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Abstract: The rise of antibiotic resistance and the growing number of biofilm-related infections 

make bacterial infections a serious threat for global human health. Nanomedicine has entered into 

this scenario by bringing new alternatives to design and develop effective antimicrobial 

nanoweapons to fight against bacterial infection. Among them, mesoporous silica nanoparticles 

(MSNs) exhibit unique characteristics that make them ideal nanocarriers to load, protect and 

transport antimicrobial cargoes to the target bacteria and/or biofilm, and release them in response 

to certain stimuli. The combination of infection-targeting and stimuli-responsive drug delivery 

capabilities aims to increase the specificity and efficacy of antimicrobial treatment and prevent 

undesirable side effects, becoming a ground-breaking alternative to conventional antibiotic 

treatments. This review focuses on the scientific advances developed to date in MSNs for infection-

targeted stimuli-responsive antimicrobials delivery. The targeting strategies for specific recognition 

of bacteria are detailed. Moreover, the possibility of incorporating anti-biofilm agents with MSNs 

aimed at promoting biofilm penetrability is overviewed. Finally, a comprehensive description of the 

different scientific approaches for the design and development of smart MSNs able to release the 

antimicrobial payloads at the infection site in response to internal or external stimuli is provided. 
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1. Introduction 

Antimicrobial resistance (AMR) is a major concern threatening human global health [1]. 

Currently, drug-resistant diseases cause at least 700,000 deaths each year, and this figure could grow 

to 10 million by 2050 [2]. In fact, it has been foreseen that by this date, more people will die from AMR 

than cancer [3]. The emergence and expansion of resistant pathogens have been mainly provoked by 

the extensive misuse of antibiotics both in agriculture and healthcare. A key factor related to the rapid 

and uncontrolled growth of bacteria is their ability and trend to create biofilms, which consist of 

communities of microorganisms that grow adhered to a surface and are that are coated by self-

produced protective extracellular matrix [4–7]. Biofilm-forming bacteria exhibit special 

characteristics that are remarkably different than those of “free-swimming” or planktonic cells, which 

are responsible of their increased resistance to antimicrobial agents and the immune system [7,8]. 

Taking into account that the majority of chronic infections (60–80%) are associated with biofilms, the 

combination of AMR and biofilm formation is a serious clinical concern [9]. An aggravating issue is 

the lack of new classes of antibiotics in the pipeline, in part, due to the high cost of the development 

and licensure of antibiotics, and also owing to the complexity involving clinical trials with antibiotics 
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[10]. Thus, the current treatments of infectious diseases are mainly based in the use of the antibiotic 

classes discovered until the early 1980s [11]. With the aim of increasing the effectivity of the available 

antibiotics, an increase in either the dose or dosage frequency is required. Unfortunately, this remedy 

not only increases the toxicity and side effects of the antibiotics, but also promotes the development 

and spread of bacterial resistance. Therefore, the development of new antimicrobial agents able to 

efficiently combat bacterial infection and circumvent the abovementioned drawbacks becomes of 

foremost relevance. 

Nanotechnology has entered into this scenario bringing up the opportunity to use nanoparticles 

(NPs) as efficient nanocarriers for the delivery of antimicrobials [12–15]. Tackling bacterial infection 

with nanocarriers provides new opportunities to bypass issues associated with mechanisms of 

antimicrobial resistance, such as increased drug efflux due to overexpression of efflux pumps [16,17]. 

Moreover, NPs provide the opportunity to accomplish targeted and stimuli-responsive delivery of 

antimicrobials, which increases the efficacy of the nanotherapeutics and reduces the off-target 

toxicity. Inorganic NPs exhibit noticeable advantages compared to their organic counterparts, such 

as high mechanical strength and good chemical stability under physiological conditions. Moreover, 

they exhibit excellent biocompatibility, although low degradation rates [18,19].  

Among inorganic NPs, mesoporous silica nanoparticles (MSNs) constitute one of the most 

promising nanocarriers for drug delivery, owing their unique characteristics, including large loading 

capacity, biocompatibility, ease of production and tunable pore diameters and volumes [20–26]. 

Moreover, MSNs can be produced in a large scale with variated sizes, morphologies and surface 

functionalities by using different strategies already described in the literature [27–30]. These 

paramount features make MSNs excellent nanoplatforms to assemble different multifunctionalities 

for the treatment of bacterial infection, highlighting targeted and stimuli-responsive delivery of 

antimicrobials (Figure 1) [14,31–36]. Hence, the attachment of targeting agents to the external surface 

of MSNs allows specific delivery of antimicrobials to pathogenic bacteria and/or biofilms. 

Antimicrobial drugs can be incorporated into the mesopores by adsorption from solutions or by 

grafting some prodrugs to the functional groups of the inner surface of MSNs. Antibiofilm agents can 

be either adsorbed into the mesopores or linked to the outermost surface of MSNs. Cargo leakage can 

be hindered by blocking the mesopore outlets gatekeepers able to respond to either internal (bacteria, 

pH, redox potential, etc.) or external (light, magnetic fields, temperature, etc.) stimuli for on-demand 

smart drug delivery. Antimicrobial metal NPs can be either embedded in the mesoporous structure 

or decorate the outermost surface of MSNs. In the case of metal noble NPs (mainly from gold and 

silver), their well-known antimicrobial action can be reinforced, when needed, by the antibacterial 

action based on the photo-thermal effect upon proper laser excitation [37,38]. Antimicrobial metal 

cations can be complexed to ligands grafted to the surface of MSNs [39]. Biocompatible polymers, 

such as polyethylene glycol (PEG) can be grafted to MSNs to provide them of “stealth” properties. 

External functionalization with different organic groups can be carried out to modulate surface 

charge of MSNs and therefore their interaction with bacteria/biofilm. Magnetic NPs for magnetic 

guidance, triggered cargo release, sensing and biofilm disruption can be also incorporated. Last, 

grafting of fluorescent molecules can be accomplished for imaging purposes.  

Herein, the scientific advances developed to date in MSNs for infection-targeted stimuli-

responsive antimicrobials delivery are reviewed. This review describes the targeting strategies for 

specific recognition of bacteria. Moreover, the possibility of incorporating anti-biofilm agents to 

MSNs aimed at promoting biofilm penetrability is tackled. Finally, a comprehensive and detailed 

description of the different scientific approaches for the design and development of smart MSNs able 

to release the antimicrobial payloads at the infection site in response to internal or external stimuli is 

provided. 
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Figure 1. Multifunctionality of mesoporous silica nanoparticles (MSNs) for bacterial infection 

treatment. 

2. Targeted Delivery of Antimicrobials  

2.1. Targeting Bacteria 

When engineering nanoparticles as antimicrobial delivery systems against bacterial infection, a 

major challenge is to release the antimicrobial cargo solely at the target site without affecting healthy 

cells. The goal is to increase the selectivity and efficacy of antimicrobials, reduce antibiotic doses and 

frequency of the treatment and prevent undesirable side effects associated with unspecific drug 

delivery. This can be accomplished by either passive or active targeting, or by a combination of both. 

Passive targeting, which relies on the enhanced permeability and retention (EPR) effect, is a major 

breakthrough in tumor-targeted nanomedicines for cancer therapy [40,41]. However, although there 

is also evidence of EPR effect in bacterial infection [42,43], passive targeting of NPs-based 

antimicrobial systems has been scarcely exploited. On this regard, active targeting becomes a 

powerful complementary or alternative strategy to provide nanosystems of specificity to the site of 

infection. It is achieved by decorating the outermost surface of NPs with targeting ligands that 

produce selective accumulation to targeted sites and therefore differentiate bacteria and healthy cells. 

This is of foremost relevance in the case of intracellular infections, where bacteria overcome the host 

immune system by surviving in human cells. With this goal in mind, different approaches have 

focused on decorating the outermost surface of MSNs with diverse targeting moieties that specifically 

recognize bacteria but not human host. At this point, it is essential to consider the main difference 

between bacterial and human cells, i.e., the presence of a cell wall in the former. The bacterial cell 

wall, which plays an essential role in cell growth, is a protective layer mainly consisting of 

peptidoglycan and other glycolipids exclusive of bacteria. These distinctive elements become 

excellent targets in bacteria and can be used to increase specificity and efficiency of bactericidal NPs-

based systems [44]. In addition, it is also possible to distinguish between Gram-positive and Gram-

negative bacteria attending to the different structure of their bacterial cell wall. The cell wall of Gram-
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positive bacteria consists in a cytoplasmic membrane covered by a rigid and thick layer of 

peptidoglycans containing carbohydrate polymers cross-linked via peptide residues [45]. On the 

other hand, Gram-negative bacteria are surrounded by a triple protective layer, consisting of a 

cytoplasmic membrane, a thinner and more rigid peptidoglycan layer with shorter cross-links, which 

is further covered by a hydrophobic lipid bilayer consisting of lipopolysaccharides (LPS). This lipid 

layer is responsible of the great resistance of Gram-negative bacteria to numerous antimicrobial 

agents [46]. Thus, by choosing the appropriate targeting moiety, it is feasible not only to discriminate 

between bacteria and human host cells, but also to guide the targeted nanosystem to a particular type 

of bacteria. The main targeting strategies reported up to date, the drug loaded and developed MSNs-

based nanocarriers, together with the targeted bacteria are collected in Table 1. 

Table 1. Bacteria-targeted MSNs as antimicrobial delivery systems. 

Targeting 

Ligand 1 
Drug Loaded 2 Nanocarrier 3 Bacteria 4 Assay Ref. 

G3 Levofloxacin MCM-41 G3-MSNs E. coli  In vitro [47] 

ε-pLys Vancomycin MCM-41 ε-pLys-MSNs E. coli In vitro [48] 

ε-pLys HKAIs MCM-41 ε-pLys-MSNs 
E. coli,  

S. marcescens (P) 
In vitro [49] 

FB11 
Model drugs (Fluorescein, 

Hoechst 33342)  

MCM-41 FB11mFt LPS-

MSNs 
F. tularensis In vitro [50] 

Anti-S. aureus 

Ab 
Vancomycin Ab@S-HA@MMSNs S. aureus  In vitro [51] 

SA20hp Vancomycin  MCM-41 SA20hp-MSNs S. aureus  In vitro [52] 

UBI29–41 Gentamicin MSN-LU S. aureus  

In vitro 

& 

in vivo 

[53] 

LL-37 Colistin MSN@LL-(LL-37) P. aeruginosa In vitro [54] 

      

Trehalose Isoniazid M-PFPA-Tre M. smegmatis  In vitro [55] 

Trehalose Isoniazid Tre-HOMSNs M. smegmatis  In vitro [41] 

Arginine Ciprofloxacin Arg-MSNs S. typhimuruim  

In vitro 

& 

in vivo 

[56] 

Folic acid Ampicillin MSN@FA@CaP@FA E. coli, S. aureus  

In vitro 

& 

in vivo 

[57] 

Vancomycin Vancomycin (grafted) MCM-41 MSNsVAN S. aureus  In vitro [58] 

1 G3: poly(propyleneimine) third-generation dendrimer; ε-pLys: ε-poly-L-lysine cationic polymer; 

FB11: FB11 antibody for lipopolysaccharide (LPS) present in Francisella tularensis (Ft); Anti-S. aureus: 

S. aureus antibody; SA20hp: SA20 aptamer with hairpin structure; UBI29–41: Ubiquicin; LL-37 peptide: 

Human cathelicidin peptide; Arg: arginine. 2 HKAIs: histidine kinase authophosphorylation 

inhibitors. 3 MCM-41 G3-MSNs: MCM-41 type MSNs functionalized with G3; MCM-41 ε-pLys-MSNs: 

MCM-41 type MSNs functionalized with pLys; MCM-41 FB11mFt LPS-MSNs: MCM-41 type MSNs 

functionalized with FB11 antibody through a derivative of the O-antigen of Ft LPS; Ab@S-

HA@MMSNs: Sulfonated-hyaluronic acid (S-HA) terminated magnetic MSNs modified with Anti-S. 

aureus (Ab); MCM-41 SA20hp-MSNs: MCM-41 type MSNs functionalized with SA20hp; MSN-LU: 

MSNs modified with a lipidic bilayer surface shell and conjugated with UBI29–41; MSN@LL-(LL-37): 

MCM-41 type MSNs coated with a lipidic layer and conjugated with LL-37; M-PFPA-Tre: 

Perfluorophenylazide-functionalized decorated with α,α-trehalose; Tre-HOMSNs: Trehalose-

functionalized hollow oblate mesoporous silica nanoparticles; Arg-MSN: MCM-41 type MSNs 

functionalized with L-Arg; MSN@FA@CaP@FA: MSNs covered by double folic acid (FA) and calcium 

phosphate (CaP) layers; MCM-41 MSNsVAN: MCM-41 type MSNs functionalized with 

vancomycin. 4 E. coli: Escherichia coli; S. marcescens: Serratia marcescens; F. tularensis: Francisella 

tularensis; S. aureus: Staphylococcus aureus; P. aeruginosa: Pseudomonas aeruginosa; M. smegmatis: 

Mycobacterium smegmatis; S. typhimuruim: Salmonella typhimuruim. 

Several studies have evidenced that the presence of positive charges on the surface of NPs favors 

internalization in both Gram-positive and Gram-negative bacteria [59]. The presence of negative 
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charges in the outer bacterial membrane, able to interact throughout electrostatic attractive 

interactions with positively charged NPs, would explain this fact [60]. In this context, Vallet-Regí and 

co-workers developed a novel “nanoantibiotic”, based on MSNs decorated with polycationic 

dendrimers, which was able to penetrate Gram-negative bacteria [47]. To this end, poly(propylene 

imine) dendrimer of third generation (G3) was covalently grafted to the outermost surface of MSNs, 

whereas the antibiotic levofloxacin (LVX) was loaded into the mesoporous channels (Figure 2). The 

high density of positive charges and flexibility on the surface of G3-MSN produced electrostatic 

interactions with the negatively-charged E. coli bacterial walls, which triggers their permeabilization 

and thus favors internalization. Moreover, loaded LVX was released in a sustainer fashion at effective 

bactericidal dosages. These studies demonstrated that the combination of the cell wall disruption 

capability of G3 dendrimer and the antibiotic effect of LVX into a unique MSNs-based nanosystem 

has a synergistic antimicrobial effect. Comparable results have been found for Gram-positive Listeria 

monocytogene by using polyamine-functionalized MSNs, as reported by Barat and co-workers [61]. 

