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a b s t r a c t 

In this manuscript, we propose a simple and versatile methodology to design nanosystems based on bio- 

compatible and multicomponent mesoporous silica nanoparticles (MSNs) for infection management. This 

strategy relies on the combination of antibiotic molecules and antimicrobial metal ions into the same 

nanosystem, affording a significant improvement of the antibiofilm effect com pared to that of nanosys- 

tems carrying only one of these agents. The multicomponent nanosystem is based on MSNs externally 

functionalized with a polyamine dendrimer (MSN-G3) that favors internalization inside the bacteria and 

allows the complexation of multiactive metal ions (MSN-G3-M 

n + ). Importantly, the selection of both the 

antibiotic and the cation may be done depending on clinical needs. Herein, levofloxacin and Zn 2 + ion, 

chosen owing to both its antimicrobial and osteogenic capability, have been incorporated. This dual bio- 

logical role of Zn 2 + could have and adjuvant effect thought destroying the biofilm in combination with 

the antibiotic as well as aid to the repair and regeneration of lost bone tissue associated to osteolysis dur- 

ing infection process. The versatility of the nanosystem has been demonstrated incorporating Ag + ions in 

a reference nanosystem. In vitro antimicrobial assays in planktonic and biofilm state show a high antimi- 

crobial efficacy due to the combined action of levofloxacin and Zn 2 + , achieving an antimicrobial efficacy 

above 99% compared to the MSNs containing only one of the microbicide agents. In vitro cell cultures 

with MC3T3-E1 preosteoblasts reveal the osteogenic capability of the nanosystem, showing a positive 

effect on osteoblastic differentiation while preserving the cell viability. 

Statement of significance 

A simple and versatile methodology to design biocompatible and multicomponent MSNs based nanosys- 

tems for infection management is proposed. These nanosystems, containing two antimicrobial agents, 

levofloxacin and Zn 2 + , have been synthetized by external functionalization of MSNs with a polycationic 

dendrimer (MSNs-G3), which favours its internalization inside the bacteria and lead the complexation 

with metal ions through the amines of the dendrimer. The nanosystems offer a notable improvement of 

the antibiofilm effect (above 99%) than both components separately as well as osteogenic capability with 

positive effect on the osteoblastic differentiation and preserved cell viability. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The main cause of chronic implant-related infections is the 

iofilm formation [1] . It begins with the bacteria adhesion pref- 
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rentially in the surface of the foreign body material and sub- 

equently colonization, establishing a community of microorgan- 

sms embedded in a self-produced polysaccharide matrix denoted 

s biofilm [2] . These biofilms provide protection against external 

gents like antibiotics and the host’s immune system [3] . In gen- 

ral, the presence of biofilms leads to the progress of multidrug- 

esistant bacteria, reappearance of infection and treatment failure 

 4 , 5 ]. When infection reaches the bone, biofilm provokes, in addi- 

ion, a local inflammatory response resulting in stimulation of os- 
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eoclastogenesis, with local osteolysis and bone loss leading to sep- 

ic loosening of the implant [6] . In general, antibiofilm therapies 

re not fully satisfactory, since they are mainly based on the mas- 

ive systemic administration of antibiotic cocktails, usually ineffec- 

ive and with serious side effects for the patient. During decades, 

he scientific effort s were addressed to design bulk bioactive ma- 

erials, which at the same time as regenerating bone were able to 

liminate the infection by incorporating antibiotics. Although these 

ffer numerous advantages, they lack specificity and adequate re- 

ease control required [7–10] . In the present, research attempts are 

imed at the prevention strategies, especially the modification of 

mplant surfaces [11–14] . However, once bacterial biofilm is estab- 

ished, it is necessary to eradicate it with advanced and effective 

herapies. On the other hand, metal ions such are re-emerging in 

he face of antibiotic ineffectiveness [15] . The antimicrobial effi- 

acy of certain metal ions is very powerful against a wide vari- 

ty of bacteria, without developing any resistance [16] . However, 

he high cytotoxicity greatly limits its wide application in clinical 

edicine [17] . Hence, nanotechnology has emerged as promising 

olution for developing effective antibacterial-based devices due to 

heir abundant surface chemistry and high surface-to-volume ra- 

io, accounting for ease of surface functionalization for immobiliz- 

ng targeting ligands as well as encapsulating different therapeu- 

ic molecules, respectively [ 18 , 19 ]. In this way several nanocarriers 

uch as liposomes, polymeric-nanodevices, and different inor ganic 

anoparticles have been formulated for delivery different antimi- 

robial agents [ 20 , 21 ]. In terms of stability and surface properties,

norganic nanosystems as mesoporous silica nanoparticles (MSNs) 

ave gathered of particular interest owing to their advantageous 

orphological features and attractive physicochemical properties 

22–24] . These nanocarriers exhibit high versatility and biocompat- 

bility, which allows its application in a wide range of pathologies 

ncluded infection treatment [25] . Their mesoporous structure al- 

ows to host several antimicrobial agents of different nature and to 

elease them in a sustained manner over time at local level [26] . 

n addition, their surface allows its easy and tuneable modifica- 

ion obtaining nanosystems with high specificity and stimulus re- 

ponse release [27–29] . Previously, our research group developed 

SNs able to interact with the Gram-negative bacteria membrane 

nd to internalise inside this kind of pathogen [30] . This internal- 

zing capability is provided by the external functionalization of the 

ntibiotic-loaded MSNs with a polycationic dendrimer, concretely 

he poly(propyleneimine) dendrimer of third generation (G3). The 

mprovement in this design is the ability to be internalised, there- 

ore substantially improving the antimicrobial effect of the antibi- 

tic loaded against bacteria either in a planktonic state or forming 

 biofilm. These achievements inspired us the idea of exploring the 

ossibility to provide a solution to the growing problem of multi- 

esistant bacteria. To this aim, we propose the combination of an- 

imicrobial metal ions and antibiotics in a unique MSN nanosystem 

apable of reducing biofilm and preventing the emergence of an- 

imicrobial resistance due to the presence of these metal cations. 

n addition, certain metal ions exhibit dual effect that could have 

n adjuvant effect in the infection management. This is the case of 

n 

2 + , which in addition to produce a powerful antimicrobial effect 

t also promotes osteogenesis, thus obtaining an adjuvant effect in 

epairing the bone area damaged by the osteolysis process. Herein, 

 synthetic procedure of multicomponent antimicrobial nanosys- 

ems is described. The simple and versatile procedure developed 

n this work allows the incorporation of two antimicrobial agents, 

ntibiotics and cations, in the same MSN based nanoplatform de- 

ending on clinical needs. In this case, MSNs have been loaded 

ith LEVO a broad-spectrum antibiotic for general use in bone in- 

ection. 

Likewise, Zn 

2 + cations have been also incorporated due to its 

ntimicrobial effect as well as osteogenic capability [31–34] . To 
571 
emonstrate the versatile capability of such methodology, nanosys- 

ems incorporating Ag + ions have been also prepared as a refer- 

nce due to the well-known antimicrobial power of silver [35] . The 

roposed design affords the preparation of nanosystems with com- 

ined effect of two microbicide agents possessing as well a dual 

ffect in bone cells differentiation. 

