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Abstract 

Bacterial infection has been a major threat to worldwide human health, in particular with the ever-increasing level 
of antimicrobial resistance. Given the complex microenvironment of bacterial infections, conventional use of anti-
biotics typically renders a low efficacy in infection control, thus calling for novel strategies for effective antibacterial 
therapies. As an excellent candidate for antibiotics delivery, mesoporous silica nanoparticles (MSNs) demonstrate 
unique physicochemical advantages in antibacterial therapies. Beyond the delivery capability, extensive efforts have 
been devoted in engineering MSNs to be bioactive to further synergize the therapeutic effect in infection control. In 
this review, we critically reviewed the essential properties of MSNs that benefit their antibacterial application, followed 
by a themed summary of strategies in manipulating MSNs into bioactive nanoplatforms for enhanced antibacterial 
therapies. The chemically functionalized platform, photo-synergized platform, physical antibacterial platform and tar-
geting-directed platform are introduced in details, where the clinical translation challenges of these MSNs-based 
antibacterial nanoplatforms are briefly discussed afterwards. This review provides critical information of the emerging 
trend in turning bioinert MSNs into bioactive antibacterial agents, paving the way to inspire and translate novel MSNs-
based nanotherapies in combating bacterial infection diseases.
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• Perspectives in engineering the bio-inert mesoporous silica nanoparticles (MSNs) into bio-active nanoplaltforms 
for antibacterial application.

• Recent research progress in the activation strategies to empower MSNs with potent antimicrobial performance.
• Outlook in the future research and translation directions in MSNs-based antibacterial therapies.
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Graphical Abstract

Introduction
Bacterial infections are one of the primary illnesses that 
threaten human health in the world [1, 2]. Before effec-
tive control, 80% of bacterial infections are related with 
bacterial biofilm formation, and bacterial drug tolerance 
and host immune defense resistance are key causes for 
current antibacterial therapies [3, 4]. In general, antibi-
otics are the first choice in treating bacterial infections 
in clinics due to their outstanding bactericidal capabil-
ity. However, to increase the effectiveness of antibiot-
ics, either the dose or the frequency of administration 
must be increased, thus generating multidrug resistance 
(MDR) and side effects [5, 6]. In addition to the thera-
peutic challenge, bacterial infection can quickly turn into 
biofilms which are far more complex and harder to cure 
through conventional medication. Unwanted side effects 
and operations such as vigorous debridement of the bio-
film through a physical approach would be required. To 
address these critical challenges, the design of novel anti-
bacterial therapies to both improve efficacy and reduce 
adverse reactions holds great significance and promise in 
overcoming bacterial infections and antibiotic resistance.

In recent years, nanomaterials-based therapies dem-
onstrate as potential to combat bacterial infections 
of difficult to treat, with the ability to avoid current 
pathways related to acquired drug resistance, such as 
metal-based nanomaterials [7], carbon-based nano-
materials [8], polymeric nanomaterials [9], and smart 
nanomaterials [10], etc. Among these, mesoporous 

silica nanoparticles (MSNs) have been considered to 
be one of the most potential nanocarriers for antibac-
terial agents, due to their unique properties, includ-
ing (1) porous structures (2–50 nm) with tunable pore 
size and high loading capacity [11, 12]; (2) large surface 
area and facile surface functionalization [13, 14]; (3) 
gated pore can prevent premature release of the inter-
nal guest molecules [15]; (4) adjusted particles sizes 
and morphology, and the unique structures properties 
can achieve different delivery demands [16]; (5) vari-
ous framework engineering strategies can enrich the 
biodegradation of MSNs with stimulus responsiveness 
[17–19]. These paramount features make mesoporous 
silica nanoparticles as an ideal nanoplatform shaped 
with multi-functionalities that can be used to treat bac-
terial infection, particularly achieving targeting and 
stimuli-responsive drug delivery [20, 21]. Zhou et  al. 
summarized MSNs-based stimulus response design 
strategies, and their applications in the treatment of 
a wide range of diseases such as bacterial infections, 
cancer, diabetes, bone diseases and bone regeneration, 
[22]. Based on electrostatic interactions, ligand-recep-
tor interactions, and antigen–antibody recognition, 
MSNs can specifically target bacteria and biofilms, and 
disrupt bacterial biofilm by eliminating extracellular 
polymeric substance (EPS) and releasing antibacte-
rial agents under infection microenvironments, trig-
gered by endogenous or exogenous stimulus. Therefore, 
enormous work has been focused on engineering the 
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chemistry feature of MSNs to smartly transport anti-
bacterial drugs to the location of bacterial and biofilm 
infection, enhance the antibacterial activity, and reduce 
the cytotoxicity of antibacterial agents [23, 24]. For 
example, Selvarajan et al. reviewed the synthesis strat-
egy of MSNs, the antibiotic loading capacity, and their 
applications in targeting intracellular bacterial infec-
tions [25]. Even though, the use of MSNs for smart 
delivery of antibiotics and their diverse antibacterial 
application have been well documented, the essential 
structural properties and antibacterial strategies of 
MSNs that manipulate MSNs into bioactive nanoplat-
forms for enhanced antibacterial therapies have not 
been discussed.