The attractive forces between positive amine corona on MSNs and negative charges in bacteria 

membrane prompt cell membrane disruption. The high concentration of positive charges from 

immobilized-amines on the surface of MSNs increased 100-fold their antimicrobial power compared 

to free polyamines. It is also possible to go a step beyond, by using cationic polymers not only as 

targeting ligands that increase antimicrobial effect of loaded cargo, but also as responsive pore 

gatekeepers that hinder premature drug release until exposure to target stimulus. In this line, 

Martínez-Máñez and co-workers reported the enhancement of the efficacy and broadening the 

spectrum of antibacterial agents, namely vancomycin (VAN) and histidine kinase 

autophosphorylation inhibitors (HKAIs), [48,49] by developing ε-poly-L-lysine (ε-pLys)-capped 

MSNs as bacteria-responsive nanocarriers, as will be discussed in detail in Section 3.1.3. The results 

indicated that the enhancement of antimicrobials toxicity to Gram-negative bacteria is due to the 

bacterial wall damage induced by positively-charged ε-pLys, which allows the entrapped cargo to 

gain access into the cell (vide infra). 

 

Figure 2. Schematic illustration of the mechanism of action of Gram negative (E. coli) bacteria-targeted 

antimicrobial nanosystems consisting of MSNs loaded with levofloxacin (LVX) and functionalized 

with the bacteria membrane targeting agent (poly(propyleneimine) dendrimer, G3 [47]. 
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In the search of higher specific nanosystems different approaches have exploited the “ligand-

receptor binding” concept and decorate the outermost surface of MSNs with ligands that specifically 

bind surface molecules or receptors overexpressed in bacteria cell wall. Some of the ligands reported 

in the literature to provide MSNs of targeting ability include antibodies, aptamers, peptides, 

carbohydrates and small molecules, such as amino acids, vitamins and certain antibiotics. 

 Antibodies 

Antibodies are highly ligands that specifically bind with high affinity to antigens present in the 

target bacterial cell surfaces [62]. Taking advantage this superior property, Zink and co-workers 

developed an innovative nanosystem using the FB11 antibody, with high affinity towards antigens 

of the LPS of pathogenic Francisella tularensis (Ft), for the treatment of lethal pneumonic tularemia 

[50]. In this nanosystem, the FB11 antibody played a dual role, as a targeting ligand and as a 

responsive capping agent. This approach had an added value by avoiding the use of redundant 

systems and, even more importantly, the need of additional and sometimes complex capping 

procedures that may compromise the security and biocompatibility of the final nanodevice. This 

nanosystem, whose description and operating mechanism are detailed in Section 3.1.2, showed 

promising in vitro and in vivo results for the selective treatment of Ft infection. Very recently, 

antibody-targeted MSNs-based nanosystems have been used in the design of a theranostic platform, 

integrating diagnosis and treatment elements, for highly-sensitive rapid and accurate bacteria 

detection and eradication in the bloodstream [51]. To this end, sulfonated-hyaluronic acid (S-HA) 

terminated magnetic (Fe3O4 NPs) MSNs (MMSNs), loaded with VAN and decorated with an anti S. 

aureus antibody (Anti-S. aureus Ab) by amidation reaction, affording Ab@S-HA@MMSNs. Then, the 

Ab@S-HA@MMSNs nanosystem was immobilized into a magnetic glassy carbon electrode (MGCE) 

by magnetic interaction. The specific antigen-antibody binding between S. aureus in solution and 

Anti-S. aureus Ab on the surface of MGCE, provoked changes in the electrochemical signals that 

permitted to accurately determine the amount of S. aureus in solution. Moreover, such specificity 

provided this immunosensor of high selectivity towards S. aureus. Thus, when E. coli and P. aeruginosa 

were detected, no significant changes of peak current values among the different concentrations were 

observed, whereas the peak current values of S. aureus changed remarkably as the concentrations 

changed. Moreover, the system exhibited antiadhesion properties due to the anticoagulant property 

of S-HA terminated MMSNs, which allowed the direct detection and quantification of S. aureus in 

whole blood. Good electrochemical response towards S. aureus were obtained in the 10–1010 CFU/mL 

range, with a detection limit of three colony forming units (CFU) per mL and high selectivity, stability 

and reproducibility. Moreover, this theranostic nanoplatform was efficient as eradicating S. aureus, 

relying on the enzyme-responsive antibiotic delivery capability of the nanoplatform, as will be 

discussed later. 

 Aptamers 

Aptamers are single-stranded short oligonucleotide sequences that can bind with high affinity 

to specific targets, namely proteins, peptides, carbohydrates, small molecules, toxins or even live 

cells, and exhibit great potential in the detection and treatment of microbial infections [63]. Aptamers 

fold via intramolecular interactions, creating tertiary conformations that specifically recognize 

diverse types of targets. They are powerful alternatives in the design of targeted nanotherapeutics 

owing to their small size, non-immunogenicity, ease to be synthesized, characterized and modified 

and high specificity and affinity towards their target similarly to antibodies. On this line, Ozalp and 

co-workers proposed an innovative nanosystem based in aptamer-modified MSNs able to selectively 

target and eradicate S. aureus bacteria. To this end, MSNs were loaded with vancomycin and 

decorated with the SA20hp aptamer, which exhibits high affinity towards the surface antigens 

present in S. aureus [52]. The nanosystem was able to selectively recognize the target bacteria, 

releasing the antibiotic cargo throughout an antigen-triggered mechanism, as detailed in Section 

3.1.2. The dual role played by SA20hp, i.e., targeting ligand and antigen-responsive nanocap, allowed 

for developing in a simple manner nanodevices with high selectivity and antimicrobial efficacy 

towards the target bacteria.  
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 Peptides 

Peptides, consisting of linear or cyclic sequences of less than 50 amino acids, show several 

benefits compared to proteins, their larger counterparts, including easier synthesis and conjugation 

and also higher stability and resistance to the environment. On the other hand, peptides are much 

more inexpensive and easy to manufacture than antibodies. In addition, peptides are less prompt to 

elicit immune response by the host than antibodies. All these characteristics make peptides excellent 

choices to be incorporated as active targeting ligands to NPs [64]. In this respect, Tang and co-workers 

devised an active targeting strategy involving the cationic human antimicrobial peptide fragment 

ubiquidin (UBI)29–41, which exhibited high specificity towards S. aureus [53]. MSNs were loaded with 

gentamicin (GEN), capped with a lipid layer (as the microenvironment sensitive blocking cap) and 

decorated with (UBI)29–41, affording GEN@MSN-LU nanosystems. In vitro experiments carried out 

both in planktonic bacteria and in S. aureus-infected preosteoblasts (MC3T3-E1) and macrophages 

(RAW 264.7) showed the excellent targeting and antimicrobial effectiveness of the nanosystem. 

Notably, liposome and UBI29–41 modification of MSNs improved internalization into mammalian 

cells. Thus, once internalized, the NPs migrate to the infection site within the phagocytic cells and 

there, the presence of certain bacterial toxins triggers GEN release producing pathogenic bacteria 

death. Moreover, a downregulation of the inflammation-related gene expression in infected 

preosteoblasts or macrophages after GEN@MSN-LU NPs administration is an added value to 

eliminate inflammation produced by intracellular bacterial infection. Finally, the excellent results 

achieved in vivo in mouse models supported this peptide-targeting strategy as a promising 

alternative to treat intracellular infections. A similar approach was reported by Jayawardena and co-

workers, who developed antimicrobial peptide (LL-37)-targeted MSNs as colistin (COL) delivery 

systems against extracellular and intracellular Pseudomonas aeruginosa infections [54]. To prevent 

premature cargo release, COL-loaded MSNs were coated by a liposomal shell and subsequently 

conjugated with a P. aeruginosa peptide LL-37, affording COL-MSN@LL-(LL-37). The capability of 

LL-37 to recognize the outer membrane of P. aeruginosa allowed the nanosystem targeting 

intracellular bacteria without eliciting cytotoxic effect on the mammalian cells. Notably, the 

antimicrobial efficacy of COL encapsulated in targeted nanosystem was 6.7-fold higher than that of 

free COL, being only 7% the bacterial viability after treating lung epithelial cells with COL@MSN@LL-

(LL-37).  

 Carbohydrates 

Carbohydrates are interesting targeting ligands owing to their involvement in different selective 

binding and transport processes in bacteria. Among carbohydrates, trehalose (Tre) has received the 

attention of different research groups because it plays an important role in bacteria of the genus 

Mycobacterium, including the tuberculosis (TB) pathogen [65]. Tre is abundant as free form in the 

cytosol of Mycobacteria and as glycolipids in the cell wall. Selective trehalose uptake have been 

observed in Mycobacteria, making this saccharide good alternative for targeting purposes [66]. 

Ramström and co-workers designed Tre-targeted antimicrobial MSNs for selective targeting and 

killing of Mycobacteria smegmatis [55]. MSNs were functionalized with perfluorophenilazide silane 

(PFPA-Si) and then decorated with Tre via azide-mediated surface photoligation, affording M-PFPA-

Tre. Finally, the NPs were loaded with isoniazid (INH), an antibiotic widely used for the treatment 

of TB, obtaining M-PFPA-Tre-INH. The nanosystem exhibited increased bacteria-killing capability 

and the advantage of displaying the target function of trehalose to promote the localized release of 

INH. Thus, the M-PFPA-Tre-INH nanosystem produced a complete bacterial growth inhibition at 

concentrations in the 3–4 mg/mL range, whereas higher concentrations were needed (4.5–5 mg/mL) 

when using a preparation resulting from the direct mix of MSNs and INH. Yan and co-workers used 

the same strategy to graft Tre, as the targeting ligand, to hollow oblate MSNs (HOMSNPs), which 

consisted of NPs with hollow interior and permeable mesoporous shell [41]. Upon INH loading, the 

antimicrobial effect and the targeting selectivity of the resulting nanosystem (HOMSNs-Tre-INH) 

were evaluated in vitro. This nanosystem exhibited enhanced antibacterial activity against M. 

smegmatis, which was attributed to the increased interactions between NPs and mycobacteria as a 

result from the targeting effect of Tre. On the other hand, the targeting selectivity of HOMSNs-Tre-
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INH was tested by means of two different experiments: the first one consisted in replacing Tre by 

mannose as a control against M. smegmatis; the second one involved the exposition of Tre-targeted 

NPs to two different strains of Gram-negative (E. coli) and Gram-positive (S. epidermidis). Both 

internalization and bacteria cell death were much lower, or even non-existent, than those observed 

in M. smegmatis.  

 Small Molecules 

The preparation of small molecules exhibiting different structures and characteristics is 

relatively inexpensive, making them attractive targeting ligands. On this regard, Raichur and co-

workers developed arginine (Arg)-functionalized nanosystems for targeting and treating 

intracellular Salmonella [56]. The nanosystem was synthesized using a layer-by-layer (LBL) coating 

approach. First, the negatively charged MSNs were coated with the positively charged cationic 

polymer protamine and then with the negatively charged pectin polyelectrolyte. Finally, L-Arg was 

conjugated to the exterior pectin and the resulting NPs were loaded with the antibiotic 

fluoroquinolone ciprofloxacin (CIP) to obtain CIP-Arg-MSNs. Gradual CIP release over a period of 

24 h from CIP-Arg-MSNs was observed. In vitro assays in Salmonella infected macrophages revealed 

two-fold higher antibacterial activity with CIP-Arg-MSNs compared to free CIP. The co-localization 

of NPs with the intravacuolar Salmonella and localized antibiotic delivery would explain the increased 

antibacterial activity of the developed NPs. In vivo bacterial burden and morbidity studies in 

BALB/c mice showed nearly tenfold lower Salmonella burden in infected organs, such as spleen, 

liver, and mesenteric lymph nodes. Comparable survival rates were observed at a lower CIP-Arg-

MSNs dosage over free CIP. 

Taking advantage of the overexpression nutrients receptors in bacterial surface it is possible to 

decorate NPs with vitamins for targeting purposes. Using this approach, Liu and co-workers 

prepared pH-responsive antimicrobial nanosystems functionalized with folic acid (FA) as the 

targeting ligand [57]. FA was chosen as targeting ligand due to its affinity towards folate receptors 

(FRα), which are overexpressed in the surface of bacteria [67]. The nanosystem consisted in MSNs 

loaded with ampicillin (AMP), capped with a calcium phosphate (CaP) layer for pH-responsive 

release, and covered with double FA layer, (MSN@FA@CaP@FA), as described in Section 3.1.5. In 

vitro experiments showed that the nanosystem effectively increased the uptake and reduced the drug 

efflux effect in E coli and S. aureus due to the specific targeting of FA. In vivo experiments in infected 

mice showed that MSN@FA@CaP@FA efficiently reduced the mortality of AMP-resistant E. coli 

infection, and promoted wound healing of AMP-resistant S. aureus infection. 

In another study by Wang et al., the antibiotic VAN was grafted to MSNs to develop 

nanosystems able to selectively target and eliminate Gram-positive bacteria over macrophage-like 

cells [58]. The skeleton of VAN strongly binds, throughout hydrogen bond interactions, with the 

terminal D-alanyl-D-alanine moieties of Gram-positive bacteria, which was used for selective 

targeting purpose. In addition, VAN inhibits bacterial growth by hindering the normal development 

of the cell wall, which was used for bactericidal purpose. Thus, MSNs were functionalized with 

aminopropyl groups and then VAN was grafted via amidation reaction. In vitro experiments showed 

that the nanosystem selectively recognized Gram-positive S. aureus in the presence of Gram-negative 

E. coli. On the other hand, the nanosystem produced a significant inhibition of S. aureus growth 

without decreasing cell viability of macrophage-like cells. Lastly, the antibacterial capability of the 

nanosystem was evaluated in vivo in a mice model revealed a remarkable decrease of bacteria in S. 

aureus infected tissues. 

2.2. Targeting Biofilm 

We have reviewed the different targeting strategies reported to date aimed at increasing the 

specificity and efficacy of antimicrobial delivery from MSNs against bacterial infection involving 

planktonic bacteria, i.e., isolated bacteria floating in solution. However, the challenge we face is 

different when the same kind of bacteria are associated in communities forming biofilms. Bacteria in 

biofilms generally develop resistance to antimicrobial agents, since they are embedded in a self-

produced protective matrix of extracellular polymer substances (EPS), composed of extracellular 
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DNA, polysaccharides, proteins, glycolipids and other ionic molecules [4]. Targeting bacterial 

biofilms with MSNs able to disrupt the EPS, penetrate bacterial biofilm and release the antimicrobial 

cargo, constitutes a promising alternative to eradicate bacterial biofilms. This is an emerging research 

field and there are still few publications on this topic. Table 2 summarizes biofilm-targeted MSNs as 

antimicrobial delivery systems.  