. Experimental section 

.1. Reagents 

Fluorescein isothiocyanate (FITC), tetraethylorthosilicate (TEOS), 

etyltrimethylammonium bromide (CTAB), levofloxacin (LEVO, see 

ig. S1), silver nitrate ≥99.8% and zinc nitrate ≥99.8% were 

urchased from Sigma-Aldrich. 3-Aminopropyltriethoxysilane 97% 

APTS) and 3-isocyanatopropyltriethoxysilane 95% were purchased 

rom ABCR GmbH & Co. KG., phosphate-buffered saline (PBS) was 

urchased from GIBCO and the G3-PPI dendrimer [G3(NH 2 ) 16 ] 

rom SyMO-Chem. Deionized water was further purified by pas- 

age through a Milli-Q Advantage A-10 purification system (Milli- 

ore Corporation) to a final resistivity of 18.2 M Ω cm. All other 

hemicals (ammonium nitrate, absolute ethanol, sodium hydroxide, 

tc.) were of the highest quality commercially available and used 

s received. 

The synthesis of the silylated dendrimer G3-Si(OEt) 3 and the 

hemical functionalization of the silica surface to afford MSN-G3 

ere carried out following our previous reported procedure [30] . 

hese compounds were synthesized under an inert atmosphere us- 

ng Schlenk techniques. Dichloromethane was dried by standard 

rocedures over phosphorus (V) oxide and distilled immediately 

rior to use. All manipulations of light sensitive compounds (flu- 

rescein or silver containing materials) were performed with pro- 

ection from light. Synthetized and antibiotic loaded nanosystems 

ere kept refrigerated at 4 °C in dry conditions. 

The analytical methods used to characterize the synthesized 

ompounds were as follows: low-angle powder X-ray diffrac- 

ion (XRD), thermogravimetry and chemical microanalysis, Fourier 

ransformed infrared (FTIR) and UV-visible spectroscopies, trans- 

ission electron microscopy (TEM), energy dispersive X-ray spec- 

roscopy (EDS), electrophoretic mobility measurements to calculate 

he values of zeta-potential ( ζ ), dynamic light scattering (DLS), in- 

uctively coupled plasma atomic emission spectroscopy (ICP-AES), 

onfocal microscopy and flow cytometry. The equipment and con- 

itions used are described in the Supporting Information. 

Reagents for in vitro microbiological and cell assays were as 

ollows: Luria-Bertani broth (LB), Todd Hewitt broth (THB), Tryp- 

ic Soy Agar (TSA), poly-L-lysine, sucrose, Calcofluor White Stain, 

hiazolyl Blue Tetrazolium Bromide (M5655), Trypan Blue (T8154), 

-glycerophosphate (G9422), ascorbic acid (A9290-2), Alizarin Red 

 staining (130-22-3) and cetylpyridinium chloride (C0732) from 

igma-Aldrich); α-MEM medium (22561-021) and fetal bovine 

erum (FBS, 10270-106) from Gibco; Live/Dead Bacterial Viability 

it from Backlight TM , and penicillin/streptomycin (13-0050) from 

ellShield. 

.2. Materials synthesis 

MSN-G3-M 

n + . The same procedure was used for the complexa- 

ion of both cations using 3.5 equivalents of metal nitrate per mol 

f G3. Briefly, 10 mg of MSN-G3 were stirred in 5 mL of water un-

il a homogeneous suspension was obtained. Ultrasound was also 

pplied if needed. Then, 38.5 μL of a 0.1 M M(NO 3 ) n (M 

n + = Ag + or

n 

2 + ) solution was added dropwise and the mixture was kept un- 

er stirring for 15 minutes. Subsequently, the material was recov- 

red via centrifugation, washed with water and EtOH and finally 
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ried. MSN-G3-M 

n + materials were also prepared using 7 and 14 

quivalents of metal nitrate per mol of G3 with the aim of estab- 

ish the maximum amount of metal cation able to be incorporated. 

ollowing the same procedure, the volumes of a 0.1 M M(NO 3 ) n 
olution added were 77 and 154 μL. 

.3. Drug loading 

MSN-L. 50 mg of MSN material were soaked in 10 mL of a 

EVO solution in CH 2 Cl 2 (5 mg/mL) and the suspension was stirred 

t room temperature (RT) for 16 h in dark conditions. Then, the 

ample was filtered, gently washed with CH 2 Cl 2 and dried under 

acuum. Finally, for comparative purposes, the material was sub- 

itted to an aqueous treatment similar to that described for M 

n + 

omplexation but in this case using only water in the absence of 

ations, affording MSN-L sample. 

MSN-G3-L. Taking into account the size of the G3, the an- 

ibiotic loading was performed before the external functionaliza- 

ion of the MSN material with G3-Si(OEt) 3 , which it is performed 

n the same loading media. For that, 250 mg of vacuum dried 

SN (for each sample) were suspended in 25 mL of a LEVO so- 

ution in dry CH 2 Cl 2 (10 mg/mL) and stirred at RT for 16 h in

arkness. To these suspensions a solution of the freshly prepared 

3-Si(OEt) 3 (amounts and conditions as described in our pre- 

iously reported procedure ∗[ 30 ] for the functionalization of 250 

g of MSN with G3) was added and the stirring was main- 

ained for another 16 h at RT in the absence of light. Then, the 

amples were centrifuged, gently washed with CH 2 Cl 2 and dried 

nder vacuum. Finally, for comparison purposes, as above com- 

ented, sample was submitted to a water treatment, affording 

SN-G3-L. 

MSN-G3-L-M 

n + . The same procedure detailed for MSN-G3-M 

n + 

as carried out to generate MSN-G3-L-M 

n + starting from the an- 

ibiotic loaded MSN-G3-L materials. 

.4. In vial release assays 

Cation release from MSN-G3-M 

n + nanosystems was assessed in 

ater. For that, 5 mg of MSN-G3-M 

n + material was suspended in 

 mL of H 2 O and kept in an orbital shaker at 37 °C for 1 h. Then,

he nanoparticles were centrifuged and the medium renewed with 

 mL of H 2 O. The isolated supernatant was filtered through a sy- 

inge filter (0.2 μm) and the procedure repeated. The supernatants 

ollected at times 1, 3, 6, 24 and 240 h were analysed by ICP-AES. 

he maximum possible concentration value obtained if the total 

mount of metal cation were released in the experiment would be 

.8 mg/L for Zn 

2 + and 6.7 mg/L for Ag + (data based on EDS analy-

is of materials, Table S1). 

