, CO would be likely adsorbed onto the 

urface of nanoparticles, as previously stated for other polymixins 

nd MSNs [ 32 , 67 , 68 ]. 

The MX release was monitored and fitted to a first-order kinetic 

odel ( Fig. 1 d). In this model, the values for δ are comprised be-

ween 0, for materials that release the drug at the very beginning 

f the experiment, and 1, for materials that follow the first-order 

inetics. According to Fig. 1 d, the δ values estimated for the dif- 

erent nanoparticles were closer to 0, in agreement with the pro- 

ounced burst effect observed during the initial hour. This kinet- 

cs has also been observed for other antibiotics loaded in meso- 

orous silica-based nanoparticles [69] . Also, δMSNs was compara- 

ively lower than those of coated samples, which would account 

or the slight differences observed among them during release 

xperiments. Considering these results, the AG + CO-coated MSNs 

ould be able to release large amounts of MX in a short time, 

hereby achieving high local concentration of antibiotics nearby 

acteria from a low quantity of nanoparticles, which might re- 

uce the potential side effects associated with other administration 

outes. 

Even though CO might have been simply adsorbed on the sur- 

ace of particles and directly used against bacteria, our results in- 

icate that incorporating CO along with the AG coating was bene- 

cial to enhance the final amount of this antibiotic on nanopar- 

icles ( Fig. 1 e). We hypothesize that the reason behind this re- 

ult would be that AG can act as a polymeric mesh that would 

avour the retention of CO on nanoparticles during the washing 

teps, resulting in a significantly higher final amount of antibiotic 

oaded. Hence, although the synergetic effect of the use of polimix- 

ns plus another antibiotic has been previously reported [32] , this 

ork demonstrates that the use of Arabic gum improves the ad- 

orption capacity of nanoparticles, potentially diminishing the final 

anoparticle dose that would be required during the treatment if 

O alone was to be used. 
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Fig. 10. Tumor necrosis factor α (TNF- α) (a), interleukin 6 (IL-6) (b), and cytochrome 3A metabolic capacity (c) from the rat hepatocyte-Kupffer cells co-cultive. ∗: p - 

value < 0.05, ∗∗: p -value < 0.01 for Wilcoxon test. 

230 
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Fig. 11. Histological liver (a, b), kidney (c,d) and spleen (e, f) images with hematoxylin-eosin stain from a rabbit that received systemically one AG + CO-coated MX-loaded 

MSNs dose. Black, green, and red bars represent 20 0, 10 0, and 50 μm, respectively (For interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article). 

Fig. 12. Quantity of E. coli in bone and adnexa. ∗p -value < 0.05 for Wilcoxon test. 
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231 
AG, a branched-chain, complex polysaccharide composed of 1,3- 

inked β-D-galactopyranosyl monomers connected to the main 

hain through 1,6-linkages [27] , can be degraded by the enzymatic 

attery of enterobacteria [70–72] . In this sense, our results ( Fig. 2 a)

onfirmed that AG coating can be degraded by E. coli enzymes 

nto galactopyranose monomers that are used as a carbon source 

 30 , 31 ]. This finding points out that AG lacks antibacterial capac- 

ty per se , unlike other gums such as Iranian gum do [73] . That

nzymatic degradation of AG was further confirmed through a PI 

elease experiment ( Fig. 2 b), in which almost equal amount of PI 

as released from MSNs and AG-coated MSNs in presence of E. 

oli , demonstrating that E. coli metabolically active cells can de- 

rade the AG coating while the bacterium grows. The interaction 

etween E. coli mature biofilm and different nanoparticles ( Fig. 2 c) 

rought out that AG-coated MSNs showed a higher accumulation 

hat non-coated ones at short time (30 min). Interestingly, AG + CO- 

oated MSNs showed a slight but significantly higher accumulation 

han AG-coated MSNs. However, setting the incubation period at 
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Fig. 13. Histological liver images with hematoxylin-eosin stain of untreated rabbit (a–c) and AG + CO MX-loaded MSNs-treated rabbit (d–f). Black and red bars represent 

100 μm, and 50 μm, respectively (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 