Table 2. Bacterial biofilm-targeted MSNs as antimicrobial delivery systems. 

Targeting Ligand 1 Drug Loaded Nanocarrier 2 
Bacterial  

Biofilm 3 
Assay Ref. 

DAMO Levofloxacin MCM-41 DAMO-MSNs S. aureus In vitro [47,68] 

G3 Levofloxacin MCM-41 G3-MSNs E. coli  In vitro [47] 

ConA Levofloxacin MCM-41 ConA-MSNs E. coli  In vitro [69] 
1 DAMO: N-(2-aminoethyl)-3-aminopropyltrimethoxy-silane; G3: poly(propyleneimine) third-

generation dendrimer; ConA: concanavalin A. 2 MCM-41 DAMO-MSNs: MCM-41 type MSNs 

functionalized with DAMO; MSNs-ConA: MCM-41 type MSNs decorated with ConA. 3 E. coli: 

Escherichia coli; S. aureus: Staphylococcus aureus. 

Several studies have focused on engineering MSNs for the delivery of antibiofilm agents able to 

reduce EPS cohesiveness and disperse the biofilm biomass, such as certain proteins including 

lysozyme [70] or DNase I [71]. An alternative strategy consists on tailoring the nanoparticle-biofilm 

interactions by taking into account that EPS components exhibit (typically) negatively charges [72]. 

In this line, the group of Prof. Vallet-Regí reported the design of “nanoantibiotics” consisting of 

antibiotic-loaded MSNs functionalized with positively charged moieties as the targeting agents 

[47,68]. Thus, MSNs were externally modified with N-(2-aminoethyl)-3-aminopropyltrimethoxy-

silane (DAMO) and loaded with the antibiotic LVX [68]. Amine functionalization provided MSNs of 

positive charges that improved the ability of the nanosystem to target and penetrate S. aureus biofilm. 

In addition, microbiological studies showed complete biofilm destruction when antibiotic and 

targeting agent are synergistically combined in a unique nanoplatform. On the other hand, high anti-

biofilm efficiency against Gram-negative E. coli bacteria was also accomplished throughout the 

synergistic combination of polycationic dendrimers (G3), as bacterial membrane permeabilization 

agents, and LVX-loaded MSNs [47].  

The same research group proposed an alternative biofilm-targeting strategy consisting of 

decorating the outermost surface of MSNs with molecules showing affinity towards certain 

components present in the EPS [69]. In this case, the lectin Concanavalin A (ConA) was chosen as the 

targeting ligand, owing to its capability to recognize and bind to glycan-type polysaccharides present 

in the biofilm EPS. MSNs were functionalized with carboxylic acid groups, decorated with ConA and 

loaded with LVX. The bacterial biofilm-targeting efficacy of the nanocarrier was evaluated in E. coli 

biofilms. A dose dependent internalization was observed, i.e., the greater the concentration of added 

NPs, the higher the amount of NPs able to penetrate the bacterial biofilm. Moreover, the synergistic 

combination of ConA and LVX in the same nanoplatform lead to a complete biofilm destruction. In 

this regard, ConA-driven penetration of the nanosystem into the biofilm allows for the release of the 

antibiotic inside, producing high antimicrobial efficacy (Figure 3). 
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Figure 3. Schematic representation of the operating mechanism of bacterial biofilm-targeted 

antimicrobial nanosystems consisting of MSNs loaded with levofloxacin (LVX) and functionalized 

with the biofilm targeting agent Concanavalin A (ConA) [69]. 

3. Stimuli-Responsive Antimicrobials Delivery  

Although the advantageous features of MSNs as drug delivery systems are numerous, their 

porous structure does not offer controlled release of the entrapped antimicrobial cargoes. Zero 

premature release of the hosted drugs can be accomplished by incorporating different organic or 

inorganic moieties into the pore openings, behaving as gatekeepers or nanocaps. The stimuli-

responsive or “smart” performance can be accomplished by using cleavable-linkages to graft these 

moieties or by using gatekeepers that undergo chemical and/or physical changes in response to given 

stimuli. Thus, smart nanosystems would load, protect and transport the antimicrobial to the target 

site where, in the presence of an internal or external stimulus, release the the antimicrobial payload. 

Stimuli-responsive MSNs have been widely proposed for antitumor therapy [24,73–75]. Nonetheless, 

the research on smart MSNs for the treatment of bacterial infections started a few years ago and, 

therefore, the number of reports into this area is not so extensive. The different stimuli that have been 

exploited to trigger antimicrobials delivery from MSNs can be classified into internal (presence of 

bacteria, bacterial toxins, pH, redox potential and dual stimuli) or external (chemical species, 

temperature, light and alternating magnetic field). In this section we overview the most relevant 

studies involving stimuli-responsive MSNs for bacterial infection treatment focusing on the 

triggering stimulus depending on the specific characteristics of the infection to treat.  

3.1. Internal Stimuli-Responsive MSNs 

3.1.1. Presence of Bacteria 

The first report on MSNs as stimuli-responsive delivery systems of antimicrobials was authored 

by Martínez-Máñez and co-workers, who developed MSNs able to release the cargo in the presence 

of bacteria [48]. In this study, MCM-41-type MSNs were loaded with VAN, and their outer surface 
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was functionalized with N-[(3-trimethoxysilyl)propyl] ethylendiamine triacetic acid trisodium salt 

(TMS-EDTA). Finally, the mesopores were capped with the cationic polymer ε-pLys via electrostatic 

interactions with the negatively charged NPs surface. The antimicrobial effect of this nanodevice was 

tested against different Gram-negative bacteria, namely, E. coli, Salmonella typhi and Erwinia 

carotovora. As is schematically shown in Figure 4, the presence of bacteria triggers pore uncapping, 

due to the adhesion of the ε-pLys gatekeeper with the negatively charged bacteria wall, which allows 

the release of the entrapped cargo. One of the major outcomes of this pioneering approach is the 

synergistic enhancement of antimicrobial effect, in terms of growth inhibition and the cell viability of 

both ε-pLys and VAN, which does not occur with the free drugs. The other remarkable achievement 

is the broadening of the antibacterial spectrum of action of VAN, whose solely administration triggers 

bacterial resistance in Gram-negative bacteria. Authors postulate that the improvement of VAN 

toxicity to Gram-negative bacteria when this nanoformulation is used can be ascribed to the bacterial 

wall damage provoked by ε-pLys adhesion, which allows the loaded VAN to penetrate into the cell. 

 

Figure 4. Schematic depiction of the action mechanism of bacterium-triggered antimicrobial 

nanosystems was composed of MSNs loaded with vancomycin (VAN), functionalized with N-[(3-

trimethoxysilyl)propyl] ethylendiamine triacetic acid trisodium salt (TMS-EDTA) and capped with ε-

poly-L-lysine (ε-pLys) in the presence of E. coli [48]. 

Later on, the same research group used a similar approach to load histidine kinase 

autophosphorylation inhibitors (HKAIs) into stimuli-responsive MSNs [49]. HKAIs-loaded MSNs 

were functionalized with TMS-EDTA and capped with ε-pLys. The antimicrobial activity of this 

nanosystem against E. coli and Serratia marcescens Gram-negative bacteria was higher than that of free 

HKAIs. As described above, the operating mechanism of this nanodevice is based on the interaction 

of the positively charged capped MSNs with the negatively-charged bacterial cell wall, which triggers 

pore uncapping and cargo release and consequently inhibits bacteria growth. This nanosystem did 

not exhibit adverse effects on mammalian cells viability or immune function of macrophages and did 

not show any toxicity to zebrafish embryos in vivo.  
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More recently, Khashab and co-workers developed a smart mixed-matrix membrane coating for 

X-ray dental imaging devices with the capability of detecting and inhibiting healthcare-associated 

infections [76]. This antibacterial coating was formed by a poly(ethylene oxide)/poly(butylene 

terephthalate) polymer matrix containing homogeneously-dispersed antimicrobial nanofillers. These 

nanofillers were composed of aminopropyl-modified MSNs (MSN-NH2) loaded with kanamycin 

(KANA) antibacterial agent and capped with LYS-functionalized gold nanoclusters (AuNC@LYS). 

Bacteria-responsive nanofillers were obtained by the self-assembly of positively charged MSN-NH2 

and negatively charged and fluorescent AuNCs. The presence of bacteria triggered AuNC@LYS 

detachment from MSNs, due to the interaction of LYS with the bacterial cell wall, allowing the release 

of the entrapped KANA antibacterial agent. Simultaneously, variation and eventually disappearance 

of the red fluorescence of AuNC@LYS under UV light was detected, providing a qualitative bacterial 

sensing nanoplatform. Moreover, bacteria-triggered KANA release performance of this smart coating 

was investigated in the presence of E. coli. The results revealed that the viability decreased by 50% 

only after 50 min, and by ca. 80% after 170 min of assay. Effective antibacterial activity towards 

Bacillus safensis was also probed. This smart coating successfully allowed the detection and inhibition 

of bacterial colonization and growth on a common radiographic dental imaging device 

(photostimulable phosphor plate), a substrate susceptible to contamination by oral bacteria. This 

strategy could be expanded to many other medical devices without compromising their function. 

One of the constraints of the above-described nanosystems is their lack of specificity, which 

hampers their use for detection and treating a targeted pathogen. An attractive alternative strategy 

was proposed by Ozalp and co-workers , who designed aptamer-gated MSNs able to release the 

loaded antibiotic VAN upon interaction with specific antigens present on the surface of S. aureus 

bacteria (see Section 2). To obtain a S. aureus specific molecular nanogate, a SA20hp aptamer was 

grafted to MSNs and converted to hairpin structure, affording SA20hp. The interaction with S. aureus 

surface antigens produces a disruption rearrangement of the aptamer structure that lead to pore 

uncapping and allowed the release of the entrapped VAN. The antimicrobial efficacy of the 

nanodevices was in vitro evaluated using S. aureus (targeted) and S. epidermidis (non-targeted) 

bacterial cultures. The minimum inhibitory concentration (MIC) values were determined, being 0.420 

µg/mL and 6.295 µg/mL for S. aureus and S. epidermidis, respectively. These results revealed a 15-fold 

increased efficacy in S. aureus compared to that of S. epidermidis, which accounted for the specific 

targeting and higher toxicity in the former. The MIC values of solely VAN were 1.1 µg/mL and 2.4 

µg/mL for S. aureus and S. epidermidis, respectively. These results demonstrated that S. epidermidis is 

only damaged by relative high doses of VAN-loaded aptamer-gated MSNs (6.295 µg/mL). So, it is 

possible to use appropriate doses (e.g., 0.420 µg/mL) to efficiently kill the targeted bacteria S. aureus 

without harming non-targeted bacteria (S. epidermidis).  

Zink and co-workers also proposed an interesting strategy to design a pathogen-targeted 

detection and delivery nanoplatform based on highly specific antigen-antibody interactions, as 

commented in Section 2 [50]. To this end, the O-antigen of the LPS of F. tularensis (Ft) bacteria was 

immobilized on the surface of fluorescein MSNs, and then, the nanosystem was capped by using the 

FB11 antibody. The presence of the native antigen Ft LPS, which exhibits greater affinity towards the 

capping antibody, produces the competitive displacement of the antibody cap and allows cargo 

release from the mesopores. The dye used as model cargo allowed evaluating the performance of the 

nanosystem by measuring the fluorescence levels after incubation with Ft and Francisella novocida 

(Fn). After 1 h of assay, the intensity detected in Ft was 100 a.u. whereas that of Fn was only 20 a.u., 

evidencing the high selectivity of the nanodevice.  

3.1.2. Bacterial Toxins 

Some studies have focused on developing MSNs able to release the antibiotic payloads in 

response to the high levels of certain toxins produced and secreted by bacteria in infected 

microenvironments [77]. In this line, Gao and co-workers designed biohybrid nanomaterials able to 

release antimicrobial cargo in the presence of hyaluronidase, an enzyme produced by several 

pathogenic S. aureus [78]. The nanohybrids were synthesized following the LBL self-assembly 
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method. First, amoxicillin (AMO), a broad-spectrum antibiotic, was loaded into MSNs. The resulting 

NPs were functionalized with carboxylate groups for the subsequent adsorption, via electrostatic 

interactions, of LYS, a bacteriolytic enzyme toward Gram-type positive strains. Then, the NPs were 

sequentially coated with hyaluronic acid (HA), as the hyaluronidase responsive layer, and with 1,2-

ethanediamine-modified polyglycerol methacrylate (EDA-PGMA), a cationic polymer that does not 

show specific target toward the bacteria but experiences electrostatic attracting interactions with the 

negatively-charged bacterial membrane (Figure 5). In vitro assays probed that hyaluronidase lead to 

the specific cleavage of the nanosystem, followed by the release of LYS and AMO. In vitro 

antibacterial activity tests were carried out against AMO-resistant E. coli and S. aureus with several 

NPs concentrations. Due to the protection of the LPS layer surrounding cell membrane in Gram-

negative bacteria, LYS exhibited a relatively weak antimicrobial activity for E. coli. Thus, better 

inhibition effect of the nanosystem was obtained towards S. aureus than that of E. coli. The MIC 

values toward AMO-resistant bacteria were much lower than that of isodose LYS and AMO. The 

antimicrobial effect of the nanosystem was also in vivo evaluated in a mouse wound model infected 

with S. aureus. Epidermal antimicrobial delivery with a single dose of LYS and AMO significantly 

reduced the number of bacteria to a bacteriostatic rate of 67.4%, compared to the negative controls, 

whereas the application of the nanosystems inhibited almost totally the bacterial growth, with a 

bacteriostatic rate of 99.9%. Wang and co-workers also applied the HA-capping strategy to prepare 

theranostic MSNs-based nanoplatforms for the detection and killing of S. aureus in the whole blood, 

as has been detailed in Section 2 [51]. The nanosystem consisted of magnetic MSNs (nanoplatforms) 

loaded with VAN (antibiotic cargo), capped with sulfonated-HA (capping agent), and decorated with 

a S. aureus antibody (active targeting ligand). In vitro experiments demonstrated that the nanosystem 

was able to release the entrapped VAN upon addition of hyaluronidase, due to the degradation of 

the capping agent HA. Moreover, in the presence of S. aureus, an “on-demand” antibiotic release was 

achieved, which allowed to efficiently eradicate these bacteria from the infected bloodstream. 