The kinetic studies of antibiotic release were carried out in PBS 

t 37 °C and physiological pH 7.4. A double-chamber cuvette with 

wo different com partments (sam ple and analysis) was employed 

or the experiments. The compartments are separated by a dial- 

sis membrane (12 kDa molecular weight cut-off) that only al- 

ows the antibiotic diffusion. Briefly, 0.5 mL of a suspension of the 

oaded MSN materials in PBS (2 mg/mL) was placed in the sample 

ompartment and 1.5 mL of fresh PBS were placed in the analy- 

is compartment. The volume of PBS located in the analysis com- 

artment was renewed at each measurement time. The amount 

f antibiotic released was measured by fluorescence spectroscopy 

sing a Biotek Powerwave XS spectrofluorimeter (version 1.00.14 

f the Gen5 program). For the LEVO analysis, λex = 292 nm and 

em 

= 494 nm were used in the spectrofluorimeter, and the cali- 

ration curve was established in a concentration range of 0.003 to 

0 mg/mL. 
572 
.5. Microbiological assays 

Bacteria culture. Escherichia coli ( E. coli ATCC 25922 labora- 

ory strain) as Gram-negative bacteria model was used for the 

ssays. In this case, the LEVO- E.coli antibiotic-bacteria binomial 

as been used as a model due to its specificity. Nevertheless, an- 

ibiotics of different families can be loaded into MSNs depend- 

ng on the target bacteria [28] . E. coli bacteria culture was car- 

ied out by inoculation in Luria-Bertani broth (LB) and incubated 

or 3 h at 37 °C with orbital shaking at 200 rpm. After cul- 

ure, bacteria were centrifuged for 10 min at 3,500 g at 22 °C. 

he supernatant was then discarded, and the pellet was washed 

hree times with sterile PBS. The bacteria were then suspended 

nd diluted in PBS to obtain a concentration of 2 × 10 9 bacte- 

ia/mL and then a dilution with the corresponding broth is per- 

ormed to get 2 × 10 6 bacteria/mL. Bacteria concentration was de- 

ermined by spectrophotometry using a visible spectrophotome- 

er (Photoanalizer D-105, Dinko instruments). Antimicrobial effect 

ests were carried out both in planktonic state and in preformed 

iofilms by counting the colony forming units (CFUs) in agar after 

he exposure of bacteria to the nanosystems. A stock nanoparti- 

le suspension (500 μg/mL) was prepared in PBS 1x by combin- 

ng vortex and ultrasound and dilutions to the desired concentra- 

ion were prepared with the corresponding broth taking care to 

omogenize the suspension by shaking at the time of taking each 

liquot. 

Biofilm growth. E. coli biofilms were previous developed onto 

ound cover glasses, impregnated with poly-L-lysine, by placing 

hem into 24-well plates (P-24, CULTEK) and adding 1 mL of a 

acteria suspension of 10 6 bacteria per mL in LB with 0.2% su- 

rose to favour the robust formation of the biofilm. The plate is 

aintained 48 h at 37 °C and orbital stirring at 100 rpm, adding 

.5 mL of fresh medium after the first 24 h. After 48 h, each 

ell was gently washed twice with 1 mL of PBS 1 × buffer so- 

ution under aseptic conditions to eliminate medium and unbound 

acteria. 

Antimicrobial effect of MSN-G3-M 

n + in planktonic bacteria. 

o determine the antimicrobial effect of the different MSN-G3- 

 

n + , 0.5 mL of bacteria suspension at 2 × 10 6 bacteria/mL in broth 

nd 0.5 mL of nanoparticle suspension in broth at double the con- 

entration assayed were added to a well in 24-well plates. MSN- 

3-Ag + was assayed at concentrations 1, 2.5, 5 and 10 μg/mL and 

SN-G3-Zn 

2 + at 10, 30, 60 and 90 μg/mL. The plates were then 

ncubated at 37 °C with orbital shaking at 200 rpm for 16 h. The 

resence or not of bacteria, as well as their quantification, was 

etermined after incubation by counting the CFUs using the drop 

late method in agar plates [36] . Two serial dilutions in PBS 1x 

1:100 and 1:10 0 0) of the bacteria exposed to the nanosystems 

ere made and five drops (10 μL x 5 times) of each solution were 

noculated in Tryptic Soy Agar (TSA) plates divided into 3 sectors, 

hich were incubated for 16 h at 37 °C. The mean count of the 

 drops of each dilution and the average counting for all dilutions 

as calculated following the procedure described in reference [37] . 

FUs/mL compared with bacteria without treatment after 16 h as 

ontrol was determined. MSN and MSN-G3 nanosystems were used 

s controls for materials. Data are mean ± SD of three independent 

xperiments. 

Antimicrobial effect of MSN-G3-L-M 

n + nanosystems against 

. coli biofilms. The antimicrobial activity of the different nanosys- 

ems on the biofilm was evaluated through two experiments: on 

ne hand, a quantitative assay was carried out calculating the re- 

uction of CFU/mL to assess biofilm viability and, on the other 

and, a qualitative analysis of the matrix, living cells and dead 

ells of each biofilm was performed by confocal laser scanning mi- 

roscopy (CLSM). 
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Biofilm viability assay. E. coli biofilms were obtained after an 

ncubation period of 48 h as described above and, then, 1 mL of 

 suspension of the nanosystems in LB in the desired concentra- 

ion was added. 

The exposure of preformed biofilms of E. coli to the nanosys- 

ems was performed overnight at 37 °C under orbital stirring at 

00 rpm. After incubation, the medium was removed from the 

ells, which were washed once with 1 mL of sterile PBS 1 × and 

nother mL of fresh PBS 1 × was added. Subsequently, mechani- 

al disruption of the biofilm was performed with a pipette tip for 

0 s and sonication was applied for 10 minutes in a low-power 

ath sonicator to break and disperse the biofilm in a total volume 

f 1 mL of PBS 1 × . The presence or not of bacteria, as well as

heir quantification, was determined by counting the CFUs using 

he drop plate method in LB-agar plates as described above. The 

ilutions used were 1:100, 1:1000 and 1:10,000 in PBS 1x. All tests 

ere performed in triplicate with their respective controls. 

Confocal laser scanning microscopy assay: E.coli biofilms were 

reated with 5 μg/mL or 60 μg/mL of different nanosystems in 

BS during 90 min of incubation at 37 °C. Then, they were 

ashed three times with sterile PBS 1 × and 0.5 mL of LB 

edium was added. Then, 3 μL (1:1 propidium iodide/SYTO) 

f the Live/Dead Bacterial Viability Kit were added and 5 min 

ater, 5 μL/ml of a calcofluor solution were also added to stain 

he mucopolysaccharides of the biofilm (extracellular matrix) in 

lue. Both reagents were incubated for 15 min at RT. Controls 

ontaining bacteria biofilm without treatment were also stained. 

iofilms were examined in an Olympus FV1200 confocal mi- 

roscope and six photographs (60 × magnification) were taken 

f each sample. Confocal images were evaluated and quanti- 

ed using the ImageJ Fiji software (National Institute of Health, 

ethesda, MD). All images are representative of three independent 

xperiments. 

.6. In vitro cell assays 

Cell culture. Murine pre-osteoblastic cell line (MC3T3-E1) was 

aintained in alpha modified Eagle’s medium ( α-MEM). The cul- 

ure media was supplemented with 2 mM glutamine, 10% fetal 

ovine serum (FBS) and 1% penicillin/streptomycin at 37 °C under 

tmosphere conditions of 95% humidity and 5% CO 2 . For perform- 

ng the cell assays, cells were seeded and incubated for 24 h al- 

owing for cell attachment before exposure to the nanosystems. 