This review provides a unique perspective on con-
verting the bio-inert silica into bio-active, enhancing 
the bacterial killing effect through various approaches 
beyond just delivery function. Firstly, this review criti-
cally summarizes the recent advances of these emerg-
ing research directions, with the structural properties 
of MSNs that are playing key roles in antibacterial pro-
cesses overviewed, and novel antibacterial approaches 
of MSNs-based nanomaterials discussed in detail 
(Fig.  1). In the end, we analyze potential challenges 
faced by MSNs-based nanotherapies for bacterial 

infection treatment in the clinic, and provide our per-
spective on the future development directions of this 
field.

Overview of the critical properties of MSNs 
for antibacterial therapy
The use of MSNs as nanocarriers for antibacterial therapy 
is a very classic strategy. It has been widely demonstrated 
that the diverse properties of the structure of nanomate-
rials can significantly impact their biomedical application 
[26, 27]. To this end, the critical physicochemical prop-
erties, including pore size, shape geometry, framework 
composition, surface chemistry, and surface topology, 
were discussed in detail in this section.

Tunability of the pore size of MSNs
The pore size and pore structure of MSNs can provide 
a large capacity for the loading and delivery of several 
antibacterial agents beyond antibiotics, such as peptide, 
enzymes and metal nanoparticles [21]. Ndayishimiye 
et  al. synthesized MSNs with different pore sizes (2 nm 
and 9  nm), with a  loading capacity of 18–29  wt% for 
vancomycin of a widely used natural antimicrobial pep-
tide (Fig. 2A) [28]. Compared to MSNs with small pores, 
MSNs with large pores show higher load capacity and 
prolonged release behaviors. Peng et  al. evaluated the 

Fig. 1 Schematic summary of the structural/chemical properties of MSNs and associated antibacterial approaches of MSNs-based nanotherapies 
against bacterial infection.
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MSNs type and pore structure on the effects of drug 
release properties, finding that the hexagonal pore of 
MSNs possessed sustained release profile [29].

Owing to the characteristics of adjustable pore size 
and morphology, smaller mesopores of MSN are suit-
able for carrying small molecules, while those with larger 
pore sizes are more appropriate for transporting large 
molecules. Wang et  al. fabricated macroporous dendritic 
mesoporous silica nanoparticles (DMSNs) of particle sizes 
controllable, and the association of particle size of DMSNs 
with the loading and transport properties of lysozyme 
was also investigated [30]. The large pore size (160  nm) 
DMSNs or the small pore-sized (2.4  nm) MSNs showed 
significantly higher loading and superior antibacterial 
activity compared to the DMSN with a large pore size of 
22.4 nm and a small pore size of 79 nm. In addition, the 

unique structure of DMSNs enhanced adhesion to bac-
terial biofilm, resulting in a higher antibacterial enzyme 
delivery efficiency than conventional silica with relatively 
smooth surfaces. Macroporous/mesoporous silica (LPMS) 
particles have a wide pore size and typically exhibit high 
drug storage capacity and fast release rates. Belbekhouche 
et al. simultaneously loaded nalidixic acid, chlorampheni-
col, and ciprofloxacin with multiple antibiotics using 
LPMS, and the inhibition rates of E. coli and S. aureus 
were 70% and 20% in vitro, respectively [31]. The conven-
tional MSNs suffer limitations in such applications due 
to the low cargo-loading capacity. Hollow mesoporous 
silica microspheres (HMSM) provided a new type of effi-
cient drug delivery vehicle due to the creation of a large 
hollow inner cavity. Poostforooshan et  al. prepared an 
amoxicillin-loaded HMSM modified by poly (allylamine 

