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Nanoparticle-based drug delivery is one of the most promising approaches to overcome the challenges in the delivery
of therapeutic compounds to the site of interest. The size of particles on the nanoscale provides them access to
many otherwise inaccessible areas in the body. With the aid of nanoparticle-based drug-delivery systems, the drug
of interest can be accumulated at the necessary site whereby the penetration of the drug through the target cells is
improved. The essential aim of drug delivery is not only to improve efficacy, safety and/or patient comfort but also
the personalization of therapies tailoring the design of the drug-delivery systems. With the sophisticated design of
nanoparticles, prominent therapeutic and diagnostic functionalities can be obtained that are quite distinctive from
those obtainable by conventional approaches.
An increasing number of bacterial infections are caused by antibiotic-resistant strains and persistent biofilms,
which are structured communities of bacterial cells embedded in a self-produced matrix, and attributed to a
variety of chronic infections [1]. Implementation of nanoparticle-based antibacterial treatments and diagnosis is
currently considered one of the most promising strategies to overcome the challenges of bacterial infections, such
as the increasing treatment failures caused by antimicrobial resistance and the persistent nature of biofilms in the
treatments; as well as the declined investments in antimicrobial drug discovery during the past few decades [2]. The
groundbreaking approaches in combating bacterial infections has been devoted to the utilization of nanoparticles
as versatile tools for the diagnosis as well as prevention (e.g., vaccination and medical devices) and treatment of
bacterial infections [3].

Antibacterial applications of nanomaterials
The utilization of nanomaterials has gained ground in the treatment of bacterial infections, especially making use
of the knowledge generated from research on oncology-related nanomedicine. Different types of nanomaterials
have been reported to offer advantages in reducing acute toxicity, overcoming resistance and reducing the cost,
when compared with conventional antibiotics [4,5]. Most studies to date have focused on inorganic nanoparticles
containing silver [6], gold [7], copper oxide [8], zinc oxide [9], titanium oxide [10] and cerium oxide [11] as antibacterial
constructs. These materials can inherently exert antibacterial activity through multiple modes of action, and can
further, similarly as for imaging agents, be used as building blocks in systems additionally utilized for efficient
delivery of antibacterial compounds [12]. These strategies enable bacterial attacks on many fronts [13], making
it palpably more difficult for bacteria to develop resistance simultaneously toward all modes of action. Further,
the ability of so-called ‘prickly’ nanoparticles [14] or star-shaped molecular assemblies [15] to combat antibacterial
resistance via physical methods, by inducing physical disruption of the bacterial cell wall, was recently portrayed
in the media as a promising means of ‘winning the war against superbugs’ [16]. Importantly, these physically acting
nanomaterials can further be combined with chemical strategies, in other words, loading of drugs to the same
nanosystems or used in combinatorial therapy, thereby synergistically increasing their effect.
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Mesoporous silica-based approaches to combat bacterial infections
Among the nanomaterials of interest for pharmaceutical development, mesoporous silica nanoparticles (MSNs)
provide an ideal platform to invest more research efforts for providing different strategies to combat bacterial
infections. The functional advantages and flexible design options of MSNs make them attractive tools for the
treatment of infectious diseases.
To date, a vast array of successful methods has been developed whereby the physicochemical properties of
silica nanoparticles can been tailored for specific applications and needs by employing versatile sol–gel synthetic
methods and elaborated surface functionalization strategies [17]. In recent years, scientists have pointed out the
unique conceptual similarities between biofilms and tumor microenvironments, which can be exploited to design
novel and selective treatments [18]. By keeping the employed strategies in mind for the preparation of MSNs in
cancer nanomedicine, similar approaches can be followed for the development of MSN-based nanoantibiotics for
combating both acute and chronic bacterial infections.
MSNs can be constructed as antibacterial nanocomposites to be utilized either as inherent antibacterial nanoparticles, and/or as delivery systems for molecular antibacterial agents. In addition, the size and the surface functionalities
of MSNs can be tuned to improve their interactions with both planktonic and biofilm bacteria, as well as enhance
the penetration through the biofilm matrix. Moreover, MSNs can interfere with the bacterial cell-to-cell communication (quorum sensing) to prevent biofilm formation. Consequently, MSNs can function as a promising platform
to overcome the challenges associated with combating bacterial infections. In this commentary, we discuss the
strengths of MSNs as diagnostic and therapeutic tools to combat infectious diseases by considering the upsurge of
interest in the literature.
MSNs for the identification of bacterial infections