Cell uptake assay. MC3T3-E1 cells were seeded in 6-well plates 

1 × 10 6 cell/well) and cultured in the presence of the different 

inc-containing MSNs nanosystems for 2 h at 37 °C and 5% CO 2 . 

or control experiments, cells were incubated without nanoparti- 

les. After this time, cells were trypsinized and centrifuged at 100 

 for 5 min. The cell pellet was resuspended in 150 μL of PBS 

nd 150 μL of Trypan Blue. Trypan blue (TB 0.4%) was added at 

hat time to quench the fluorescence of the MSNs adhered in the 

utside membrane of the cell, as TB cannot penetrate the mem- 

ranes of living cells. The mixture was incubated for 5 min at RT 

rotected from light. Analysis of the fluorescein-marked nanopar- 

icles internalized by the living cells was performed on a FAC- 

Can (Becton Dickinson) flow cytometer. The percentage of cells 

hat had internalised nanoparticles was quantified as the fraction 

f fluorescein positive cells among the counted number of live 

ells. 

Cytotoxicity assay. For the cell viability assay, MC3T3-E1 cells 

ere seeded on 96-well plates 24 h prior to the experiment (50 0 0

r 10 0 0 0 cells/well). After attachment, cells were exposed to the 

ifferent nanosystems for 2 h at 37 °C and 5% CO 2 . Subsequently, 

ells were washed with PBS several times and cultured in fresh 

edium for 24 h or 96 h. After this time, cell viability was mea-

ured by using Thiazolyl Blue Tetrazolium Bromide following the 
573 
anufacturer’s instructions. The method is based on the fact that 

nly living cells can reduce XTT tetrazolium by an active mito- 

hondrial dehydrogenase enzyme, producing blue crystals of in- 

oluble formazan that can be quantified colorimetrically. For that, 

0 μL of 3-(4,5-dimethyl-thiazol-2-yl)2,5-diphenyl tetrazolium bro- 

ide (MTT, 5 mg/mL) were added to each well after the selected 

ime and incubated for 4 h at 37 °C. Then, the MTT solution 

as removed and 100 μL of dimethyl sulfoxide were added to 

issolve the insoluble purple formazan crystals. Finally, the ab- 

orbance at 570 nm was measured using a microplate reader (Sin- 

rgy 4, BioTek, USA). Cell viability is expressed using untreated 

ells as control. Data are means ± SD of three independent ex- 

eriments. To determine the significance, Student’s tests were per- 

ormed. P < 0.05 was considered significant. The nanosystems 

ere assayed taking into account the cation and the absence or 

he loading of LEVO, organized in the following groups and con- 

entrations: i) MSN (10 μg/mL), MSN-G3 (10 μg/mL) and MSN-G3- 

g + (1, 2.5, 5, 10 μg/mL); ii) MSN (10 μg/mL), MSN-L (10 μg/mL), 

SN-G3-L (10 μg/mL) and MSN-G3-L-Ag + (1, 2.5, 5, 10 μg/mL); iii) 

SN (90 μg/mL), MSN-G3 (90 μg/mL) and MSN-G3-Zn 

2 + (10, 30, 

0, 90 μg/mL); iv) MSN (90 μg/mL), MSN-L, MSN-G3-L (90 μg/mL) 

nd MSN-G3-L-Zn 

2 + (10, 30, 60, 90 μg/mL). 

Osteoblastic differentiation assay. Pre-osteoblastic MC3T3-E1 

ells were seeded in 6-well plates (10,0 0 0 cell/well) in α-MEM 

edium containing 10% FBS and 1% penicillin/streptomycin. Os- 

eoblastic differentiation was performed with α-MEM medium 

upplemented with 10 mM β-glycerophosphate and 50 μg/mL 

scorbic acid as osteogenic medium. Cells were stimulated with 

he differentiation medium (DM control) in the absence or pres- 

nce of the zinc-containing MSNs at different concentrations for 7 

nd 14 days. 

Mineralization. Patterns of matrix mineralization in MC3T3-E1 

ells were analysed using Alizarin Red S staining. MC3T3-E1 cells 

ere cultured with α-MEM or osteogenic medium (DM control) 

n the absence or presence of the nanosystems for 7 and 14 days. 

hen, cells were washed with PBS three times and fixed with 70% 

thanol for 1 h and stained with Alizarin Red S for 30 min. After 

his time, cells were washed with distilled H 2 O to remove non- 

pecific staining. The calcium compound deposited on the wells 

as visually scored by a scanner (BIOTEK). Finally, to quantify 

he matrix mineralization, the stained samples were eluted with 

etylpyridinium chloride (10% w/v) in PBS (pH = 7) and the ab- 

orbance was measured at 620 nm. 

Alkaline phosphatase (ALP) activity assay. The alkaline phos- 

hatase (ALP) activity was assayed with a reagent kit (1001130, 

pinreact). MC3T3-E1 cells were cultured with α-MEM or os- 

eogenic medium in the presence or absence of the nanosystems 

or 14 days. On days 7 and 14, the ALP secreted into the culture 

edium was measured with this kit following the manufacturer’s 

nstructions. Briefly, the medium was removed from the cells and 

 freezing cycles were performed at −80 °C for 30 min. After 

his time, 1 mL of the kit mixture was added to the cells, incu- 

ated for 30 min at 100 rpm and the reaction was stopped with 

00 μL of NaOH (2 M). Finally, the absorbance was measured at 

05 nm. 

.7. Statistical analysis 

In vitro data are expressed as mean ± standard deviations of 

hree independent experiments. Unpaired two-tailed Student’s t- 

est was used to determine the statistical significance. In all of the 

tatistical evaluations, P < 0.05 was considered as statistically sig- 

ificant. Statistical analyses for antibiotic release, microbiological 

esults and cell assays were performed using the Graphpad Prism 

rogram (Graphpad software, USA). 
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Fig. 1. Scheme of synthesis of MSN-G3-L-M 

n + materials. A) Metal cation incorporation in MSN-G3 material. B) Antibiotic loading into MSN during the functionalization with 

G3 dendrimer step followed by complexation of the metal cation in the dendritic wedges. L = LEVO. 
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. Results and discussion 

.1. Materials synthesis and characterization 

The nanosystems here presented consist in a dendrimer func- 

ionalized MSN nanoplatform containing both an antimicrobial 

ation (M 

n + ) onto the external surface and an antibiotic, namely 

EVO, inside of the mesoporous structure. For their synthesis, 

olypropyleneimine dendrimers of third generation (G3) were co- 

alently bonded to the external surface of MSNs (MSNs-G3) in 

 first step (Fig. S2) [30] . Subsequently, M 

n + cations were teth- 

red on the dendritic branches through their complexation with 

he tertiary amine groups of the dendrimer to afford MSNs-G3- 

 

n + materials Fig. 1 A). The complexation of the cationic metals 

M 

n + = Ag + or Zn 

2 + ) was performed in water using the metal ni-

rates as cation sources. To incorporate the maximum amount of 

etal cation in the material, a study was firstly carried out taking 

nto account that the dendrimer in the MSN-G3 material possesses 

4 moles of tertiary amines per mole of G3 dendrimer. Primary 

mines were not taken into account due to their protonation equi- 

ibrium in water media, which makes them unable to coordinate 

etal cations ( Eq. 1 and (2) [ 38 , 39 ]. The protonation of G3 was

onfirmed by the appearance of the νNH vibration band of NH 3 
+ at 

926 cm 

−1 in FTIR spectrum of samples after cations incorporation 

Fig. S3). Different stoichiometries of metal nitrate per mole of G3 

3.5, 7 and 14 equivalents) were used. The analysis of the M/Si mo- 

ar ratio obtained by EDS analysis showed that above the 3.5 stoi- 

hiometry it is not observed a greater amount of metal cation in- 

orporated into the material (Table S1). In view of these results, we 

hose the 3.5 stoichiometry to prepare the MSN-G3-M 

n + materials. 