Fig. 2 A Schematic synthesis of SNPs nanoparticles and the functionalization process.  Reproduced with permission from Ref. [28] Copyright 
2021, The Royal Society of Chemistry. B Schematic diagram of the design concept and evaluation of the antimicrobial properties of the composite 
material. C The composite nanoparticles and Amp interacted with E. coli and S. aureus after 24 h showing OD600 values. D The composite and Amp 
act on E. coli and S. aureus after 48 h showing OD600 values. Reproduced with permission from Ref. [43] Copyright 2018, The Royal Society 
of Chemistry. E Synthesis of silver nanoparticles decorated with mesoporous silica and their adhesion to bacteria. Reproduced with permission 
from Ref. [46] Copyright 2014, American Chemical Society. F Design of matrix degradation-based silver ion-modified mesoporous silica and its GSH 
response release. Reproduced with permission from Ref. [47] Copyright 2020, American Chemical Society. G Nanopollen-like mesoporous silica 
for antibacterial bacteria. a Schematic showing the synthesis of nanopollen-like S-SHSs and adhesion to bacteria. b SEM image of the synthesized 
S-SHSs nanoparticles. c Adhered on the E. coli surface of R-MSHSs-B, d R-MSHSs. Reproduced with permission from Ref. [54] Copyright 2016, 
American Chemical Society
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hydrochloride)/poly (anion), which showed superior drug 
loading capacity and release characteristics by adjusting 
synthesis conditions, and the inhibition rate towards E. coli 
was up to 90% within 2 h [32].

Tunability of the shape of MSNs
The shape of the MSN has a crucial effect on interactions 
with bacteria as well as their behavior in  vivo [33]. The 
morphology of MSNs could have an influence on their 
movement in blood circulation and on the mechanics 
of movement through bacterial biofilms [34]. Besides, 
the MSN can be designed into other particular shapes, 
including nanospheres [35], nanorods [36], yolk-shell 
MSNs [37], hollow MSNs [38], and Janus MSNs [39], 
in order to achieve high drug loading, efficient cellular 
uptake, and excellent antibacterial effect. Xu et  al. have 
successfully synthesized a new type of rod-shaped hol-
low MSNs with conical pores used to delivery lysozyme 
to bacterial biofilms [40]. The results show that struc-
tural features with large conical pores and accessibility to 
the inner cavity enable the loading of up to 350 mg/g of 
lysozyme with a sustained release behavior. Besides, the 
rod-shaped geometry of lysozyme loaded hollow MSNs 
enhanced the removal of E. coli biofilm [41]. It is clear 
that the shape of MSNs is one of the important proper-
ties influencing their behaviors both in vitro and in vivo, 
and designed appropriate shape geometry will endow 
MSNs with the ideal antibacterial ability.

Tunability of the surface chemistry of MSNs
It has well known that mesoporous materials can be 
chemical modified owing to the enriched silanol groups 
presented on their surface. The surface modification of 
MSNs is one of the most widely used strategies to diver-
sify their biomedical functions. The silanol groups that 
present in MSNs surface is readily grafted by different 
functional groups, including specific targeting ligands 
and gatekeepers, to endow MSNs with increased intra-
cellular delivery, increased accumulation at the infec-
tion site, and regulated drug release [21, 42]. Chen et al. 
fabricated an acid-responsive nanocarrier (MSN@FA@
CaP@FA) by electrostatically attracting and biomineral-
izing covered folic acid (FA) as well as calcium phosphate 
(CaP) in MSN surface (Fig.  2B) [43]. Then, ampicillin-
loaded MSN achieves specific targeting through FA that 
effectively increases the uptake of E. coli and S. aureus 
and decreases the efflux effect (Fig.  2C, D). In addition, 
through the design of MSN surface charge and hydro-
phobicity, its delivery and biological behaviors, such as 
release property, cell uptake, targeting ability, and anti-
bacterial activities, can also be improved [44, 45]. The 
various functional modifications MSN surfaces further 
allowed their extensive utility for antibacterial therapy.