Another strategy relied on the use of lipases, phosphatases and phospholipases secreted by 

bacteria, to trigger antibiotic release. To this end, MSNs were coated with a lipid bilayer shell as the 

sensitive-capping element that prevents premature cargo release, protecting the antibiotic from 

inactivation and overcoming the cellular barriers when addressing intracellular infections [53,54]. 

Decorating the outermost surface of the NPs with a specific bacteria-targeting peptide, as discussed 

in Section 2, conferred the nanosystems of capability to target the site of bacteria. Once there, the 

liposomal coating was degraded by toxins and the antibiotic molecules were rapidly released to 

subsequently kill intracellular bacteria cells. It was observed that a remarkable increase in the 

antimicrobial efficacy compared to the free antibiotic.  

Very recently, Cai and co-workers reported the fabrication of a glutamyl endonuclease-

responsive MSN-based nanoplatform to treat S. aureus-associated osteomyelitis infections, 

meanwhile, promote bone tissue regeneration [79]. Glutamyl endonuclease (V8 enzyme) was chosen 

as antimicrobial release trigger taking the advantage of the overexpression of this enzyme in the 

microenvironment of S. aureus infection. For the synthesis of the nanosystem Ag NPs were first 

encapsulated into MSNs. Then, poly-L-glutamic acid (PG) and polyallylamine hydrochloride (PAG) 

were assembled on MSN-Ag by using the LBL assembly method. In this nanosystem PG, a 

homogeneous polyamide containing an amide linkage, was the sensitive capping element. In the 

presence of V8 enzyme secreted by S. aureus, PG was degraded and the multilayer film outside MSN-

Ag NPs was destroyed, which produced pore uncapping and self-adaptive release of loaded Ag NPs 

and ions. In vitro antibacterial experiments demonstrated the excellent antibacterial effect of 

LBL@MSN-Ag NPs deposited onto Ti substrates. In vivo experiments in a bacterium infected femur-

defect rat model showed that the modified Ti implants were efficient at treating bacterial infection. 

Moreover, significant formation of new bone tissue was observed, which could be related to the role 

played by PG in accelerating bone formation.  
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Figure 5. Schematic representation of the operating mechanism of enzyme-responsive antimicrobial 

nanosystems consisting of layer-by-layer (LBL) coated MSNs loaded with amoxicillin (AMO) [78]. 

3.1.3. pH 

Similarly to some tumor tissues, bacterial infection is accompanied by a local drop in pH through 

a combination of low oxygen triggered anaerobic fermentation [80] and natural immune response of 

the host eliciting inflammatory responses [81]. The pH at the site of infection can reach values as low 

as 5.5, [82], which can be efficiently used as release trigger in pH-responsive drug delivery 

nanosystems. This fact motivated Lee and co-workers to design pH-triggered MSNs where silver-

indole-3 acetic acid hydrazide (IAAH-Ag) complex, used as model drug, was linked to MSNs via pH-

cleavable hydrazone bond [83]. Upon exposition to an acidic pH of ca. 5.0, the nanosystem released 

significant amounts of Ag+ (70%), whereas moderate release was found (25%) at the physiological pH 

of 7.4. Positive antimicrobial effect was obtained in planktonic cells and biofilms of bacteria. Thus, 

NPs at a concentration of 120 µg/mL totally inhibited bacterial E. coli and S. aureus growth. In 

addition, NPs at a concentration as low as 30 µg/mL were enough to inhibit biofilm formation of E. 

coli, B. subtilis, S. aureus and S. epidermidis. Moreover, good antibacterial activity in vivo was assessed 

in intraperitoneal E. coli infected adult mice.  

Qu and co-workers developed a “sense-and-treat” hydrogel for the detection and eradication of 

bacteria [84]. In this report MSNs acted as scaffolds for a fluorescence probe and an antibacterial drug. 

Thus, MSNs were loaded with VAN and end externally functionalized with fluorescein 

isothiocyanate (FITC). Then, a copolymer resulting from the copolymerization between a rhodamine 

B derivative (RhBAM) and the pH-sensitive polymer poly(N-isopropyl acrylamide-co-acrylic acid) 

(PNIPAAM) was grafted onto MSNs. The copolymer on MSNs was in an initial swollen-state at the 

physiological pH, whereas it started to shrink under acidic environment, acting as nanogate to control 

drug delivery (see Figure 6). In this system, FITC and RhBAM made up the radiometric fluorescence 

probe. Owing to the pH-sensitive properties of FITC, the nanosystem had a strong emission at 518 

nm at neutral or basic pH, while this emission was reduced at acid pH. On the other hand, at neutral 

or basic pH RhBAM showed no fluorescence, while at acidic pH this moiety emitted a strong 
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fluorescence at 575 nm. Therefore, the acidic pH at the site of infection triggered both a fluorescence 

change and VAN release to kill bacteria. VAN release studies conducted on NPs with and without 

RhBAM at different pH showed higher VAN release at acidic pH from RhBAM-containing NPs. On 

the contrary, RhBAM-free NPs showed similar antibiotic release profiles independently of the tested 

pH. The successful “sense-and-treat” efficacy of the nanosystem was probed on E. coli cultures, 

wherein NPs concentration of 280 µg/mL showed high antimicrobial activity during 36 h. 

 

Figure 6. Schematic representation of the operating mechanism of pH-responsive antimicrobial 

nanosystems consisting of fluorescein isothiocyanate (FITC)-derivatized MSNs loaded with 

vancomycin and capped with a pH-sensitive hydrogel (RhBAM-modified PNIPAAm copolymer) for 

the efficient killing of E. coli [84]. FITC: fluorescein-isotiocianate, RhBAM: Rhodamine B-derivative, 

PNIPAAm: poly (N-isopropyl acrylamide-co-acrylic acid). 

Li and co-workers developed a pH-responsive co-delivery system of β-lactam antibiotic 

(carbenicillin, Car) and a β-lactamase (sulbactam, Sul) to eradicate methicillin-resistant S. aureus 

(MRSA) [85]. Fe3+-Car metal organic framework (CarMOF) acted as capping units when grafted to 

sul-MS-loaded MSNs. Cargo (Car and Sul) release experiments were carried out at pH 7.4 and 5.0, 

evidencing the higher drug release at pH 5.0, in good agreement with the acid-triggered dissolution 

of CarMOF. CarMOF-Sul-MSNs system inhibited MRSA growth at acidic pH owing to the co-

delivery of Car (from the degradation of CarMOF) and Sul (loaded into the mesopores). In addition, 

no cytotoxicity was observed after incubation with RAW 264.7 cells for 48 h. Finally, in vivo assays 

showed decreased MRSA infection in the skin of mice treated with these NPs. 

In another study, Liu and co-workers described the design of a pH-responsive nanosystem 

consisting of ampicillin (AMP)-loaded MSNs coated with double FA and CaP (see Section 2) [57]. 

First, MSNs were modified by grafting FA via electrostatic interactions and then coated with CaP 

through chelate effect and biomineralization. Finally, another FA layer was grafted to the outermost 

surface of the NPs. The targeting capability of FA towards the bacterial infection site efficiently 

increased the NPs uptake and overcame the efflux pump effect in E. coli and S. aureus. In vitro tests 

in mammalian cells cultures showed the biocompatibility of this nanosystem. Moreover, no 
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significant hemolytic activity was observed in human blood even at NPs concentrations of up to 160 

µg/mL. In vivo assays demonstrated the antibacterial efficacy of this nanosystem, which effectively 

diminished the mortality of drug-resistant E. coli infection and promoted wound healing process in 

drug-resistant S. aureus infection.  

Very recently, Shoueir and co-workers reported the synthesis of MSNs loaded with LVX and 

coated with polylactic acid nanoflowers (PLA-NF) as biodegradable pH-responsive gatekeeper [44]. 

The structure of PLA nano-shells highly depended on the pH of the environment. Under acidic pH 

as low as 2.01 the nano-shell was hydrolyzed and degraded, allowing LVX release out of the open 

mesopores. At neutral pH of 7.0 PLA nano-shells became insoluble and collapsed onto MSNs surface, 

creating a compact capping layer that slowed down the LVX release rate. The antimicrobial efficacy 

of this nanosystem against S. aureus, E. coli and Candida albicans (C. albicans) was demonstrated in 

vitro. Moreover, the cytocompatibility and non-toxicity of this nanosystem was also confirmed in 

human osteoblast cell lines.  

pH-responsive MSNs have been proposed for the intracellular delivery of antimicrobials to 

bacteria-infected cells in the treatment of intracellular infections, such as tuberculosis [86,87] or 

tularemia [88]. Since macrophages are the primary host cells that harbor intracellular pathogens [89], 

the possibility to introduce antibiotics selectively into macrophages would increase the therapeutic 

efficacy and reduce side effects associated with conventional treatments. It is possible to take 

advantage of the efficiency of macrophages in internalizing NPs and delivering such NPs to acidified 

endosomes, to design pH-responsive MSNs for microbial delivery. In this regard, Zink and co-

workers developed INH-delivery MSNs equipped with pH-operated beta-cyclodextrin (β-CD) 

nanovalves fabricated by covalent attachment of molecular threads to the pore mouths of MSNs and 

addition of bulky β-CD molecules that at neutral pH bonded to the threads blocking the mesopores 

[86]. At acidic pH, the protonation of the molecular threads takes place, which reduces the binding 

affinity between β-CD capping molecules and the thread and therefore nanovalves open, which 

allows INH release within M. tuberculosis-infected macrophage. In vitro assays demonstrated that 

INH delivered from the developed nanosystem kills 1.5 logs more intracellular M. tuberculosis than 

equivalent doses of free INH. In another work, the same research group developed a pH-responsive 

nanosystem based on MSNs with a pH-sensitive nanovalve, whose operating mechanism is similar 

to that above described, for the delivery of the fluoroquinolone antibiotic moxifloxacin (MXF) and 

evaluated its efficacy in the treatment of F. tularensis infected macrophages [88]. The nanovalve was 

closed at the pH of 7.4, trapping the cargo inside the mesopores. Protonation of the organic stalks as 

the pH decreases to values of 6 and lower, weakened their interaction with capping molecules. The 

nanosystem showed high efficacy in killing F. tularensis in vitro, in cell cultures of infected 

macrophages, and in vivo, in a mouse model of lethal pneumonic tularemia, with much more 

effectivity than an equivalent amount of free MXF. 

The same research group developed pH-responsive nanosystems carrying covalently grafted 

INH throughout pH-responsive hydrazone bonds [87]. The nanosystems consisted in MSNs 

functionalized with aldehyde groups and loaded with INH as a “prodrug”, through the chemical 

grafting of the hydrazine portion of INH to the aldehyde-modified MSNs, affording a pH-sensitive 

hydrazone bond. The hydrazone bond is stable at neutral pH, whereas it has a high INH release 

capability under acid pH, such as that of the endolysosomal compartment of macrophages after NPs 

uptake. Finally, to increase the dispersibility of the nanosystem and promoting endosomal escape 

following uptake, INH-loaded MSNs were coated with the copolymer poly(ethylene imine)-

poly(ethylene glycol) (PEI-PEG). In vitro evaluation demonstrated that the developed nanosystems 

were avidly ingested by M. tuberculosis-infected human macrophages and killed the intracellular 

bacteria in a dose-dependent fashion. In addition, it was probed in a mouse model of pulmonary 

tuberculosis that the NPs were well tolerated and showed greater efficacy than that achieved with 

equivalent doses of free INH. 
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3.1.4. Redox Potential  

The reducing power of living cells is higher than that of extracellular medium or plasma due to 

the great number or redox couples that are kept mainly in the reduced state by diverse metabolic 

processes. Among these redox couples, glutathione (GSH)/GSSG is the most abundant inside cells 

[90]. This fact inspired Zink and co-workers to develop redox-responsive antimicrobial nanosystems 

for the eradication of intracellular bacterial pathogens, concretely F. tularensis in macrophages [91]. 

For this purpose, antibiotic MXF was loaded into MSNs and a redox-sensitive disulfide snap-top 

acted as the gatekeeper (Figure 7). MSNs were functionalized with mercaptopropyl groups and with 

adamananethiol forming a disulfide bond. Then NPs were loaded with MXF and capped by addition 

of β-CD, which formed an inclusion complex with adamantanethiol. The exposition to reducing 

milieus (e.g., after GSH addition or after macrophages uptake) triggered the cleavage of disulfide 

bond and cargo release was observed. To evaluate whether these disulfide snap-tops were able to 

operate at physiological concentrations of GSH, NPs were loaded with Hoechst fluorescent dye. The 

results indicated that cargo was released intracellularly, staining the nuclei of macrophages due to 

the presence of GSH inside the cells. The nanosystem was efficient at killing F. tularensis in 

macrophages. Thus, whereas, without treatment, the bacteria grew 2.4 logs in 24 h, redox-responsive 

MXF-loaded MSNs (6.25–400 ng/mL) or MXF (1–64 ng/mL) reduced bacteria in macrophages in a 

dose-dependent fashion. MOX delivered by the disulfide snap-top MSNs had similar efficacy than 

free MXF in the in vitro F. tularensis-infected macrophague model. In vivo studies in a mouse model 

of lethal pneumonic tularemia showed that the nanosystem prevented weight loss, illness and death, 

noticeably reducing the burden of F. tularensis in the lung, liver and spleen and showed higher 

efficacy than a comparable amount of free antibiotic.  

 

Figure 7. Schematic depiction of the operating mechanism of redox-responsive antimicrobial 

nanosystems consisting of disulfide modified MSNs loaded with moxifloxacin and end-capped with 

β-cyclodextrin (β-CD) [91]. 



Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 18 of 31 

 

Among redox stimulus, reactive oxygen species (ROS) is present in living organisms and mainly 

consists of superoxide (O2•−), hydrogen peroxide (H2O2), hypochlorite (OCl−), peroxynitrite (ONOO−) 

and hydroxyl radical (•OH) [92]. Free oxygen radicals are highly toxic to pathogens and they are 

used as a powerful tool to prevent colonization of tissues by pathogenic microorganisms [93]. ROS 

overproduction in the bacterial infection sites is receiving growing attention to attain ROS-responsive 

delivery nanosystems antimicrobials. In this regard, Chen and co-workers designed a nanosystem 

consisting of amino-functionalized MSNs loaded with VAN and grafted with thioketal (TK) 

functionalized methoxy poly(ethyleneglycol) (mPEG-TK) as ROS-responsive gatekeeper (Figure 8). 