ation incorporation was performed in the last step of synthesis 

b

574 
or nanosystems either antibiotic unloaded or loaded ( Fig. 1 ). The 

ntibiotic was loaded into MSN following an impregnation method 

 28 , 40 ] simultaneously to the grafting of G3 alkoxysilane on the 

xternal surface so the accessibility of LEVO to the inner pores is 

ot hindered ( Fig. 1 B). For this, the dendrimer anchorage to the 

xternal surface of MSNs was carried out in the loading media, 

hus ensuring the presence of antibiotic molecules in the meso- 

ores of MSN to rule out that steric hindrance prevents or hinders 

he diffusion of antibiotic molecules into the mesopores. Then, the 

omplexation of metal cations was accomplished by soaking the 

esulting material into an aqueous M(NO 3 ) n solution, where M 

n + 

tands for Ag + or Zn 

2 + , affording MSN-G3-L-Ag + and MSN-G3-L- 

n 

2 + materials, respectively. 

-NH 2 + H 2 O � R-NH 3 
+ + OH 

− pK a ≈ 9.8 (1) 

 3 -N + H 2 O � R 3 -NH 

+ + OH 

− pK a ≈ 6.1 (2) 

Fig. 2 shows TEM images corresponding to pristine MSN 

anoparticles and the dendrimer functionalized counterparts after 

ation complexation, MSN-G3-Ag + and MSN-G3-Zn 

2 + , respectively. 

ll TEM images reveals nanoparticles with uniform quasi-spherical 

orphologies and an average particle size of ca. 180 nm, exhibiting 

 mesoporous honeycomb arrangement. Furthermore, XRD analy- 

is (Fig. S4A) shows diffraction patterns corresponding to the typi- 

al MCM 41 2D hexagonal structure ( p6mm plane group) [41] . This 

eveal that the functionalization and subsequent cation complexa- 

ion do not alter neither the morphology nor the mesoporous or- 

er of the nanoparticles. Main difference between TEM images of 

are MSNs and the MSN-G3-Ag + and MSN-G3-Zn 

2 + nanosystems 

s the observed darker area in the external surface part of cation 

earing ones. This fact could be attributed to the higher intensity 
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Fig. 2. TEM images corresponding to the MSN bare nanoparticles (A) and the MSN- 

G3-Zn 2 + (B) and MSN-G3-Ag + (C) nanosystems. 
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Table 1 

ζ -potential values and hydrodynamic size determined by DLS in water medium of 

the different nanosystems. Data are mean ±SD of three measurements. 

Sample ζ -potential (mV) Hydrodynamic size (nm) 

MSN −22.8 ± 0.3 196 ± 13 

MSN-G3 + 40.3 ± 1.3 191 ± 20 

MSN-G3-Ag + + 38.4 ± 0.3 180 ± 14 

MSN-G3-Zn 2 + + 41.2 ± 0.5 187 ± 27 

Table 2 

Kinetic parameters of LEVO release from the different nanosystems. 

Sample A (μg/mg) a k (h −1 ) b R 2 c 

MSN-G3-L 23.3 ± 0.1 1.00 ± 0.04 0.990 

MSN-G3-L-Ag + 49.1 ± 0.4 0.66 ± 0.03 0.997 

MSN-G3-L-Zn 2 + 220.8 ± 0.8 0.51 ± 0.01 0.996 

a A is maximum amount of LEVO released; 
b k is the release rate constant; 
c R is the regression coefficients of the different fits. 
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f an electron rich region due to the cations complexation in the 

urface of the nanosystems, i.e. , where the polyamine dendrimer is 

ocated. The presence of Ag + or Zn 

2 + was also confirmed by EDS, 

hich provided atomic percentage values of 0.30 ± 0.02 and 0.5 ±
.1 for silver and zinc in MSN-G3-Ag + and MSN-G3-Zn 

2 + nanosys- 

ems, respectively (see Table S1). The incorporation of metal ions 

nto the structure is availed by the presence of NO 3 
− ions in the 

esulting nanosystems, as confirmed by FTIR throughout the sig- 

ificant increase in the relative intensity of the vibration band at 

382 cm 

−1 (Fig. S3) [42] . 

ζ -potential measurements in water media confirm the den- 

rimer incorporation in the MSNs surface because a drastic change 

rom negative to positive values is produced after functionalization. 

alues change from −22.8 mV in bare MSN to ca. + 40 mV once the

olyamine dendrimer is anchored to the surface. These values are 

ue to deprotonation of silanol groups in MSN surface (Eq. 3) and 

rotonation of primary amine groups in G3 dendrimer after func- 

ionalization ( Eq. 1 ) [ 38 , 39 , 43 ]. The value for MSN-G3 is so high

ositive that it is preserved after the complexation of the cations 

ithout being increased (see Table 1 and Fig. S5). 

-Si-OH + H 2 O � R-SiO 

− + H 3 O 

+ pK a ≈ 6.8 (3) 
575 
The hydrodynamic diameter of the nanosystems was measured 

y DLS in water medium, displaying monomodal number-based 

ydrodynamic size distributions for all samples ( Table 1 and Fig. 

5). Functionalization with the G3 dendrimer and subsequent in- 

orporation of the cations barely influences the hydrodynamic size 

f the initial MSNs because all the materials exhibit ζ -potential 

alues in the zone of colloidal stability [44] and therefore elec- 

rostatic repulsion is guaranteed. Furthermore, the hydrodynamic 

ize of MSN-G3 material is hardly affected by the concentration of 

anoparticles in the suspension, probably due to the additional ef- 

ect of steric repulsion due to the incorporation of macromolecules 

n the MSNs surface (see table in Figure S5). 

.2. In vial release assays 

To assess the stability of the nanosystem regarding the possi- 

le lixiviation of metal ions in the biological media, a cation re- 

ease test was performed. After soaking the MSN-G3-M 

n + mate- 

ials in water media the supernatant was analysed by ICP-AES at 

ifferent times (Table S2). Although the zinc cation is slightly re- 

eased during the first 6 h of the assay, silver is not released at any

ime from the nanosystem. Furthermore, release of Zn 

2 + decreases 

ith the immersion time, until no more quantity is released there- 

fter 6 h. The resulting cumulative value for the Zn 

2 + ion is 0.588 

g/L, which represents only a 7.5% of the maximum amount of 

n 

2 + possible to be released from the sample (7.8 mg/L). These 

esults show that cations would remain attached to the surface 

f the nanosystems during the biological assays, pointing out to 

 mechanism of action involving the whole nanosystem. 