Tunability of chemical framework of MSNs
Purely inorganic MSNs usually consist of a non-biolog-
ically active -O-Si-O- framework and Si–OH surface 
groups, which may lead to limited function. To enhance 
therapeutic effects, the framework of the MSNs could be 
designed by combining inorganic components, such as 
Ag, Cu, and Fe metal ions, into the framework. Tian et al. 
prepared mesoporous silica (Ag-MSNs) decorated with 
silver nanoparticles using a one-pot method (Fig.  2E) 
[46]. In the framework of MSNs, Ag nanoparticles 
between 2 and 10 nm in diameter were highly hybridized. 
Due to the sustainable release of silver ions, Ag-MSNs 
showed superior antibacterial effects against bacteria. To 
improve the biocompatibility of inorganic MSNs, some 
organic components (such as phenyl, thioether, ethyl-
ene, etc.) doped MSNs framework represents an effective 
strategy to adjust the inherent bioinert characteristics of 
MSNs. Zhang et  al. used the natural polyphenol tannic 
acid (TA) as a non-surfactant template to fabricate biode-
gradable mesoporous organosilica nanoparticles (MONs) 
decorated with silver nanoparticles (Fig.  2F) [47]. These 
well-dispersed silver nanoporous silica nanoparticles 
(Ag-MONs) release silver ions by matrix degradation in 
the presence of glutathione (GSH), leading to a superior 
antibacterial effect on E. coli and S. aureus than non-
degradable Ag-MSN, Ag NPs, and silver nitrate. For this 
reason, the design of the framework composition offers 
more possibilities to diversify the functionality of MSNs 
and to improve MSNs-based antimicrobial therapy.

Tunability of surface topology of MSNs
The design of the surface topology of MSNs and its 
impact on biological behavior has currently of increas-
ing interest [16, 48]. The engineered surface topology 
of MSNs includes virus- [49], hemisphere- [50], tree 
branch-like [51], and flower-like subunit topographies. 
This could not only improve the interaction between 
MSNs and cargo molecules, but also improve the inter-
action between MSNs and bacteria, and enhances the 
contact-killing ability due to its shape, which increases 
local adhesion and thus leads to a change in membrane 
surface tension and membrane damage [51, 52]. Ahmad 
Nor et  al. fabricated the hollow MSNs with regulated 
surface roughness. The results showed that the rough 
MSNs which have hydrophilic composition exhibited 
suprisingly hydrophobicity, leading to superior loading 
of hydrophobic vancomycin and enhanced antibacte-
rial effect, compared to the smooth surface MSNs [53]. 
Inspired by the adhesion of pollen grains to hirsute 
insects, we designed a nano-pollen-like MSN with a 
spike-like surface, which has enhanced adhesion to bac-
teria compared to the smooth surface MSN (Fig.  2G) 
[54]. Furthermore, nano-pollen-like silica loaded with 
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lysozyme was found to have stronger antibacterial activ-
ity against E. coli, due to high local enzyme concentra-
tions enabled by the enhanced adhesion (Fig. 2G). Thus, 
due to the enhanced adhesion to the bacterial surface 
caused by the rough surface, the MSN surface topogra-
phy has been broadly considered to be a critical feature 
affecting surface-bacteria interactions.

Functionalization of MSNs for enhanced 
antibacterial therapies
MSNs represent a suitable choice for the development 
of antibacterial biomaterials due to the above-men-
tioned distinctive features, and the most straightforward 
approach is to utilize the porous structures of MSNs to 
deliver antibiotics for infection control [55]. However, 
bare MSNs show simply a hydrophilic surface property 
with rich hydroxyl groups, which would fit a small range 
of antibiotics to adsorb on the surface. Considering the 
diverse physicochemical features of a library of anti-
microbial agents, functionalization of MSNs to endow 
themselves with tailorable surface properties become an 
effective strategy to match the cargo molecules [56]. By 
introducing different functional groups on the surface or 
framework of MSNs, the interaction between MSNs and 
antibacterial agents or bacteria can be enhanced, drug 
release can be regulated, therefore the biological activity 
of MSNs-based antibacterial therapy can be improved. 
To this end, a variety of functional groups have been 
modified on MSNs to fit the properties of antimicrobials 
such as conventional antibiotics [57], metal compounds 
[58], cationic polymers [59], and antibacterial peptides 

(Table  1) [60]. Additionally, due to unique physico-
chemical properties, MSNs-based physical antibacterial 
therapy can also interact with bacterial cell membranes 
through specific interactions, resulting in the damage of 
bacterial membranes and causing leakage of cytoplasm.