The interaction with the ROS in the microenvironment triggers the cleavage of TK linker and 

polymeric cap degradation, which produced pore uncapping and allowed release of encapsulated 

VAN. In vitro antibacterial efficacy tests against S. aureus revealed that this nanosystem exhibited 

better antibacterial activity than free-VAN, due to its robust influence on the disintegration of the 

bacterial membrane. Moreover, the good in vitro biocompatibility in osteoblast cell cultures and the 

effective antibacterial ability in the healing of skin wounds in rats exposed to S. aureus, probed the 

suitability of these NPs in the treatment of infected wounds. 

 

Figure 8. Schematic depiction of the operating mechanism of reactive oxygen species (ROS)-

responsive antimicrobial nanosystems consisting of MSN loaded with vancomycin and capped with 

a ROS-degradable thioketal grafted methoxy poly(ethylene glycol) (mPEG-TK) gate-like shell [91]. 

3.1.5. Dual Stimuli  

Tang and co-workers developed a GSH/pH dual-responsive antimicrobial nanosystem for the 

co-delivery of chlorhexidine (CHX) and Ag+ in response to a pathological environment in the oral 

cavity [94]. In this study, disulfide-bridged MSNs were decorated with Ag NPs (Ag-SS-MSNs) and 

the mesopores were functionalized with carboxylate groups for the subsequent loading of CHX. The 

resulting nanosystem (Ag-SS-MSNs-CHX), taking advantage of the GSH-triggered matrix 

degradation properties, showed sequential delivery of CHX and Ag+ in response to both reducing 

and acidic media. The efficacy of this dual-responsive nanosystem against Streptococcus mutans and 
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its biofilm was effectively demonstrated in vitro, arising values for MIC, minimum bactericidal 

concentration (MBC) and minimal biofilm inhibitory concentration (MBIC) of 12.5 µg/mL, 25 µg/mL 

and 50 µg/mL, respectively. This nanoformulation was more effective at killing S. mutans than an 

equivalent amount of free CHX. This nanoantiseptic NPs notably reduced the cytotoxicity of CHX in 

oral epithelial cells and did not produce abnormal effects on mice after oral exposure. 

3.2. External Stimuli-Responsive MSNs 

External stimuli, either chemical or physical, are receiving growing attention by the scientific 

community, since they make it possible to control antimicrobial release on demand, depending on 

the patient clinical needs. In this context, the external addition of certain chemical species or the 

application of diverse physical stimuli, such as temperature, light and alternating magnetic field 

(AMF) have been proposed as antimicrobial release triggers in innovative responsive nanosystems. 

3.2.1. Chemical Species  

It is possible to control the release of the entrapped antimicrobial cargo from MSNs on demand 

throughout external addition of certain chemical species. In this context, Gao and co-workers 

developed a dual-function multifunctional nanomaterial for bacterial detection and controllable 

inhibition [95]. To this end, MSNs were loaded with AMO and coated with EDA-PGEDA polymer. 

Then, cucurbit[7]uril (CB[7]) was attached to the resulting NPs throughout the formation of inclusion 

complexes with EDA moieties via ion-dipole interactions. Finally, negatively charged 

tetraphenylethylene tetracarboxylate (TPE-(COOH)4) was bond to the positively-charged 

supramolecular polymers on the surface of MSNs, via electrostatic interactions to for a LBL 

supramolecular nanoassembly. Negligible AMO release was observed from aqueous suspensions of 

these NPs. Nonetheless, the addition of adamantaneamine (AD) triggered AMO delivery as a 

consequence of the formation of a more stable supramolecular inclusion complex, AD⊂CB[7], which 

disrupted the nanoassembly and produced the release of EDA-PGEDA and TPE-(COOH)4. Moreover, 

aqueous suspensions of these NPs exhibited fluorescence emission, thanks to the aggregation-

induced emission (AIE) effect of TPE-(COOH)4 onto the EDA-PGEDA layer, which allowed for the 

detection of bacteria. Thus, when E. coli and S. aureus were present, the competitive binding of the 

negatively charged bacterial surface to the positively charged EDA-PGEDA polymer broke the 

interactions between EDA-PGEDA and TPE-(COOH)4, and weakened the AIE of the latter, which led 

to the quenching of fluorescence emission. Moderate antibacterial activity with MIC values higher 

than 1000 µg/mL was observed when the nanosystem was tested against both E. coli and S. aureus. 

This bacterial killing capability notably increased in the presence of AD, with lower MIC values of 

125 µg/mL and 250 µg/mL for S. aureus and E. coli, respectively. 

3.2.2. Temperature 

Temperature is a physical stimulus able to that has been proposed as external release trigger for 

antimicrobial delivery from MSNs. Using this strategy, Martínez-Máñez and co-workers reported the 

design and preparation of MSNs consisting of an iron oxide (Fe3O4) core and a mesoporous silica 

shell, which were loaded with the antibacterial enzyme LYS and capped with poly(N-

isopropylacrylamide) (PNIPAM), a thermoresponsive polymer [96]. For comparison purposes and to 

evaluate the efficacy of the PNIPAM capping system, loading and delivery experiments using the 

relative small dye tris(bipyridine) ruthenium(II) chloride (Ru(bipy)32+) were carried out. Both 

nanosystems exhibited insignificant cargo release at 25 °C due to PNIPAM in hydrated extended 

brush form effectively closing the pores and inhibiting cargo delivery (Figure 9). However, at 37 °C, 

the polymer was in hydrophobic collapsed form, allowing pore uncapping and cargo delivery. 

Antimicrobial activity tests of LYS-loaded nanosystems at different temperatures against Gram-

positive Bacillus cereus and Micrococcus luteus showed a clear temperature dependent antimicrobial 

activity at NPs concentration of 0.50 mg/mL. Thus, at 25 °C no toxicity was observed at a NPs 
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concentration of 0.50 mg/mL, whereas increasing the temperature to 37 °C resulted in a reduction of 

bacteria growth of ca. 60% and 45% for B. cereus and M. luteus, respectively, after 24 h of assay. 

  

Figure 9. Schematic representation of the operating mechanism of temperature-responsive 

antimicrobial nanosystems consisting of core-shell nanoparticles (NPs) comprised of Fe3O4 cores and 

mesoporous silica shells and coated with a thermosensitive poly(N-isopropylacrylamide) (PNIPAM) 

layer [96]. 

3.2.3. Light 

The synergistic combination of phototherapy and antimicrobials delivery against bacterial 

infection using MSNs constitutes a promising alternative to conventional antibiotic treatments 

[97,98]. Following this approach, Lee and co-workers developed an antimicrobial trio-hybrid 

nanosystem consisting of Cu(II)-impregnated MSNs loaded with curcumin (CUR) and externally 

decorated with Ag NPs [97]. The resulting nanohybrid displayed excellent photodynamic 

inactivation (PDI) against antibiotic-resistant E. coli owing to the synergistic effects of silver, Cu(II) 

and CUR. Bactericidal effect of the nanosystem in the presence of visible light was higher than that 

of solely CUR or Ag NPs. Antibacterial activity enhancement was attributed to the light-controllable 

Ag+ release and the overproduction of ROS by both Ag NPs and CUR. Nanosystems with a CUR 

concentration of 1.5 µM provoked a ~90% eradication of the bacterial cells, accounting to the 

enhancement in bacterial destruction of ca. 5 log and 4 log, compared to bacterial cells treated with 

free CUR and Cu-MSN-AgNPs-CUR, respectively. The complete eradication of bacterial cells was 

accomplished by increasing the nanohybrid concentration to 20 µg/mL, which corresponded to 

concentration of a pure CUR of 3 µM. 

In another report, Xiao and co-workers described the preparation of a multifunctional 

nanoplatform based on MSNs for imaging guided chemo/photodynamic synergetic therapy (Figure 

10) [98]. Firstly, carbon dots (C-dots) and rose bengal (RB) were embedded in core-shell MSNs 

affording MSN@C-dots/RB nanosystem. C-dots, acting as a fluorescence probe to attain cell 

fluorescence imaging, were synthetized and then embedded in MSNs, affording MSN@C-dots. Then, 
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the RB photosensitizer, aimed to generate singlet oxygen to carry out photodynamic therapy, was 

loaded into MSNs. Finally, the antitumor drug doxorubicin (DOX) was loaded into MSN@C-dots/RB 

for synergistic chemotherapy. Upon exposure to green light, significant chemo/photodynamic 

synergistic antitumor effect was reached with MSN@C-dots/RB/DOX. In addition, MSN@C-dots/RB 

showed remarkable bacterial inhibitory effect against E. coli. Thus, a concentration of MSN@C-

dots/RB of 100 µg caused a delay in the bacterial growth of E. coli about 12 h under green light 

irradiation. Then, NPs were loaded with AMP and the antibacterial effect of the resulting nanosystem 

(MSN@C-dots/RB/AMP) on E. coli growth indicated that in the absence of light, an increase in the 

concentration of the nanosystem caused a gradual inhibition of bacterial growth, due to the 

antibacterial effect of AMP. However, the application of green light produced more inhibitory effect, 

and, thus, MSN@C-dots/RB/AMP resulted in almost complete E. coli eradication at concentrations of 

100 µg/mL. 

 

Figure 10. Schematic depiction of the mechanism of action of antimicrobial light-responsive 

antimicrobial nanosystems consisting MSNs containing carbon dots (C-dots), rose bengal (RB) and 

ampicillin (AMP) [98]. 

3.2.4. Alternating Magnetic Field  

Among external stimulus, AMF is an attractive choice, since it brings the opportunity not only 

to control antimicrobials release from nanocarriers, but also to guide magnetic NPs to the site of 

infection and aid at biofilm disruption and dispersion [99,100]. Using this approach, Zink and co-

workers recently designed an innovative multi-stimuli-responsive magnetic supramolecular 

nanoplatform for the co-delivery of large and low molecular weight antimicrobial agents to 

synergistically eradicate pathogenic biofilms [101]. This co-delivery nanoplatform was based on the 

supramolecular co-assembly of heterogeneous MSNs (Figure 11). The host MSNs (H, 

MSNLP@PEICD) were composed of large pore MSNs (MSNLP) capped by β-CD-modified 

polyethylenimine (PEICD). The guest MSNs (G, MagNP@MSNA-CB[6]) consisted of a 

MnFe2O4@CoFe2O4 magnetic core coated by a mesoporous silica layer decorated with both 

adamantine (ADA), able to interact with β-CD (on the surface of H) and N-(6-N-
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aminohexyl)aminomethyl triethoxysilane (AHAM), able to interact with cucurbit[6]uril (CB[6]) for 

efficient pore capping. The host–guest interactions between β-CD and ADA (on the surface of G) 

triggered the spontaneous co-assembly of H and G to form supramolecular cluster (H+G). The 

resulting nanoplatform was ideal to co-deliver antimicrobial agents with different molecular weight 

and charge, thanks to the presence of negatively charged large pores in H and positively charged 

small pores in G. Taking advantage of this fact, the large-molecular-weight and positively charged 

antimicrobial peptide melittin (MEL), and the small-molecular-weight and negatively charged 

antibiotic ofloxacin (OFL) were loaded in H and G, respectively. The resulting dual co-assembly (H-

MEL+G-OFL) exhibited both the positively charged PEICD cap, which provided the nanoplatform of 

bacterium–binding and –responsive antimicrobial delivery capabilities, and the AHAM-binding 

CB[6] cap, which conferred the nanosystem of heat/AMF-responsive drug release ability. The 

excellent dual drug release efficiency of the developed nanosystem under the stimuli of pathogenic 

cells and AMF/heating was confirmed in P. aeruginosa cultures. Moreover, synergistic eradication of 

pathogenic biofilms by drug-loaded H-MEL+G+OFL co-assemblies under the AMF stimulus was 

observed. Thus, whereas H-MEL, G-OFL, or MEL+OFL reduced biofilm mass around 30–69% and 

killed 33–78% of pathogen cells, H-MEL+G-OFL co-assembly produced >97% biofilm mass removal 

and 100% pathogen cells killing. On the other hand, in vitro biocompatibility evaluation in 

mammalian cell cultures demonstrated that, whereas the co-assemblies exhibited excellent 

antibiofilm ability, they had no impact on the viability of normal cells. Finally, in vivo assays using a 

mouse model with implantation of biofilms-colonized silicone tubes showed that the drug-loaded 

co-assembly had a strong capability to eradicate pathogenic biofilms from implants, efficiently 

preventing infection and inflammation of host tissue.  

 

Figure 11. Schematic representation of the operating mechanism of dual drug-delivery and 

pathogen/heating/alternating magnetic field (AMF)-responsive antimicrobial nanosystems formed by 

the supramolecular coassembly of host MSNs (H), guest MSNs (G) [101]. H consisted of large-pore 

MSNs (MSNLP) loaded with melittin (MEL) and capped by β-cyclodextrin (β-CD)-modified 

polyethylenimine (PEI). G consisted of MnFe2O4@CoFe2O4 magnetic NPs coated with a mesoporous 

silica layer (MagNP@MSN), loaded with ofloxacin (OFL) and decorated with both adamantine (ADA) 
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(to interact with β-CD on the surface of H) and N-(6-N-aminohexyl)aminomethyl triethoxysilane 

(AHAM) (to interact with cucurbit[6]uril (CB[6])) for efficient pore capping. 

4. Conclusions 

The rise of AMR and the prevalence of bacterial biofilms make bacterial infection a serious 

concern threatening global human health. Recent advances in nanotechnology and science of 

nanomaterials has allowed for engineering NPs for the treatment of infectious diseases. MSNs, 

particularly, exhibit enormous potential to treat bacterial infection owing to its versatility and 

capability to integrate multiple functionalities into one single nanoplatform. This review has tried to 

give a comprehensive overview of the current advances in the design and development of MSNs-

based anti-infective nanotherapeutics with bacterial infection-targeting and stimuli-responsive 

delivery capabilities. Hence, the first part of this revision has focused on the two main developed 

approaches aimed at increasing antimicrobial activity and reducing off-target toxicity, i.e., targeting 

bacteria in planktonic or “swimming-free” state, or targeting bacterial biofilm. The first approach 

relies on the external functionalization of MSNs with either positively charged species to favor 

internalization by bacteria, or specific ligands that selectively bind bacterial surface receptors. This is 

of foremost interest in intracellular infections treatment, such as tuberculosis or tularemia, which 

requires the nanotherapeutic to distinguish between pathogenic bacteria and mammalian host cells. 