Precise and rapid diagnosis of bacterial infections is important in order to avoid the unnecessary use of antibiotics,
which is a key driver of antibacterial resistance. A variety of diagnostic approaches have been used with varying
sensitivity, specificity, cost and efficacy. Among the existing diagnostic approaches, polymerase chain reaction
sequencing is known to be highly sensitive. However, polymerase chain reaction-based systems lack practicalities
and can be costly for limited patient care environments [19]. In the case of biofilm-associated infections, routine
microbiological testing assists with the diagnosis of a clinical infection; as there is no ‘gold standard’ available to
reveal the presence of biofilm from samples collected within clinical settings [20].
Lots of efforts have been devoted toward the identification and monitoring of diseases by incorporating imaging
agents and affinity ligands in/on nanoparticle matrices. In this context, MSNs represent a powerful nanoparticlebased platform for the identification and monitoring of bacterial infections. With the aid of the flexible design
options of MSNs, multimodal imaging modalities can be incorporated into a single MSN system, and the detection
specificity can be introduced by appropriate surface modifications. Similar approaches have already been employed
with different types of nanoparticles (e.g., magnetic nanoparticles, gold nanoparticles, quantum dots) for specific,
selective and fast bacterial detection and labeling by modifying nanoparticles’ surfaces with antibiotics, antibodies,
aptamers, peptides and carbohydrates [21].
MSN-based antibacterial nanocomposites

MSN-based antibacterial nanocomposites can be designed by tuning the MSN matrix to exert antibacterial
properties by depositing metal ions or ultrasmall nanoparticles onto the silica matrix or by encapsulating metal/metal
oxide nanoparticles into shells of mesoporous silica. By this way, the most frequently proposed antibacterial modes
of action provided with pristine metal/metal oxide nanoparticles, such as oxidative stress, metal ion release and nonoxidative mechanisms, can be imparted on the MSN-based nanocomposites. Employing different design strategies,
such as porous silica shell coating on metal/metal oxide nanoparticles, simultaneously overcomes the very common
problems with aggregation of metal oxide particles that hampers their performance. Further, the increased surface
area imparted by the porous silica shell can be employed as cavities for delivering therapeutic agents in order to
provide synergetic effects in the treatment regime.
MSNs as a carrier for antibacterial compounds & targeted delivery

Utilization of MSNs as effective drug-delivery systems has been thoroughly documented for slightly over a decade,
especially for anticancer therapeutics. Recently, the delivery of antibacterial agents has been investigated by employing similar strategies as those employed in cancer therapeutics by loading the drug molecules into the pores
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of MSNs [22], in situ incorporation of the drug molecules into the MSN matrix [23] or conjugating them onto the
surfaces of MSNs [24]. In the use of MSNs as the carrier for antibacterial drug compounds, their surface functionality
along with their size and shape are critical parameters to be optimized to tune the drug release profiles [25]. In
this context, the features of MSNs (e.g., high specific surface areas, large pore volumes and tunable pore sizes),
the possibility of diverse surface functionalization strategies and controlled drug release, as well as the penetration
ability of MSNs through biological barriers make them powerful candidates for the design of effective drug-delivery
systems.
Conventional antibiotic therapy can be toxic and harmful to healthy tissues as well as for beneficial, commensal
bacterial species. However, especially when treating biofilm infections, long-term therapy with high doses of
antibiotics is typically needed due to the tolerance associated with biofilm-growing bacteria. This, in turn, triggers
resistance development. In the literature, very few studies exist regarding the utilization of MSNs in biofilm control,
even though they have all the required features to design efficient antibiofilm agents, such as the aforementioned high
drug loading capacity and tunable surface chemistry. For instance, MSNs can be employed in the immobilization
of enzyme-based quorum sensing inhibitors to enhance their stability and efficacy. In addition, the particle surface
of MSNs can be tuned with cationic, anionic or hydrophilic functional groups in order to control their penetration
through the biofilm for providing efficient drug delivery and biofilm eradication.
Furthermore, MSNs can potentially offer the possibility of delivering antibiotics in a targeted fashion for specific
bacterial species in order to achieve an adequate antibiotic concentration at the site of infection. Therefore, by
constructing species-selective MSN designs, the excessive use of antibiotics, as well as the toxic effects to commensal
bacteria and healthy cells could be reduced.
Future perspective
In addition to the use of MSNs with single modality for either the treatment or identification of bacterial infections,
they also possess great potential as nanoparticle-based theranostic systems in combating bacterial infections by
combining therapeutic and diagnostic modalities in the same nanosystem [26]. The abilities of MSNs as carriers for
multiple drug molecules as cargo, while efficiently protecting the incorporated cargo from harsh conditions in the
environment, offers a solution for the treatment and prevention of polymicrobial biofilms and simultaneous tracking
of the therapeutic process. Since the treatment of biofilms remains the obstacle in bacterial infections, MSNs with
the ability to penetrate through biological barriers can provide effective killing of persistent bacterial cells located
in the deepest layers of the biofilms. Typically, two antibiotics with distinct mechanisms of action are required for
the treatment of biofilm infections, as monotherapy alone is not sufficient. Therefore, multidrug-carrying MSNs
could offer an efficient solution for the treatment of biofilm infections or one antibiotic and one adjunctive agent
could be combined to enhance the efficacy of the antibiotic agent. Further, the major current problems associated
with the use of quorum sensing inhibitors in vivo are related to inefficient stability and efficacy, which are features
that have been shown multiple times to be improved by MSNs. Given the proven potential of MSNs accumulated
during the last decade and this still relatively unexplored application area, we foresee an upsurge in the research on
MSNs for combating bacterial infections in the near future.
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