To evaluate the release behavior of the different nanosys- 

ems, namely MSN-G3-L, MSN-G3-L-Zn 

2 + and MSN-G3-L-Ag + , un- 

er physiological conditions (PBS 1x, pH = 7.4), antibiotic release 

xperiments were carried out “in vial .” Fig. 3 shows the LEVO re- 

ease profiles for the different materials after 95 h of testing ex- 

ressed as micrograms of LEVO released per mg of material. All 

elease profiles are characteristic of the typical diffusion pattern of 

SN materials. Thus, the release profiles were fitted to the first 

rder kinetics ( Eq. 4 ) [45] : 

 = A 

(
1 − e −kt 

)
(4) 

eing Y the amount of LEVO released (μg LEVO/mg material) at t 

ime (h), A the maximum amount of LEVO released (μg LEVO/mg 

ample) and k the release rate constant. The parameters resulting 

rom kinetics fitting are shown in Table 2 . As it is observed, there

re significant differences in the A values for the different sam- 

les, being 23.3, 49.1 and 220.8 μg/mg, for MSN-G3-L, MSN-G3- 

-Ag + and MSN-G3-L-Zn 

2 + , respectively. Such dissimilarities can 
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Fig. 3. “In vial ” cumulative LEVO release profiles from MSN-G3-L, MSN-G3-L-Ag + 

and MSN-G3-L-Zn 2 + samples. All data are the mean ± SD of three experiments. 
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3

n

e attributed to the different extent of LEVO leakage taking place 

uring the final soaking step in aqueous M(NO 3 ) n (M 

n + = Ag + , 
n 

2 + ) solutions or cation-free water, following LEVO impregna- 

ion and G3 grafting. During such process, the protonated primary 

mino groups in the external surface of G3 would promote the in- 

eraction with LEVO molecules, provoking partial drug departure 

ut the mesopores [ 30 , 46 ]. In the absence of cations thanks to

ts open-flexible structure, the G3 would easily rearrange to pro- 

ure interaction of its protonated primary amino end-groups with 

EVO molecules, prompting drug diffusion from the inner meso- 

ores to water medium [30] . On the contrary, the complexation of 

 

n + with the tertiary amines in the inner core of the G3 would 

ecrease the flexibility of the dendrimer [ 47 , 48 ], diminishing the 

ossibilities of interaction of LEVO with the dendritic branches and 

reating additional barriers for the diffusion of the drug out the 

esopores. This effect is more evident in the case of MSN-G3-L- 

n 

2 + , not only ascribed to the higher metal cation content (see Ta- 

le S1) but also owing to the trend of Zn 

2 + to form complexes 

ith higher coordination index than Ag + does. Indeed, it is well- 

nown the trend of zinc cations to form stable chelates show- 

ng tetrahedral configuration with polydentate ligands [49] . This 

ould increase rigidity of the resulting chelate ring, slowing down 

he premature cargo departure and leading to higher LEVO con- 

ent in MSN-G3-L-Zn 

2 + than in MSN-G3-L. However, in the case of 

SN-G3-L-Ag + , the trend of silver cation to form lineal complexes 

ould produce a relatively more flexible core complex that would 

llow LEVO leakage in a similar fashion to cation-free MSN-G3-L 

ample [50] . This finding is in good agreement with the noticeable 

ifferences observed in the release rate ( k ) values, being 1.00, 0.66 

nd 0.51 h 

−1 for MSN-G3-L, MSN-G3-L-Ag + and MSN-G3-L-Zn 

2 + , 
espectively. The slower antibiotic release observed for MSN-G3-L- 

n 

2 + sample would agree with the decrease in the flexibility of the 

3 dendrimer after chelation process, as above discussed, whose 
576 
earrangement to procure interaction with LEVO molecules would 

e more restricted, even though, eventually, not impeding the an- 

ibiotic release. 

.2. Microbiological assays 

The bactericidal effect of the different nanosystems was evalu- 

ted in E. coli biofilms, selected as Gram-negative bacteria model 

nd considering its sensitivity to the chosen antibiotic, LEVO [28] . 

irstly, the antimicrobial efficiency and most effective doses of the 

ation containing nanosystems (MSN-G3-M 

n + ) were assessed in 

lanktonic E. coli bacteria (see the discussion of the results in the 

upporting Information and Fig. S6-S8). The results derived from 

hese studies in planktonic state show a high antimicrobial efficacy 

or nanosystems incorporating the cations at concentrations of 2.5 

g/mL for MSN-G3-Ag + and 30 μg/mL for MSN-G3-Zn 

2 + . Then, the 

SN-G3-L-M 

n + nanosystems were assayed on preformed biofilms 

o evaluate the combined effect due to the presence of both the 

ation and the antibiotic in the same nanoplatform. 

Preliminary confocal microscope studies were done to evalu- 

te the direct effect of MSN-G3-M 

n + nanosystems onto preformed 

iofilm ( Fig. 4 ) The control biofilm shows a typical structure com- 

osed by a mat of live bacteria (green) covered with a protective 

olysaccharide layer (blue). However, for biofilms incubated for 2 h 

ith MSN-G3-Ag + (5 μg/mL) or MSN-G3-Zn 

2 + (60 μg/mL) samples, 

 remarkable reduction of the biofilm area was observed, together 

ith the presence of dark gaps and small bacterial colonies with 

solated bacteria along the entire surface. These results indicate 

hat these nanosystems cause disruption of biofilm, as it has been 

reviously reported for cationic amine functionalized MSN materi- 

ls [ 30 , 46 ]. This disruption effect is more pronounced in the silver-

ontaining nanosystems, being observed smaller colonies ca. 20 μm 

ith almost no protective coating. The differences in antimicrobial 

fficacy between both MSN-G3-M 

n + nanosystems can be attributed 

o the greater antimicrobial effect of Ag + versus Zn 

2 + [16] and are 

onsistent with the antimicrobial effect in the planktonic state (see 

upporting Information). 

Once tested the effect of cation incorporating samples (MSN- 

3-M 

n + ) on biofilm, the bactericidal effect onto E. coli biofilms of 

anosystems loaded with both the antibiotic LEVO and the cation 

MSN-G3-L-M 

n + ) was evaluated to define the combined effect of 

ation and antibiotic in a single nanosystem. 

For this purpose, preformed E. coli biofilms were exposed to 

ifferent concentrations of nanosystems, 2.5 and 5 μg/mL for sil- 

er containing samples and 30 and 60 μg/mL for zinc containing 

amples, based on the bactericidal efficacy found for these doses 

n the planktonic state. Nanosystems containing only one of the 

icrobicide agents, i.e. the cation (MSN-G3-M 

n + ) or the antibi- 

tic (MSN-G3-L), produce a notable reduction of biofilm. However, 

alues above 99% reduction are reached with nanosystems incor- 

orating both agents simultaneously ( Fig. 5 , and S9-S11). Hence, 

hese results show the combined action of both components (metal 

ation and antibiotic) in a single nanosystem. In the case of sil- 

er nanosystems, the biofilm inhibition percent for MSN-G3-L and 

SN-G3-Ag + at 5 μg/mL was 97.4 and 90.8%, respectively, achiev- 

ng a total of 99.6% for the multicomponent nanosystem MSN-G3- 

-Ag + . The multicomponent effect was more pronounced for the 

inc nanosystem, where the biofilm reduction for MSN-G3-L and 

SN-G3-Zn 

2 + at the assayed doses were 97.4 and 90.8%, reaching 

 considerable reduction of 99.9 % for MSN-G3-L-Zn 

2 + at 60 μg/mL. 