The second approach is committed to deal with the enormous challenge of fighting biofilm-forming 

bacteria. The intrinsic characteristics of biofilm matrix provide additional therapeutic opportunities 

and challenges to tackle infectious diseases with MSNPs. The co-delivery of substances that trigger 

biofilm dispersal or the grafting of biofilm-penetrating agents are two of the proposed alternatives 

for killing embedded pathogens by increasing their exposure to released antibiotics. The second part 

of this review has centered in systematically tackling the different chemical strategies aimed at 

incorporating pore blockers or gatekeepers that prevent premature cargo leakage and that allow its 

release in response to stimuli that can be either internal or external. Although triggering drug delivery 

using external stimuli has the advantage of providing higher control over drug dosage, using internal 

release triggers is less invasive. Each one has pros and cons and, therefore, they should be carefully 

designed and optimized, depending on clinical need.  

This review provides evidence that research on targeted stimuli-responsive MSNs against 

bacterial infections has experienced burgeoning growth during the last few years. The huge amount 

of acquired knowledge and skills on nanotechnology derived from the basic research on smart MSNs-

based nanosystems for therapy and diagnosis of cancer, of course adapted to the particular 

characteristics of infection, has facilitated this progress. However, there are still many unsolved 

matters, such as the need for more specific targeting strategies for enhanced antimicrobial action, 

highlighting those aimed at destroying biofilms. In this sense, in vitro and in vivo studies must be 

carefully designed by choosing the most appropriate pathogen depending on the type of infection to 

be treated. Moreover, the development of better in vitro models mimicking the complex in vivo 

situation, such as the adsorption of a protein corona on the surface of NPs in biological milieu, is 

mandatory. Finally, in vivo studies require using suitable animal species for translation in human 

infection diseases. We are just at the beginning of an exciting scientific race, and much research effort 

has to be devoted to overcome the hurdles in the path from bench to bedside.  
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Ab@S-HA@MMSNs 
Sulfonated-hyaluronic acid (S-HA) terminated magnetic MSNs with Anti-S. aureus 

antibody (Ab) 

AD Adamantaneamine  

ADA Adamantine 

AD⊂CB[7] Inclusion complex between adamantaneamine and curcubit[7]uril, 

Ag NPs Silver nanoparticles 

Ag-SS-MSNs Disulfide-bridged MSNs decorated with Ag NPs 

Ag-SS-MSNs-CHX Disulfide-bridged MSNs decorated with Ag NPs and loaded with chlorhexidine 

AHAM N-(6-N-aminohexyl)aminomethyl triethoxysilane 

AIE aggregation-induced emission 

AMF Alternating magnetic field  

AMO Amoxicillin 

AMP Ampicillin 

AMR Antimicrobial resistance 

Anti-S. aureus Ab Anti Staphylococcus aureus antibody 

Arg Arginine 

Arg-MSN MCM-41 type MSNs functionalized with L-Arg 

AuNC Gold nanoclusters 

AuNC@LYS Gold nanoclusters functionalized with lysozime  

B. safensis Bacillus safensis 

B. subtilis Bacillus subtilis 

C. albicans Candida albicans 

CaP Calcium phosphate 

Car  Carbenicillin, 

CarMOF Fe3+-Carbenicillin Metal Organic Framwork (MOF) 

CB[6] Cucurbit[6]uril  

CB[7] Cucurbit[7]uril  

C-dots carbon dots  

β-CD βCyclodextrin 

CFU Colony Forming Units 

CHX Chlorhexidine  

CIP Ciprofloxacin 

CIP-Arg-MSNs MSNs conjugated to L-arginine and loaded with ciprofloxacin 

COL Colistin 

COL-MSN@LL-(LL-

37) 

MSNs loaded with colistin, capped with a liposomal shell and conjugated to P. 

aeruginosa peptide LL-37 

ConA Concanavalin A 

CUR Curcumin 

Cu-MSN-AgNPs-CUR 
MSNs impregnated with Cu(II) and externally decorated with Ag NPs and loaded 

with curcumin 

DAMO N-(2-aminoethyl)-3-aminopropyltrimethoxy-silane 

DNA Deoxyribonucleic acid 

DOX Doxorubicin 

E. coli Escherichia coli 

EDA-PGMA 1,2-ethanediamine-modified polyglycerol metacrylate 

EPR Enhanced permeability and retention  

EPS Extracellular polymer substances 

F. novocida Francisella novocida (Fn) 

F. tularensis Francisella tularensis (Ft) 

FA Folic acid 

FB11 Antibody for lipopolysaccharide (LPS) present in Francisella tularensis (Ft) 

FITC Fluorescein isothiocyanate 

Fn Francisella novocida 

FRα Folate receptor alpha 

Ft Francisella tularensis 

G Guest 

GEN Gentamicin 
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GEN@MSU-LU 
MSNs loaded with GEN, capped with a lipid bilayer and functionalized with 

UBI29–41 

GSH/GSSH Oxidized/reduced glutathione redox couple 

G3 Poly(propyleneimine) third-generation dendrimer 

H Host 

HA Hyaluronic acid 

HKAIs Histidine kinase authophosphorylation Inhibitors 

HOMSNs Hollow oblate mesoporous silica nanoparticles 

HOMSNs-Tre HOMSNs funcionalized with trehalose  

HOMSNs-Tre-INH HOMSNs funcionalized with trehalose and loaded with isoniazid 

IAAH-Ag Silver-indole-3 acetic acid hydrazide  

INH Isoniazid 

KANA Kanamycin 

LBL Layer-by-layer 

LBL@MSN-Ag NPs MSNs encapsulating Ag NPs coated with polymers by layer-by-layer assembly 

LL-37 Human cathelicidin peptide 

LPS Lipopolysaccharide 

LVX Levofloxacin 

LYS Lysozyme 

M. smegmatis Mycobacterium smegmatis 

M. tuberculosis Micobacterium tuberculosis 

MagNP@MSN Magnetic NPs coated with a mesoporous silica layer 

MagNP@MSNA-CB[6] 

Magnetic NPs coated with a mesoporous silica layer (MagNP@MSN) decorated 

with both adamantine (ADA) and N-(6-N-aminohexyl)aminomethyl 

triethoxysilane (AHAM) and capped by cucurbit[6]uril (CB[6]) 

MEL Melittin 

MCM-41 ConA-MSNs MCM-41 type MSNs decorated with concanavalin A 

MCM-41 DAMO-

MSNs 
MCM-41 type MSNs functionalized with DAMO 

MCM-41 FB11mFt 

LPS-MSNs 

MCM-41 type MSNs functionalized with FB11 antibody through a derivative of 

the O-antigen of Ft LPS 

MCM-41 G3-MSNs MCM-41 type MSNs functionalized with G3 

MCM-41 MSNsVAN MCM-41 type MSNs functionalized with vancomycin 

MCM-41 SA20hp-

MSNs 
MCM-41 type MSNs functionalized with SA20hp 

MCM-41 εpLys-

MSNs 
MCM-41 type MSNs functionalized with ε-pLys 

MBC Minimum bactericidal concentration 

MBIC Minimal biofilm inhibitory concentration 

MGCE Magnetic glassy carbon electrode 

MGCE/Ab@S-

HA@MMSNs 
Ab@S-HA@MMSNs immobilized Magnetic glassy carbon electrode  

MIC Minimum Inhibitory Concentrations 

MMSNs Magnetic MSNs 

MSNs Mesoporous Silica Nanoparticles  

MSN@C-dots/RB Core-shell MSNs embedding C-dots and rose-bengal 

MSN@C-

dots/RB/AMP 
Core-shell MSNs embedding C-dots and rose-bengal and loaded with ampicillin 

MSN@C-dots/RB/DOX Core-shell MSNs embedding C-dots and rose-bengal and loaded with doxorubicin 

MSN@FA@CaP@FA MSNs covered by double folic acid (FA) and calcium phosphate (CaP) 

MSN@LL-(LL-37) MCM-41 type MSNs coated with a lipidic layer and conjugated with LL-37 

MSNLP@PEICD Large pore MSNs capped by β-cyclodextrin-modified polyethylenimine (PEICD) 

mPEG-TK Methoxy poly(ethyleneglycol) fuctionalized with thioketal 

MRSA Methicillin-resistant S. aureus 

MSN-Ag MSNs with Ag NPs encapsulates 

MSN-LU MSNs modified with a lipidic bilayer surface shell and conjugated with UBI29–41 

MSN-NH2 MSNs functionalized with aminopropyl groups 

MXF  Moxifloxacin 
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M-PFPA-Tre 
MSNs functionalized with PFPA-Si and decorated with Tre via azide-mediated 

surface photoligation 

M-PFPA-Tre-INH 
MSNs loaded with isoniazid, functionalized with perfluorophenylazide and 

decorated with trehalose 

NPs Nanoparticles  

OFL Ofloxacin 

P. aeruginosa Pseudomonas aeruginosa 

PAG Polyallylamine hydrochloride 

PDI Photodynamic inactivation  

PEI-PEG poly(ethylene imine)-poly(ethylene glycol) 

PEG Polyethylene glycol  

PEICD Polyethylenimine modified with b-cyclodextrin (β-CD) 

PFPA-Si Perfluorophenilazide silane  

PG poly-L-glutamic acid  

PLA Polylactic acid  

PLA-NF Polylactic acid nanoflowers 

PNIPAM poly(N-isopropylacrylamide) 

PNIPAAM poly(N-isopropyacrylamide-co-acrylic acid) 

RhBAM Rhodamine B derivative 

ROS Reactive oxygen species 

RB Rose bengal  

S. aureus Staphylococcus aureus 

S. marcescens Serratia marcescens 

S. mutans Streptococcus mutans 

S. typhimuruim Salmonella typhimuruim. 

SA20hp S. aureus 20 aptamer with hairpin structure 

Sul Sulbactam 

S-HA Sulfonated-hyaluronic acid  

TB Tuberculosis 

TK Thioketal  

TMS-EDTA N-[(3-trimethoxysilyl)propyl] ethylendiamine triacetic acid trisodium salt 

TPE-(COOH)4 Negatively charged tetraphenylethylene tetracarboxylate  

Tre-HOMSNs Trehalose-functionalized hollow oblate mesoporous silica nanoparticles 

UBI29–41 Ubiquicin 

UV Ultraviolet 

VAN Vancomycin 

β-CD  Beta-cyclodextrin (β-CD)

ε-pLys ε-poly-L-lysine  

References 

1. WHO. Antimicrobial Resistance: Global Report on Surveillance; World Health Organization: Geneva, 

Switzerland, 2014. 

2. WHO. New Report Calls for Urgent Action to Avert Antimicrobial Resistance Crisis. Available online: 

https://www.who.int/news/item/29-04-2019-new-report-calls-for-urgent-action-to-avert-antimicrobial-

resistance-crisis (accessed on 6 November 2020). 

3. O’Neill, J. Antimicrobial Resistance: Tackling a crisis for the health and wealth of nations. Rev. Antimicrob. 

Resist. 2014, 1, 1–16. 

4. Davies, D. Understanding biofilm resistance to antibacterial agents. Nat. Rev. Drug Discov. 2003, 2, 114–122, 

doi:10.1038/nrd1008. 

5. Costerton, J.W.; Geesey, G.G.; Cheng, K.J. How bacteria stick. Sci. Am. 1978, 238, 86–95, 

doi:10.1038/scientificamerican0178-86. 

6. Kumar, A.; Alam, A.; Rani, M.; Ehtesham, N.Z.; Hasnain, S.E. Biofilms: Survival and defense strategy for 

pathogens. Int. J. Med. Microbiol. 2017, 307, 481–489, doi:10.1016/j.ijmm.2017.09.016. 

7. Høiby, N.; Bjarnsholt, T.; Givskov, M.; Molin, S.; Ciofu, O. Antibiotic resistance of bacterial biofilms. Int. J. 

Antimicrob. Agents 2010, 35, 322–332, doi:10.1016/j.ijantimicag.2009.12.011. 

8. Donlan, R.M. Role of biofilms in antimicrobial resistance. Asaio J. 2000, 46, S47-S52, doi:10.1097/00002480-

200011000-00037. 



Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 27 of 31 

 

9. Watnick, P.; Kolter, R. Biofilm, City of Microbes. J. Bacteriol. 2000, 182, 2675–2679, 

doi:10.1128/jb.182.10.2675-2679.2000. 

10. Årdal, C.; Balasegaram, M.; Laxminarayan, R.; McAdams, D.; Outterson, K.; Rex, J.H.; Sumpradit, N. 

Antibiotic development—Economic, regulatory and societal challenges. Nat. Rev. Microbiol. 2020, 18, 267–

274, doi:10.1038/s41579-019-0293-3. 

11. Gupta, S.K.; Nayak, R.P. Dry antibiotic pipeline: Regulatory bottlenecks and regulatory reforms. J. 

Pharmacol. Pharmacother. 2014, 5, 4–7, doi:10.4103/0976-500X.124405. 

12. Canaparo, R.; Foglietta, F.; Giuntini, F.; Della Pepa, C.; Dosio, F.; Serpe, L. Recent Developments in 

Antibacterial Therapy: Focus on Stimuli-Responsive Drug-Delivery Systems and Therapeutic 

Nanoparticles. Molecules 2019, 24, 1991, doi:10.3390/molecules24101991. 

13. Gao, W.; Chen, Y.; Zhang, Y.; Zhang, Q.; Zhang, L. Nanoparticle-based local antimicrobial drug delivery. 

Adv. Drug Deliv. Rev. 2018, 127, 46–57, doi:10.1016/j.addr.2017.09.015. 

14. Vallet-Regí, M.; González, B.; Izquierdo-Barba, I. Nanomaterials as Promising Alternative in the Infection 

Treatment. Int. J. Mol. Sci. 2019, 20, doi:10.3390/ijms20153806. 

15. Liu, Y.; Shi, L.; Su, L.; van der Mei, H.C.; Jutte, P.C.; Ren, Y.; Busscher, H.J. Nanotechnology-based 

antimicrobials and delivery systems for biofilm-infection control. Chem. Soc. Rev. 2019, 48, 428–446, 

doi:10.1039/C7CS00807D. 

16. Munita, J.M.; Arias, C.A. Mechanisms of Antibiotic Resistance. Microbiol. Spectr. 2016, 4, 

doi:10.1128/microbiolspec.VMBF-0016-2015. 