3

l

m

t

t

h

l

e

r

w

e

l

l

s

t  

c

b

t

g

m

a

i

c

t

m

v

t

t

u

t

m

b

d

e

r

M

c

t

c

[

M

a

i  

c

a

E

o

p

d

c

s

m  

D

c

p

A

s

w

e

8

m

t

t

q

t

i

d

d

m

o

d

n

c

t

t

e

t

c

s

s

t

t

c

v

6

u

t

u

m

a

 h revealed that AG-coated MSNs maintained its high accumu- 

ation capability to biofilm, whereas that of AG + CO-coated MSNs 

atched that of pristine MSNs. Thus, our results would indicate 

hat functionalizing the surface of MSNs with AG increased the 

argeting ability of nanoparticles for E. coli infectious foci. This en- 

anced accumulation might be the result of the biomatrix accumu- 

ation of enzymes [74] able to cleave the polymeric chains of AG, 

.g. β-galactosidase [75] . This enzymatic cleavage would favour the 

etention of nanoparticles to biofilm matrix at very short times and 

ould made the AG coating a specific coating for E. coli and other 

nterobacteria that secrete these enzymes [76] . After this accumu- 

ation, the colistin carried by the AG-coated MSNs would be re- 

eased and exert a destabilising effect on the E. coli biofilm matrix 

tructure [77] . To the best of our knowledge, this is the first study 

hat uses a gum of natural origin as a targeting agent for a spe-

ific bacterial pathogen. Overall, gums of different origin are worth 

eing explored as there are already few examples of their poten- 

ial in nanomedicine. For instance, it has been reported that Guar 

um can be used as targeting agent for colorectal cancer treat- 

ent [78–81] . Similarly, Iranian gum has been shown to present 

ntimicrobial properties per se and has been used for wound heal- 

ng applications [73] . Besides, these gums have been recently in- 

orporated into hydrogels that show unique advantages compared 

o other polymeric materials, and find application as periodontal 

aterials, drug carriers, bone matrices [82–85] , and artificial blood 

essels fabricated by 3D printing [86] . Some of those hydrogels, as 

hose composed of Arabic gum, gelatin plus polyurethane [87] , or 

hose containing N–O–carboxymethyl chitosan [88] have been also 

sed for wound healing applications and wound infection preven- 

ion. 

It is known that CO kills Gram-negative bacteria throughout five 

echanisms: (1) disruption of the bacterial outer and inner mem- 

ranes, (2) vesicle-vesicle contact pathway, (3) hydroxyl radical 

eath pathway, (4) inhibition of respiratory enzymes, and (5) anti- 

ndotoxin colistin activity [89] . Any of these mechanisms would be 

esponsible for the bactericidal effect observed in AG + CO-coated 

SNs at short term (30 min) against the planktonic state of E. 

oli. These results were further supported by TEM study, where 

he presence of vacuoles resulting from the detachment of the 

ytoplasmic membrane from the cell wall and outer membrane 

90] was only detected in the bacteria exposed to AG + CO-coated 

SNs. 

The antibacterial effect of nanoparticles was evaluated by MIC 

nd MBC. According to the results obtained, E. coli ATCC 25922-GFP 

s susceptible to MX ( < 1 μg/mL) [91] and CO ( ≤2 μg/mL) [92] . In

onsequence, the combined use of both antibiotics seems highly 

ppropriate for achieving outstanding therapeutic effect against 
232 
. coli ATCC25922GFP. On the other hand, the antibiofilm effect 

f nanoparticles was evaluated by MBIC and MBEC. For that pur- 

ose, different nanoparticles were faced against an E. coli biofilm at 

ifferent concentrations, resulting the MBIC and MBEC of AG + CO- 

oated MX-loaded MSNs against E. coli 1.953 and 7.813 μg/mL, re- 

pectively. In light of these results, MX would be a possible treat- 

ent for E. coli biofilm, as recommended by other authors [ 93 , 94 ].

espite CO was shown to be ineffective in inhibiting and eradi- 

ating the E. coli biofilm, the actual role of this antibiotic in the 

otential treatment of osteomyelitis will be discussed later. 

Given the promising results, the antibacterial efficacy of 

G + CO-coated MX-loaded MSNs in a more realistic scenario was 

tudied by using an in vitro model of bacterial biofilm grown in 

ound-like medium [ 40 , 41 ] on bovine trabecular bone. The high- 

st concentration of AG + CO-coated MX-loaded MSNs (62.5 μg/mL; 

 × MBEC) was the most effective against E. coli biofilm. The 

ain differences between two concentrations were (1) the bac- 

erial viability and (2) the quantity of microcolonies adhered on 

he bone (Fig. S4). The bacterial viability reduction was a conse- 

uence of the MX released from loaded nanoparticles, as this an- 

ibiotic is a fourth-generation broad-spectrum fluoroquinolone that 

s highly effective against biofilm-related infection [95–97] . In ad- 

ition, this antibiotic is a recent fluoquinolone and has been sel- 

om used in the antibiotic-loaded nanoparticle field, where the 

ain fluoroquinolone used is levofloxacin [98–101] . The reduction 

f the quantity of microcolonies adhered on the bone surface was 

irectly related to the CO contained in AG coating of the surface of 

anoparticles, since this antibiotic has a destabilising effect on E. 

oli biofilm matrix structure and it can lead to the release of plank- 

onic cells, which are more susceptible to antibiotics [77] . Hence, 

he use of AG + CO-coated MX-loaded MSNs showed a cooperative 

ffect between both antibiotics, confirming the suitability of using 

his nanocarrier for the treatment of bone infections caused by E. 

oli . 