.4. In vitro cell studies in preosteoblastic cell line 

.4.1. Cell uptake 

Cell uptake assays were carried out to check whether the 

anosystems internalize into cells. Fig. 6 shows the percentage of 
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Fig. 4. Confocal microscopy study of the antimicrobial activity of MSN-G3-M 

n + nanosystems onto Gram-negative E. coli biofilm. The confocal images show the biofilm 

preformed onto covered glass-disk after 16 h without treatment (control, A ) and after 90 min of incubation with 5 μg/mL of MSN-G3 ( B ), 60 μg/mL of MSN-G3-Zn 2 + ( C ) and 

5 μg/mL of MSN-G3-Ag + ( D ) nanosystems. Live bacteria are stained in green, dead bacteria in red and the protective extracellular polysaccharide matrix biofilm in blue. 
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C3T3-E1 cells that have internalized the MSN-G3-Zn 

2 + and MSN- 

3-L-Zn 

2 + nanosystems at different doses (10, 30 and 60 μg/mL) 

fter 2 h of exposure (see also Fig. S12). MSNs and MSN-L at 60 

g/mL were internalized in approximately 70 and 61% of the cells, 

espectively. When the dendrimer is attached the cell uptake in- 

reases ca. 25%, being 95 and 85% for MSN-G3 and MSN-G3-L, re- 

pectively. This fact is due to the change in ζ -potential from neg- 

tive to positive values after polycationic dendrimer functionaliza- 

ion of MSNs [ 30 , 51 ]. Therefore, the uptake of positively charged

anoparticles is more favoured that negatively charged bare sil- 

ca nanoparticles considering that the resting potential of the cell 

embranes is usually negative. The decrease in the internalization 

egree for LEVO-containing samples, which exhibit a less positive 

urface charge value than antibiotic-free-nanosystems ( vide supra ), 

upports this fact. On the other hand, when the Zn 

2 + cation is in- 

orporated in the nanosystem ζ -potential values are not altered 

see Table 1 ), which explains very similar cell uptake values of ca. 

0% for MSN-G3 and MSN-G3-Zn 

2 + materials at 60 μg/mL. The cell 

ptake of the MSN-G3-Zn 

2 + and MSN-G3-L-Zn 

2 + material is dose 

ependent, reaching maximum values of 94 and 87%, respectively. 

hese findings, i.e. the lack of significant cation release together 

ith improved cell uptake of nanosystems, support that the mech- 

nism of action of cations incorporated in the MSN-G3 nanoplat- 

orm is different from free cations in solution because Zn 

2 + cations 

ncorporated in the MSN-G3 nanoplatform are effectively trans- 

orted inside cells through the internalization of the nanosystem. 

.4.2. Cell viability 

Cell viability was evaluated in the preosteoblastic cell line 

C3T3-E1 exposed to MSN-G3-L-M 

n + nanosystems for 24 and 96 
577 
 ( Fig. 7 and Fig S13). Different concentrations in the range where 

ach metal-containing nanosystem exhibits bactericide effect were 

ested. Doses in the 10-90 μg/mL range were assayed for the zinc- 

ontaining nanosystems. Non-cytotoxic effect is observed for the 

SN-G3-L-Zn 

2 + nanosystem up to 60 μg/mL, being the cell viabil- 

ty values 77-93% for 24 h and 79-87% after 96 h, respectively. Only 

t the highest tested dose of 90 μg/mL the nanosystem showed 

oxic effect, with viability values of 25% and 49% for 24 h and 96 

, respectively. The obtained results indicate that doses exhibit- 

ng bactericide effect were cytocompatible, and accordingly, we 

elected doses up to 60 μg/mL to evaluate the influence of the 

inc-containing nanosystems in the osteogenic effect. It is worth 

o mention that the free cation (last bar in Fig. 7 ) shows no cyto-

oxicity as observed for the maximum doses tested at both 24 and 

6 h, being the lowest value for cell viability ca. 79% for Zn 

2 + at

4 h. Nevertheless, the higher cytotoxicity observed for the Zn 

2 + - 
ontaining nanosystem at the dose of 90 μg/mL could be ascribed 

o the fact that cations incorporated into the nanosystem through 

omplexation with the dendrimer are not released in the aque- 

us medium ( vide supra ), together with the internalization of the 

anosystems into cells, as confirmed with the cell uptake assays. 

oreover, it is important to remark that the cell viability of LEVO- 

oaded MSN-G3-L-Zn 

2 + nanosystem improves with respect to that 

f LEVO-free MSN-G3-Zn 

2 + . Hence, MSN-G3-Zn 

2 + initially shows 

iability values below 60%, although it raises up acceptable cell vi- 

bility values after 96 h of incubation. The better results of MSN- 

3-L-Zn 

2 + can be explained due to a decrease in the internaliza- 

ion degree compared to the LEVO-free nanosystem ( vide supra ). 

he lower internalization degree of LEVO-loaded nanosystems is 

scribed to a decrease in the surface charge due to the antibiotic 
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Fig. 5. Bactericide effect MSN-G3-L-Zn 2 + nanosystem on E. coli biofilm. The 

graphs show CFUs per mL after biofilms exposure to the nanosystems for 16 h at 

different concentrations, com pared to biofilm without treatment as control (first 

bar). The inset is a magnification up to 5 × 10 6 CFUs/mL. Data are mean ± SD 

of five independent experiments. Statistical significance: ∗P < 0.05, compared with 

control; ∗∗∗P < 0.001, compared with control; ### P < 0.001; compared with MSN- 

G3. 

Fig. 6. Cell uptake studies of the MSN-G3-Zn 2 + (A) and MSN-G3-L-Zn 2 + (B) 

nanosystems at different doses (10, 30 and 60 μg/mL) evaluated on MC3T3-E1 cells 

after 2 h of exposure. Percent of MC3T3-E1 cells with internalised nanoparticles 

was measured by flow cytometry. Control = cells cultured without materials (first 

bar). Data are mean ± SD of three independent experiments. Statistical significance: 
∗∗∗P < 0.001, compared with the control; # P < 0.05, compared with MSN; ### P < 

0.01, compared with MSN and ### P < 0.001, compared with MSN. 

Fig. 7. Study of cell viability of MC3T3-E1 cells exposed to different nanosystems at 

different concentrations. Cells were incubated with the different samples and for 2 

h, and were subsequently washed and incubated in fresh media for 24 h (A) and 96 

h (B) before assessing cell viability in each group. Control = cells cultured without 

materials (first bar). Data are means ± SD of three independent experiments. Statis- 

tical significance: ∗P < 0.05, compared with the control; ∗∗P < 0.01, compared with 

the control; ∗∗∗P < 0.001, compared with the control. Materials assayed as controls 

(free zinc cation, MSN, MSN-G3, MSN-L and MSN-G3-L) were evaluated at the max- 

imum doses assayed for the nanosystems which contains the metal cation and the 

cation plus antibiotic. 

i

m

n

S

l

u

t

i

c

2

t

M

1

s

5

3

d

E

578 
ncorporation. Thus, the ζ -potential values were 41.2 mV and 36.1 

V for MSN-G3-Zn 

2 + and MSN-G3-L-Zn 

2 + , respectively. 