17. Baptista, P.V.; McCusker, M.P.; Carvalho, A.; Ferreira, D.A.; Mohan, N.M.; Martins, M.; Fernandes, A.R. 

Nano-Strategies to Fight Multidrug Resistant Bacteria—”A Battle of the Titans”. Front. Microbiol. 2018, 9, 

1441–1441, doi:10.3389/fmicb.2018.01441. 

18. Lu, J.; Liong, M.; Li, Z.; Zink, J.I.; Tamanoi, F. Biocompatibility, biodistribution, and drug-delivery 

efficiency of mesoporous silica nanoparticles for cancer therapy in animals. Small 2010, 6, 1794–1805, 

doi:10.1002/smll.201000538. 

19. Paris, J.L.; Colilla, M.; Izquierdo-Barba, I.; Manzano, M.; Vallet-Regí, M. Tuning mesoporous silica 

dissolution in physiological environments: A review. J. Mater. Sci. 2017, 52, 8761–8771, doi:10.1007/s10853-

017-0787-1. 

20. Vallet-Regi, M.; Rámila, A.; del Real, R.P.; Pérez-Pariente, J. A New Property of MCM-41:  Drug Delivery 

System. Chem. Mater. 2001, 13, 308–311, doi:10.1021/cm0011559. 

21. Yang, P.; Gai, S.; Lin, J. Functionalized mesoporous silica materials for controlled drug delivery. Chem. Soc. 

Rev. 2012, 41, 3679–3698, doi:10.1039/c2cs15308d. 

22. Argyo, C.; Weiss, V.; Bräuchle, C.; Bein, T. Multifunctional Mesoporous Silica Nanoparticles as a Universal 

Platform for Drug Delivery. Chem. Mater. 2014, 26, 435–451, doi:10.1021/cm402592t. 

23. Colilla, M.; González, B.; Vallet-Regí, M. Mesoporous silica nanoparticles for the design of smart delivery 

nanodevices. Biomater. Sci. 2013, 1, 114–134, doi:10.1039/C2BM00085G. 

24. Baeza, A.; Colilla, M.; Vallet-Regí, M. Advances in mesoporous silica nanoparticles for targeted stimuli-

responsive drug delivery. Expert Opin. Drug Deliv. 2015, 12, 319–337, doi:10.1517/17425247.2014.953051. 

25. Castillo, R.R.; Colilla, M.; Vallet-Regí, M. Advances in mesoporous silica-based nanocarriers for co-delivery 

and combination therapy against cancer. Expert Opin. Drug Deliv. 2017, 14, 229–243, 

doi:10.1080/17425247.2016.1211637. 

26. Rosenholm, J.M.; Sahlgren, C.; Lindén, M. Towards multifunctional, targeted drug delivery systems using 

mesoporous silica nanoparticles--Opportunities & challenges. Nanoscale 2010, 2, 1870–1883, 

doi:10.1039/c0nr00156b. 

27. Castillo, R.R.; de la Torre, L.; García-Ochoa, F.; Ladero, M.; Vallet-Regí, M. Production of MCM-41 

Nanoparticles with Control of Particle Size and Structural Properties: Optimizing Operational Conditions 

during Scale-Up. Int. J. Mol. Sci. 2020, 21, 7899, doi:10.3390/ijms21217899. 

28. Hoffmann, F.; Cornelius, M.; Morell, J.; Fröba, M. Silica-based mesoporous organic-inorganic hybrid 

materials. Angew. Chem. Int. Ed. Engl. 2006, 45, 3216–3251, doi:10.1002/anie.200503075. 

29. Trewyn, B.G.; Slowing, I.I.; Giri, S.; Chen, H.T.; Lin, V.S. Synthesis and functionalization of a mesoporous 

silica nanoparticle based on the sol-gel process and applications in controlled release. Acc. Chem. Res. 2007, 

40, 846–853, doi:10.1021/ar600032u. 

30. Vallet-Regí, M.; Colilla, M.; González, B. Medical applications of organic–inorganic hybrid materials within 

the field of silica-based bioceramics. Chem. Soc. Rev. 2011, 40, 596–607, doi:10.1039/C0CS00025F. 



Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 28 of 31 

 

31. Martínez-Carmona, M.; Gun’ko, Y.K.; Vallet-Regí, M. Mesoporous Silica Materials as Drug Delivery: “The 

Nightmare” of Bacterial Infection. Pharmaceutics 2018, 10, 279, doi:10.3390/pharmaceutics10040279. 

32. Bernardos, A.; Piacenza, E.; Sancenón, F.; Hamidi, M.; Maleki, A.; Turner, R.J.; Martínez-Máñez, R. 

Mesoporous Silica-Based Materials with Bactericidal Properties. Small 2019, 15, 1900669, 

doi:10.1002/smll.201900669. 

33. Gisbert-Garzarán, M.; Manzano, M.; Vallet-Regí, M. Mesoporous Silica Nanoparticles for the Treatment of 

Complex Bone Diseases: Bone Cancer, Bone Infection and Osteoporosis. Pharmaceutics 2020, 12, 

doi:10.3390/pharmaceutics12010083. 

34. Selvarajan, V.; Obuobi, S.; Ee, P.L.R. Silica Nanoparticles—A Versatile Tool for the Treatment of Bacterial 

Infections. Front. Chem. 2020, 8, doi:10.3389/fchem.2020.00602. 

35. Carvalho, G.C.; Sábio, R.M.; de Cássia Ribeiro, T.; Monteiro, A.S.; Pereira, D.V.; Ribeiro, S.J.L.; Chorilli, M. 

Highlights in Mesoporous Silica Nanoparticles as a Multifunctional Controlled Drug Delivery 

Nanoplatform for Infectious Diseases Treatment. Pharm. Res. 2020, 37, 191, doi:10.1007/s11095-020-02917-6. 

36. Aguilar-Colomer, A.; Colilla, M.; Izquierdo-Barba, I.; Jiménez-Jiménez, C.; Mahillo, I.; Esteban, J.; Vallet-

Regí, M. Impact of the antibiotic-cargo from MSNs on gram-positive and gram-negative bacterial biofilms. 

Microporous Mesoporous Mater. 2021, 311, 110681, doi:10.1016/j.micromeso.2020.110681. 

37. D’Agostino, A.; Taglietti, A.; Grisoli, P.; Dacarro, G.; Cucca, L.; Patrini, M.; Pallavicini, P. Seed mediated 

growth of silver nanoplates on glass: Exploiting the bimodal antibacterial effect by near IR photo-thermal 

action and Ag+ release. RSC Adv. 2016, 6, 70414–70423, doi:10.1039/C6RA11608F. 

38. Xu, J.-W.; Yao, K.; Xu, Z.-K. Nanomaterials with a photothermal effect for antibacterial activities: An 

overview. Nanoscale 2019, 11, 8680–8691, doi:10.1039/C9NR01833F. 

39. Pallavicini, P.; Dacarro, G.; Diaz-Fernandez, Y.A.; Taglietti, A. Coordination chemistry of surface-grafted 

ligands for antibacterial materials. Coord. Chem. Rev. 2014, 275, 37–53, doi:10.1016/j.ccr.2014.04.013. 

40. Maeda, H.; Nakamura, H.; Fang, J. The EPR effect for macromolecular drug delivery to solid tumors: 

Improvement of tumor uptake, lowering of systemic toxicity, and distinct tumor imaging in vivo. Adv. 

Drug Deliv. Rev. 2013, 65, 71–79, doi:10.1016/j.addr.2012.10.002. 

41. Hao, N.; Chen, X.; Jeon, S.; Yan, M. Carbohydrate-Conjugated Hollow Oblate Mesoporous Silica 

Nanoparticles as Nanoantibiotics to Target Mycobacteria. Adv. Healthc. Mater. 2015, 4, 2797–2801, 

doi:10.1002/adhm.201500491. 

42. Azzopardi, E.A.; Ferguson, E.L.; Thomas, D.W. The enhanced permeability retention effect: A new 

paradigm for drug targeting in infection. J. Antimicrob. Chemother. 2013, 68, 257–274, doi:10.1093/jac/dks379. 

43. Maeda, H. Vascular permeability in cancer and infection as related to macromolecular drug delivery, with 

emphasis on the EPR effect for tumor-selective drug targeting. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 2012, 

88, 53–71, doi:10.2183/pjab.88.53. 

44. Abdelbar, M.F.; Shams, R.S.; Morsy, O.M.; Hady, M.A.; Shoueir, K.; Abdelmonem, R. Highly ordered 

functionalized mesoporous silicate nanoparticles reinforced poly (lactic acid) gatekeeper surface for 

infection treatment. Int. J. Biol. Macromol. 2020, 156, 858–868, doi:10.1016/j.ijbiomac.2020.04.119. 

45. Navarre, W.W.; Schneewind, O. Surface proteins of gram-positive bacteria and mechanisms of their 

targeting to the cell wall envelope. Microbiol. Mol. Biol. Rev. 1999, 63, 174–229. 

46. Beveridge, T.J. Structures of gram-negative cell walls and their derived membrane vesicles. J. Bacteriol. 1999, 

181, 4725–4733, doi:10.1128/JB.181.16.4725-4733.1999. 

47. González, B.; Colilla, M.; Díez, J.; Pedraza, D.; Guembe, M.; Izquierdo-Barba, I.; Vallet-Regí, M. Mesoporous 

silica nanoparticles decorated with polycationic dendrimers for infection treatment. Acta Biomater. 2018, 68, 

261–271, doi:10.1016/j.actbio.2017.12.041. 

48. Mas, N.; Galiana, I.; Mondragón, L.; Aznar, E.; Climent, E.; Cabedo, N.; Sancenón, F.; Murguía, J.R.; 

Martínez-Máñez, R.; Marcos, M.D.; et al. Enhanced Efficacy and Broadening of Antibacterial Action of 

Drugs via the Use of Capped Mesoporous Nanoparticles. Chem. Eur. J. 2013, 19, 11167–11171, 

doi:10.1002/chem.201302170. 

49. Velikova, N.; Mas, N.; Miguel-Romero, L.; Polo, L.; Stolte, E.; Zaccaria, E.; Cao, R.; Taverne, N.; Murguía, 

J.R.; Martinez-Manez, R.; et al. Broadening the antibacterial spectrum of histidine kinase 

autophosphorylation inhibitors via the use of ε-poly-L-lysine capped mesoporous silica-based 

nanoparticles. Nanomed. Nanotechnol. Biol. Med. 2017, 13, 569–581, doi:10.1016/j.nano.2016.09.011. 

50. Ruehle, B.; Clemens, D.L.; Lee, B.-Y.; Horwitz, M.A.; Zink, J.I. A Pathogen-Specific Cargo Delivery Platform 

Based on Mesoporous Silica Nanoparticles. J. Am. Chem. Soc. 2017, 139, 6663–6668, doi:10.1021/jacs.7b01278. 



Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 29 of 31 

 

51. Xu, T.; Li, J.; Zhang, S.; Jin, Y.; Wang, R. Integration of diagnosis and treatment in the detection and kill of 

S.aureus in the whole blood. Biosens. Bioelectron. 2019, 142, 111507, doi:10.1016/j.bios.2019.111507. 

52. Kavruk, M.; Celikbicak, O.; Ozalp, V.C.; Borsa, B.A.; Hernandez, F.J.; Bayramoglu, G.; Salih, B.; Arica, M.Y. 

Antibiotic loaded nanocapsules functionalized with aptamer gates for targeted destruction of pathogens. 

Chem. Commun. 2015, 51, 8492–8495, doi:10.1039/C5CC01869B. 

53. Yang, S.; Han, X.; Yang, Y.; Qiao, H.; Yu, Z.; Liu, Y.; Wang, J.; Tang, T. Bacteria-Targeting Nanoparticles 

with Microenvironment-Responsive Antibiotic Release To Eliminate Intracellular Staphylococcus aureus 

and Associated Infection. ACS Appl. Mater. Interfaces 2018, 10, 14299–14311, doi:10.1021/acsami.7b15678. 

54. Rathnayake, K.; Patel, U.; Pham, C.; McAlpin, A.; Budisalich, T.; Jayawardena, S.N. Targeted Delivery of 

Antibiotic Therapy to Inhibit Pseudomonas aeruginosa Using Lipid-Coated Mesoporous Silica Core–Shell 

Nanoassembly. ACS Appl. Biomater. 2020, 3, 6708–6721, doi:10.1021/acsabm.0c00622. 

55. Zhou, J.; Jayawardana, K.W.; Kong, N.; Ren, Y.; Hao, N.; Yan, M.; Ramström, O. Trehalose-Conjugated, 

Photofunctionalized Mesoporous Silica Nanoparticles for Efficient Delivery of Isoniazid into Mycobacteria. 

ACS Biomater. Sci. Eng. 2015, 1, 1250–1255, doi:10.1021/acsbiomaterials.5b00274. 

56. Mudakavi, R.J.; Vanamali, S.; Chakravortty, D.; Raichur, A.M. Development of arginine based nanocarriers 

for targeting and treatment of intracellular Salmonella. RSC Adv. 2017, 7, 7022–7032, 

doi:10.1039/C6RA27868J. 

57. Chen, X.; Liu, Y.; Lin, A.; Huang, N.; Long, L.; Gang, Y.; Liu, J. Folic acid-modified mesoporous silica 

nanoparticles with pH-responsiveness loaded with Amp for an enhanced effect against anti-drug-resistant 

bacteria by overcoming efflux pump systems. Biomater. Sci. 2018, 6, 1923–1935, doi:10.1039/c8bm00262b. 

58. Qi, G.; Li, L.; Yu, F.; Wang, H. Vancomycin-Modified Mesoporous Silica Nanoparticles for Selective 

Recognition and Killing of Pathogenic Gram-Positive Bacteria Over Macrophage-Like Cells. ACS Appl. 

Mater. Inter. 2013, 5, 10874–10881, doi:10.1021/am403940d. 

59. Radovic-Moreno, A.F.; Lu, T.K.; Puscasu, V.A.; Yoon, C.J.; Langer, R.; Farokhzad, O.C. Surface Charge-

Switching Polymeric Nanoparticles for Bacterial Cell Wall-Targeted Delivery of Antibiotics. ACS Nano 

2012, 6, 4279–4287, doi:10.1021/nn3008383. 

60. Bandyopadhyay, A.; McCarthy, K.A.; Kelly, M.A.; Gao, J. Targeting bacteria via iminoboronate chemistry 

of amine-presenting lipids. Nat. Commun. 2015, 6, 6561, doi:10.1038/ncomms7561. 