Bone infections are linked with progressive inflammatory tis- 

ue destruction and can induce marked local bone resorption at 

ites of infection and proximal abnormal bone formation. Overall, 

hree types of cells are responsible for this process, namely os- 

eoblasts/osteocytes, osteoclasts and macrophages, although others 

an be involved [102] . Nevertheless, the lowest cytotoxicity median 

alue was ranged between 93.5% for 31.25 μg/mL and 94.54% for 

2.5 μg/mL, which can be considered as low for all types of cells 

sed according to previously published studies [103] . The reduc- 

ion of cell proliferation would be a consequence of two antibiotics 

sed, CO and MX, as observed in both osteoblasts (at 14 days) and 

acrophages. CO can inhibit cell proliferation in a dose-dependent 

nd time-dependent manner [104] , whilst MX has shown an an- 
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iproliferative effect on certain cells [105] , as reported previously 

y other authors that used moxifloxacin as cargo in sol-gel-based 

aterials [106] . In this sense, the use of nanoparticles to deliver 

hese antibiotics would imply the administration of lower doses 

nd the decrease of their side effects [107–110] . Hence, our treat- 

ent would entail a transient antiproliferative effect for the sake 

f an effective anti-bacterial benefit in the treatment of bone infec- 

ions. It is noteworthy that osteoblasts exposed to the higher dose 

62.5 μg/mL) showed superior proliferation at 21 days than those 

xposed to the lower dose (31.25 μg/mL). We hypothesize that this 

ehavior might stem from the Arabic gum coating of the MSNs, 

hich might favour the osteoblastic proliferation in the long term. 

his would be in agreement with the finding that gum tragacanth 

an promote the adhesion, proliferation, and osteogenic differenti- 

tion of adipose-derived mesenchymal stem cells [111] . 

MSNs tend to accumulate in the reticuloendothelial system, 

hich consists of cells descending from the monocytes able to 

erform phagocytosis of foreign materials [112] . Up to 90% of the 

eticuloendothelial system is located in the liver [113] . Hepatic 

eticuloendothelial system includes endothelial cells, Kupffer cells 

KCs), fat storing cells and pit cells [114] . KCs have special sur- 

ace structures responsible for the phagocytotic capacity, the so- 

alled fuzzy coat [114] . This phagocytic activity can cause their 

ctivation and the production of a number of cell signaling and 

tress pathway modulators, e.g. reactive oxygen species and cy- 

okines such as TNF- α [57] . This factor promotes the synthesis of 

L-6 both in KC and in endothelial cells and in liver stelae, which 

s a cytokine involved in the proliferation of hepatocyte cells [115] . 

YP3A is an enzyme mainly found in the liver and in the intes- 

ine able to oxidize small foreign organic molecules, such as tox- 

ns or drugs [116] . Due to the role of the liver on systemic ad-

inistration of MSNs, we decided to evaluate the hepatotoxicity of 

ur nanosystem on a hepatocyte-KCs co-culture model. As shown 

n Fig. 10 , AG + CO-coated MX-loaded MSNs provoked a statistically 

ignificant increase of TNF- α concentration and a significant de- 

rease of IL-6 concentration. An increase in TNF- α precedes the on- 

et of hepatic parenchymal cell injury [117] , that, in this scenario, 

ould be reflected on the reduced IL-6 production by KCs and hep- 

tic CYP3A activity. Even though there are up to three Kupffer cell- 

ediated clearance pathways of MSNs (endocytosis, phagocytosis, 

nd micropinocytosis) [118] , AG + CO-coated MX-loaded MSNs up- 

ake by KCs was not observed in hepatocyte-KCs co-culture (data 

ot shown). Thus, the hepatoxicity associated to AG + CO-coated 

X-loaded MSNs observed in our results might be due to the ef- 

ect of the high amount of colistin loaded by AG + CO coating, hep-

totoxicity that has already been described in a patient with Gram- 

egative rod bacteremia treated intramuscularly with colistin [119] . 

his hypothesis derived from the in vitro hepatic model would be 

urther supported by the pathological findings on the livers of the 

abbits that received a single intravenous dose of nanoparticles, 

hich showed mild signs of ductulitis with signs of lymphocytosis 

n bile ducts ( Fig. 11 ). This would point out that these nanoparti-

les could cross the endothelium into the Disse space, from where 

hey could be slowly returned to lymphatic circulation, taken up by 

epatocytes or subsequently involved in a biliary excretion path- 

ay [118] . This transient passage through the liver parenchyma 

ould be favoured by the size of AG + CO-coated MX-loaded MSNs 

 ∼190 nm), which is within the range of the fenestration diameter 

10 0–20 0 nm) of the endothelium of hepatic sinusoid [120] , and 

ould be slow enough to result in local lymphocytosis around the 

ile ducts. This finding would vouch the use of local (specifically 

ntraosseous), rather than systemic, administration of nanoparti- 

les. The rationale behind this benefit can be explained as follows. 