Similar cell viability behavior was found for silver-containing 

anosystems in the tested concentration range of 1-10 μg/mL (Fig. 

13). MSN-G3-Ag + produces a decrease in cell viability at 24 h be- 

ow the 60% in a dose dependent manner, reaching a decrease of 

p to 37% when using the concentration of 10 μg/mL. However, 

he LEVO-loaded MSN-G3-L-Ag + nanosystem maintains cell viabil- 

ty above 78% for all the concentrations. It should be noted that 

ell viability values at 96 h show higher values than those found at 

4 h, with no dose being cytotoxic (all above 82%) for the nanosys- 

em that contains both the cation and the antibiotic. Notably, the 

SN-G3-L-Ag + nanosystem presents values of 93% for the dose 

 μg/mL which have a bactericidal effect for E. coli in planktonic 

tate, as well as 88 and 86% for doses effective in biofilm, 2.5 and 

 μg/mL, respectively. 

.4.3. Osteogenic effect assays 

The effect of zinc-containing nanosystems on the osteogenic 

ifferentiation was evaluated in the preosteoblast cell line MC3T3- 

1 through the measurement of bone cell mineralization and alka- 
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Fig. 8. Osteoblastic differentiation assay of MC3T3-E1 cells exposed to MSN-G3-L-Zn 2 + nanosystems at different doses (10, 30 and 60 μg/mL) for 7 or 14 days in 6-well plates 

( ∅ = 3.5 cm; cell growth area = 9.5 cm 

2 ). A control of free cation was also included (Zn 2 + Control) which consisted on the same Zn 2 + amount calculated for MSN-G3-L-Zn 2 + 

at 60 μg/mL. Deposits of calcium compounds stained with Alizarin Red S (A) and quantification through absorbance at 620 nm (B). Activity of ALP enzyme measured in the 

culture medium at days 7 and 14 (C) and within cells at day 14 (D). Data are mean ± SD of three independent experiments. Statistical significance: ∗∗∗P < 0.001, compared 

with the control; # P < 0.05, compared with the DM control; ## P < 0.01, compared with the DM control and ### P < 0.001, compared with the DM control. DM = osteogenic 

or differentiation medium. Unit for medium ALP activity (nmol p -nitrophenol/mL/min). Unit for cellular ALP activity (nmol p -nitrophenol/mg protein/min). 
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ine phosphatase activity. Patterns of matrix mineralization were 

xamined at days 7 and 14 by staining calcium compounds de- 

osited on the wells with Alizarin Red S which were visually 

cored by a scanner ( Fig. 8 A) and quantified through the ab- 

orbance at 620 nm ( Fig. 8 B). The osteogenic differentiation was 

vident after alizarin red staining for all samples except the con- 

rol culture, because the redness of the nodules indicates the pres- 

nce of mineralized compartments as a result of the osteogenic 

reatment. The quantification at day 7 shows that the zinc con- 

aining nanosystem MSN-G3-L-Zn 

2 + generates a higher amount of 

ineralized nodules than the obtained with the non-containing 

n 

2 + controls. Furthermore, the behaviour is dose dependent as 

he amount of calcium deposits rises up when the nanosystem 

oncentration increases from 10 to 60 μg/mL. 

As expected, at day 14 the amount of mineralization nodules 

s greater than at day 7 for each material, and the MSN-G3-L- 

n 

2 + even doubles up the calcium deposits with the intermedi- 

te dose of 30 μg/mL and multiply them by three with the high- 

st dose of 60 μg/mL. Therefore, when the formation of mineral 

odules is evaluated at longer times, the differences between the 

ontrols without Zn 

2 + and the Zn 

2 + containing nanosystems are 

ore pronounced. Interestingly, when comparing the amount of 

ineral nodules for the MSN-G3-L-Zn 

2 + nanosystem at 60 μg/mL it 
579 
s twice (day 7) or trice (day 14) the obtained value with the free 

n 

2 + cation in the same amount contained in the nanosystem at 

uch dose. This result maybe explained with the fact that Zn 

2 + is 

airly released from the nanosystem and therefore it is transported 

o the cell interior through the cell uptake of nanosystem. There- 

ore, cations incorporated in the MSN-G3 nanoplatform are effec- 

ively transported inside cells through cell uptake of the nanosys- 

em (see below) unlike free cations in solution. 

Alkaline phosphatase (ALP) is an enzyme that participates in 

he process of bone formation and mineralization at the early stage 

f osteogenic differentiation [52] . Therefore, the activity of ALP en- 

yme was measured both in the culture medium at days 7 and 

4 ( Fig. 8 C) and within cells at day 14 ( Fig. 8 D). Extracellularly,

LP activity is similar at day 7 and 14 for each one of the con-

rols, respectively. There is a dose and time-dependent increase 

n the ALP activity for the MSN-G3-L-Zn 

2 + nanosystem compared 

o non-containing Zn 

2 + materials as well as for the free cation. 

he highest ALP activity was detected for MSN-G3-L-Zn 

2 + at 

0 μg/mL. 

Therefore, matrix mineralization and ALP activity results in- 

icate the stimulatory effect of endocytosed MSN-G3-L-Zn 

2 + 

anosystem on the differentiation of MC3T3-E1. The 60 μg/mL 

ose generates osteogenic differentiation without compromising 
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iability as well as it is a dose that effectively reduces bacterial 

iofilm. 

The antibiotic unloaded nanosystems were also assayed in the 

ame terms and conditions (see Fig. S14) resulting in the same 

bove discussed behaviour. This result indicates that the presence 

f LEVO would not decrease the osteogenic effect of the zinc- 

ontaining nanosystem when used as bactericide in a bone infec- 

ion scenario where also bone regeneration is needed. 

. Conclusions 

MSN-based nanosystems with dual antimicrobial and os- 

eogenic capability have been designed by a simple and versa- 

ile synthesis approach. These MSN nanosystems, containing two 

ntimicrobial agents, LEVO and Zn 

2 + , have been synthetized by 

xternal functionalization of MSNs with a polycationic dendrimer 

MSNs-G3), which favours its internalization inside the bacteria 

nd lead the complexation with metal ions through the amines 

f the dendrimer. The nanosystems afford a notable enhancement 

f the antibiofilm effect (above 99%) than both components sep- 

rately as well as osteogenic capability with positive effect on 

he osteoblastic differentiation and preserved cell viability. One 

f the strengths of this work is the simplicity and versatility 

f the methodology used, allowing the incorporation of a wide 

ange of biologically multiactive metal ions by simple soaking into 

he metal cation solution. The selection of the cation may be 

one depending on clinical needs. Thus, the treatment of different 

athogenic bacterial biofilms can be tailored by simply changing 

he loaded antibiotic attending to the clinical needs. The results 

erived from the current research opens the gates towards the de- 

elopment of personalized therapies for the management of bone 

nfection. Hence, research exploring the intra-osseous injection of a 

anoparticle suspension at the bone infection site as local adminis- 

ration route, as well as the in vivo therapeutic effect and biodistri- 

ution, is ongoing and will be the object of further investigations. 
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