61. Ruiz-Rico, M.; Pérez-Esteve, É.; de la Torre, C.; Jiménez-Belenguer, A.I.; Quiles, A.; Marcos, M.D.; Martínez-

Máñez, R.; Barat, J.M. Improving the Antimicrobial Power of Low-Effective Antimicrobial Molecules 

Through Nanotechnology. J. Food Sci. 2018, 83, 2140–2147, doi:10.1111/1750-3841.14211. 

62. Bebbington, C.; Yarranton, G. Antibodies for the treatment of bacterial infections: Current experience and 

future prospects. Curr. Opin. Biotechnol. 2008, 19, 613–619, doi:10.1016/j.copbio.2008.10.002. 

63. Özalp, V.C.; Bilecen, K.; Kavruk, M.; Öktem, H.A. Antimicrobial aptamers for detection and inhibition of 

microbial pathogen growth. Fut. Microbiol. 2013, 8, 387–401, doi:10.2217/fmb.12.149. 

64. Friedman, A.D.; Claypool, S.E.; Liu, R. The smart targeting of nanoparticles. Curr. Pharm. Des. 2013, 19, 

6315–6329, doi:10.2174/13816128113199990375. 

65. Nobre, A.; Alarico, S.; Maranha, A.; Mendes, V.; Empadinhas, N. The molecular biology of mycobacterial 

trehalose in the quest for advanced tuberculosis therapies. Microbiology 2014, 160, 1547–1570, 

doi:10.1099/mic.0.075895-0. 

66. Backus, K.M.; Boshoff, H.I.; Barry, C.S.; Boutureira, O.; Patel, M.K.; D’Hooge, F.; Lee, S.S.; Via, L.E.; Tahlan, 

K.; Barry, C.E.; et al. Uptake of unnatural trehalose analogs as a reporter for Mycobacterium tuberculosis. 

Nat. Chem. Biol. 2011, 7, 228–235, doi:10.1038/nchembio.539. 

67. Bermingham, A.; Derrick, J.P. The folic acid biosynthesis pathway in bacteria: evaluation of potential for 

antibacterial drug discovery. BioEssays 2002, 24, 637–648, doi:10.1002/bies.10114. 

68. Pedraza, D.; Díez, J.; Isabel-Izquierdo-Barba; Colilla, M.; Vallet-Regí, M. Amine-Functionalized 

Mesoporous Silica Nanoparticles: A New Nanoantibiotic for Bone Infection Treatment. Biomed. Glas. 2018, 

4, 1, doi:10.1515/bglass-2018-0001. 

69. Martínez-Carmona, M.; Izquierdo-Barba, I.; Colilla, M.; Vallet-Regí, M. Concanavalin A-targeted 

mesoporous silica nanoparticles for infection treatment. Acta Biomater. 2019, 96, 547–556, 

doi:10.1016/j.actbio.2019.07.001. 

70. Xu, C.; He, Y.; Li, Z.; Ahmad Nor, Y.; Ye, Q. Nanoengineered hollow mesoporous silica nanoparticles for 

the delivery of antimicrobial proteins into biofilms. J. Mater. Chem. B 2018, 6, 1899–1902, 

doi:10.1039/C7TB03201C. 



Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 30 of 31 

 

71. Tasia, W.; Lei, C.; Cao, Y.; Ye, Q.; He, Y.; Xu, C. Enhanced eradication of bacterial biofilms with DNase I-

loaded silver-doped mesoporous silica nanoparticles. Nanoscale 2020, 12, 2328–2332, 

doi:10.1039/C9NR08467C. 

72. Fulaz, S.; Devlin, H.; Vitale, S.; Quinn, L.; O’Gara, J.P.; Casey, E. Tailoring Nanoparticle-Biofilm Interactions 

to Increase the Efficacy of Antimicrobial Agents Against Staphylococcus aureus. Int. J. Nanomed. 2020, 15, 

4779–4791, doi:10.2147/IJN.S256227. 

73. Moreira, A.F.; Dias, D.R.; Correia, I.J. Stimuli-responsive mesoporous silica nanoparticles for cancer 

therapy: A review. Microporous Mesoporous Mater. 2016, 236, 141–157, doi:10.1016/j.micromeso.2016.08.038. 

74. Castillo, R.R.; Lozano, D.; González, B.; Manzano, M.; Izquierdo-Barba, I.; Vallet-Regí, M. Advances in 

mesoporous silica nanoparticles for targeted stimuli-responsive drug delivery: An update. Expert Opin. 

Drug Deliv. 2019, 16, 415–439, doi:10.1080/17425247.2019.1598375. 

75. Martínez-Carmona, M.; Colilla, M.; Vallet-Regí, M. Smart Mesoporous Nanomaterials for Antitumor 

Therapy. Nanomaterials 2015, 5, 1906–1937, doi:10.3390/nano5041906. 

76. Alsaiari, S.K.; Hammami, M.A.; Croissant, J.G.; Omar, H.W.; Neelakanda, P.; Yapici, T.; Peinemann, K.-V.; 

Khashab, N.M. Colloidal Gold Nanoclusters Spiked Silica Fillers in Mixed Matrix Coatings: Simultaneous 

Detection and Inhibition of Healthcare-Associated Infections. Adv. Healthc. Mater. 2017, 6, 1601135, 

doi:10.1002/adhm.201601135. 

77. Lemichez, E.; Barbieri, J.T. General Aspects and Recent Advances on Bacterial Protein Toxins. Cold Spring 

Harb. Perspect. Biol. 2013, 3, doi:10.1101/cshperspect.a013573. 

78. Wu, Y.; Long, Y.; Li, Q.-L.; Han, S.; Ma, J.; Yang, Y.-W.; Gao, H. Layer-by-Layer (LBL) Self-Assembled 

Biohybrid Nanomaterials for Efficient Antibacterial Applications. ACS Appl. Mater. Interfaces 2015, 7, 17255–

17263, doi:10.1021/acsami.5b04216. 

79. Ding, Y.; Hao, Y.; Yuan, Z.; Tao, B.; Chen, M.; Lin, C.; Liu, P.; Cai, K. A dual-functional implant with an 

enzyme-responsive effect for bacterial infection therapy and tissue regeneration. Biomater. Sci. 2020, 8, 

1840–1854, doi:10.1039/C9BM01924C. 

80. Fuchs, S.; Pané-Farré, J.; Kohler, C.; Hecker, M.; Engelmann, S. Anaerobic Gene Expression in Staphylococcus 

aureus. J. Bacteriol. 2007, 189, 4275–4289, doi:10.1128/jb.00081-07. 

81. Bistrian, B. Systemic response to inflammation. Nutr. Rev. 2007, 65, S170–S172, 

doi:10.1301/nr.2007.dec.s170-s172. 

82. Simmen, H.P.; Blaser, J. Analysis of pH and pO2 in abscesses, peritoneal fluid, and drainage fluid in the 

presence or absence of bacterial infection during and after abdominal surgery. Am. J. Surg. 1993, 166, 24–

27, doi:10.1016/s0002-9610(05)80576-8. 

83. Kuthati, Y.; Kankala, R.K.; Lin, S.-X.; Weng, C.-F.; Lee, C.-H. pH-Triggered Controllable Release of Silver–

Indole-3 Acetic Acid Complexes from Mesoporous Silica Nanoparticles (IBN-4) for Effectively Killing 

Malignant Bacteria. Mol. Pharm. 2015, 12, 2289–2304, doi:10.1021/mp500836w. 

84. Yan, Z.; Shi, P.; Ren, J.; Qu, X. A “Sense-and-Treat” Hydrogel Used for Treatment of Bacterial Infection on 

the Solid Matrix. Small 2015, 11, 5540–5544, doi:10.1002/smll.201501958. 

85. Duan, F.; Feng, X.; Jin, Y.; Liu, D.; Yang, X.; Zhou, G.; Liu, D.; Li, Z.; Liang, X.-J.; Zhang, J. Metal–

carbenicillin framework-based nanoantibiotics with enhanced penetration and highly efficient inhibition 

of MRSA. Biomaterials 2017, 144, 155–165, doi:10.1016/j.biomaterials.2017.08.024. 

86. Clemens, D.L.; Lee, B.-Y.; Xue, M.; Thomas, C.R.; Meng, H.; Ferris, D.; Nel, A.E.; Zink, J.I.; Horwitz, M.A. 

Targeted intracellular delivery of antituberculosis drugs to Mycobacterium tuberculosis-infected 

macrophages via functionalized mesoporous silica nanoparticles. Antimicrob. Agents Chemother. 2012, 56, 

2535–2545, doi:10.1128/AAC.06049-11. 

87. Hwang, A.A.; Lee, B.-Y.; Clemens, D.L.; Dillon, B.J.; Zink, J.I.; Horwitz, M.A. pH-Responsive Isoniazid-

Loaded Nanoparticles Markedly Improve Tuberculosis Treatment in Mice. Small 2015, 11, 5066–5078, 

doi:10.1002/smll.201500937. 

88. Li, Z.; Clemens, D.L.; Lee, B.-Y.; Dillon, B.J.; Horwitz, M.A.; Zink, J.I. Mesoporous Silica Nanoparticles with 

pH-Sensitive Nanovalves for Delivery of Moxifloxacin Provide Improved Treatment of Lethal Pneumonic 

Tularemia. ACS Nano 2015, 9, 10778–10789, doi:10.1021/acsnano.5b04306. 

89. Pieters, J. Mycobacterium tuberculosis and the Macrophage: Maintaining a Balance. Cell Host Microbe 2008, 

3, 399–407, doi:10.1016/j.chom.2008.05.006. 

90. Hwang, C.; Sinskey, A.; Lodish, H. Oxidized redox state of glutathione in the endoplasmic reticulum. 

Science 1992, 257, 1496–1502, doi:10.1126/science.1523409. 



Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 31 of 31 

 

91. Lee, B.Y.; Li, Z.; Clemens, D.L.; Dillon, B.J.; Hwang, A.A.; Zink, J.I.; Horwitz, M.A. Redox-Triggered Release 

of Moxifloxacin from Mesoporous Silica Nanoparticles Functionalized with Disulfide Snap-Tops Enhances 

Efficacy Against Pneumonic Tularemia in Mice. Small 2016, 12, 3690–3702, doi:10.1002/smll.201600892. 

92. Li, J.; Ding, Z.; Li, Y.; Miao, J.; Wang, W.; Nundlall, K.; Chen, S. Reactive oxygen species-sensitive thioketal-

linked mesoporous silica nanoparticles as drug carrier for effective antibacterial activity. Mater. Des. 2020, 

195, 109021, doi:10.1016/j.matdes.2020.109021. 

93. Spooner, R.; Yilmaz, O. The role of reactive-oxygen-species in microbial persistence and inflammation. Int. 

J. Mol. Sci. 2011, 12, 334–352, doi:10.3390/ijms12010334. 

94. Lu, M.M.; Ge, Y.; Qiu, J.; Shao, D.; Zhang, Y.; Bai, J.; Zheng, X.; Chang, Z.M.; Wang, Z.; Dong, W.F.; et al. 

Redox/pH dual-controlled release of chlorhexidine and silver ions from biodegradable mesoporous silica 

nanoparticles against oral biofilms. Int. J. Nanomed. 2018, 13, 7697–7709, doi:10.2147/ijn.s181168. 

95. Li, Q.; Wu, Y.; Lu, H.; Wu, X.; Chen, S.; Song, N.; Yang, Y.-W.; Gao, H. Construction of Supramolecular 

Nanoassembly for Responsive Bacterial Elimination and Effective Bacterial Detection. ACS Appl. Mater. 

Interfaces 2017, 9, 10180–10189, doi:10.1021/acsami.7b00873. 

96. Yu, E.; Galiana, I.; Martínez-Máñez, R.; Stroeve, P.; Marcos, M.D.; Aznar, E.; Sancenón, F.; Murguía, J.R.; 

Amorós, P. Poly(N-isopropylacrylamide)-gated Fe3O4/SiO2 core shell nanoparticles with expanded 

mesoporous structures for the temperature triggered release of lysozyme. Colloid. Surf. B 2015, 135, 652–

660, doi:10.1016/j.colsurfb.2015.06.048. 

97. Kuthati, Y.; Kankala, R.K.; Busa, P.; Lin, S.-X.; Deng, J.-P.; Mou, C.-Y.; Lee, C.-H. Phototherapeutic spectrum 

expansion through synergistic effect of mesoporous silica trio-nanohybrids against antibiotic-resistant 

gram-negative bacterium. J. Photochem. Photobiol. B 2017, 169, 124–133, doi:10.1016/j.jphotobiol.2017.03.003. 

98. Liu, Y.; Liu, X.; Xiao, Y.; Chen, F.; Xiao, F. A multifunctional nanoplatform based on mesoporous silica 

nanoparticles for imaging-guided chemo/photodynamic synergetic therapy. RSC Adv. 2017, 7, 31133–

31141, doi:10.1039/C7RA04549B. 

99. Zhang, C.; Du, C.; Liao, J.-Y.; Gu, Y.; Gong, Y.; Pei, J.; Gu, H.; Yin, D.; Gao, L.; Pan, Y. Synthesis of magnetite 

hybrid nanocomplexes to eliminate bacteria and enhance biofilm disruption. Biomater. Sci. 2019, 7, 2833–

2840, doi:10.1039/C9BM00057G. 

100. Wang, X.; Wu, J.; Li, P.; Wang, L.; Zhou, J.; Zhang, G.; Li, X.; Hu, B.; Xing, X. Microenvironment-Responsive 

Magnetic Nanocomposites Based on Silver Nanoparticles/Gentamicin for Enhanced Biofilm Disruption by 

Magnetic Field. ACS Appl. Mater. Interfaces 2018, 10, 34905–34915, doi:10.1021/acsami.8b10972. 

101. Yu, Q.; Deng, T.; Lin, F.-C.; Zhang, B.; Zink, J.I. Supramolecular Assemblies of Heterogeneous Mesoporous 

Silica Nanoparticles to Co-deliver Antimicrobial Peptides and Antibiotics for Synergistic Eradication of 

Pathogenic Biofilms. ACS Nano 2020, 14, 5926–5937, doi:10.1021/acsnano.0c01336. 

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional 

affiliations. 

 

© 2020 by the authors. Submitted for possible open access publication under the terms 

and conditions of the Creative Commons Attribution (CC BY) license 

(http://creativecommons.org/licenses/by/4.0/). 

 

 