apid bloodstream clearance of nanoparticles after intravenous ad- 

inistration has long been recognized as a major barrier to drug 

elivery [121] . In this sense, it has been recently discovered that 
233 
dministering a dose that surpasses the maximum Kupffer cell up- 

ake rate significantly diminishes the proportion of nanoparticles 

aken up by the reticuloendothelial system [122] . In consequence, 

aintaining a significant dose in the blood would imply the need 

o administer a rather large dose of nanoparticles, which would 

nherently yield higher hepatic damage. Conversely, injecting the 

anoparticles in a localized manner allows to achieve high drug 

oncentration right at the infection site by using a significantly 

ower quantity of nanoparticles. Hence, this approach would di- 

inish the potential organ damage owing to the lower dose in- 

ected. 

As observed in Fig. 12 , AG + CO-coated MX-loaded MSNs treat- 

ent was able to eradicate completely the osteomyelitis provoked 

y E. coli in two out of three rabbit and to reduce the bacterial 

oncentration more than 99% in the remaining animal. The patho- 

ogical findings also supported the microbiological results. The liv- 

rs of control group showed a mild-moderate central perivenous 

ortal inflammation and minimal lobular hepatitis accompanied by 

n inflammatory infiltrate consisting of lymphocytes, plasma cells 

nd eosinophils, a suggestive indicator of an infectious process in 

he rabbits [123] ; the liver of treated rabbits just showed the same 

istological signs derived from the intraosseous administration of 

G + CO-coated MX-loaded MSNs that will inevitably end up reach- 

ng the systemic circulation and being taken up by the liver, except 

hat it will do so later and in lower concentration than if adminis- 

ered intravenously. 

In light of our results, AG + CO-coated MX-loaded MSNs arise as 

 novel strategy for the localized treatment of bone infections, in- 

olving minimal recruitment of the reticuloendothelial organs (e.g. 

iver and kidneys). Indeed, this nanoformulation could be incorpo- 

ated or combined with existing ones, including, antibiotic-loaded 

ollagen sponges [124] , bone cements [125] , or new treatment ap- 

roaches, e.g. hydrogels [ 126 , 127 ], polymers [128] , or microplates 

129] . 

This study is not exempt from limitations. First, despite Gram- 

egative bacteria suppose an increasing threat to bone-associated 

nfections, they still represent a reduced percentage of all these 

nfections. In this regard, the rationale behind our therapeutic 

pproach could be employed for the development of a simi- 

ar nanosystem specifically designed for the treatment of Gram- 

ositive infection related to bone. Second, E. coli stands out among 

he Gram-negative bacteria for their ability to develop antibiotic 

esistance. For that reason, we considered it a reasonable bac- 

erial model to test our nanosystem, although more additional 

ram-negative bacteria relevant to osteomyelitis, e.g., Pseudomonas 

eruginosa , should be further evaluated. Furthermore, moxifloxacin 

as been employed here as an example antibiotic loadable in 

SNs. However, because quinolone resistance is increasing world- 

ide [130] , these nanoparticles might be specifically loaded with 

lternative fluoroquinolones or other antibiotics according to the 

eographic prevalence of antibiotic resistance to ensure good in- 

ection outcome. 

. Conclusion 

In this work, moxifloxacin-loaded mesoporous silica nanoparti- 

les have been successfully functionalized with Arabic gum plus 

olistin (AG + CO-coated MX-loaded MSNs) to be employed in the 

reatment of bone infections cause by E. coli . The nanosystem 

emonstrated high affinity toward E. coli biofilm matrix, thanks to 

G coating, and marked antibacterial effect because of the bac- 

ericidal effect of moxifloxacin and the disaggregating effect of 

olistin. AG + CO-coated MX-loaded MSNs were able to eradicate 

he infection developed on a trabecular bone in vitro and showed 

ronounced antibacterial efficacy in vivo against an osteomyelitis 

rovoked by E. coli . Furthermore, AG + CO-coated MX-loaded MSNs 
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ere shown to be essentially non-cytotoxic with only slight effect 

n cell proliferation and mild hepatotoxicity, which might be at- 

ributed to the nature of both antibiotics. In view of these results, 

hese nanoparticles may be considered as a promising treatment 

or bone infections caused by enterobacteria, such as E. coli , and 

ntroduce a general strategy against bone infections based on the 

mplementation of antibiotics with different but complementary 

ctivity into a single nanocarrier. 
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