Tailoring the physicochemical features of MSNs 
for antibiotics delivery
The primary mechanisms of antibacterial activity of 
antibiotic-loaded MSNs were dependent on antibiotics 
themselves, including damaging cell membranes, causing 
leakage of bacterial contents, and inhibiting the synthesis 
of genetic material [61]. During the last decade, a large 
variety of antibiotics emerged, while their antimicrobial 
activity is basically concentration-dependent and time-
dependent [62]. Particularly considering many of the 
antibiotics have a short half-life, while chronic infection 
diseases require maintaining a high antibiotic level at the 
infection site for a relatively longer time, controlled anti-
biotic release through MSNs presents an ideal solution to 
this issue. A number of antibiotics with potent antibacte-
rial activity but quick clearance rate, such as tetracycline 
(TC), vancomycin (VAN), azithromycin (AZ), etc. have 
been used to load into MSNs for sustained release to 
manage effective bacterial inhibition and eradication. It is 
well known that the fluoroquinolone drug ciprofloxacin 
(CIP) is preferred for the treatment of Salmonella infec-
tions, but high-dose and repeated use leads to reduced 
susceptibility and numerous adverse effects. Alandiyjany 
et  al. evaluated the efficacy of mesoporous silica loaded 
with ciprofloxacin in rats infected with Salmonella  

Table 1 Antibacterial agents-loaded MSN nanoplatforms for antibacterial application

Antibacterial strategies Nanocarriers Tested microorganism Therapeutic effects Refs.

Antibiotic delivery MSNConA@LEVO E. coli Effective penetration in Gram-negative bacterial 
biofilm

[66]

PMB^B/N/C-MSN E. coli High loading capacity, enhance antibacterial activity [68]

MSN-NH2-CEF/MEP A. baumannii Enhance bactericidal activity, reduce side effects 
and toxicity

[69]

Silver-incorporated CCM@SBA-15/PDA/Ag E. coli, S. aureus Reduce side effects, enhance Gram-negative bacterial 
killing

[72]

MSN-Ag-DNase I E. coli, S. mutans Enhance bacterial biofilm eradication [73]

Copper-incorporated SBA-CuO E. coli Stronger antibacterial properties [76]

MSN-maleamic-Cu E. coli S. aureus Exhibiting a powerful antibacterial effect [78]

AZOX@MSNs-PDA-Cu Pyricularia oryzae Provides a new way to design antibacterial agents [79]

Zinc-incorporated ZnO-SBA-15 E. coli Coordination effect assist for anti-bacterial application [85]

ZnO-SiO2 Candida albicans, S. aureus Reduce nanoparticle retention risk in host and envi-
ronment

[86]

Cationic polymer-grated Spiky silica nanocomposite I Staphylacoccus Epidermidis Enhanced anti-microbial and anti-biofilm properties [88]

Antibacterial peptide-grafted MSNs@OVTp12@Gen E. coli Treatment of bacterial infections effectively and pre-
vention of bacterial drug resistance

[93]

MSN@T7E21R@HD5@SCN E. coli Promising oral antibacterial formulation against E. coli [95]
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in vivo. The mesoporous silica could regulate the release 
of CIP to prolong the antibacterial effect, and the clear-
ance of Salmonella typhi biofilm was over 50% [63].

Among the different organic antibacterial agents, such 
as quaternary ammonium salts, peptides, guanidine, and 
phosphonium salts, have been widely used to enhance 
antibacterial ability. Among these, non-halogenated 
amines have been widely applied in antibacterial materi-
als. The grafting of the N-haloamine precursor monomer 
3-(3′-hydroxypropyl)-5,5-dimethylhydantoin (APDMH) 
to the surface of the mesoporous material allows for a 
powerful antibacterial effect [64]. The antibacterial mech-
anism of N-halamine was the transfer of mesoporous 
silica nanoparticles to the bacterial cell wall through 
halogen atoms, thereby disrupting intracellular receptors 
and inhibiting enzymatic or metabolic processes in order 
to inactivate the bacteria. Carbazole derivatives also have 
been reported to have strong antibacterial activity, Ankita 
et al. loaded carbazole monomers with styrene and vinyl-
modified mesoporous silica to test the inhibition perfor-
mance against S. aureus, Staphylococcus pyogenes, E. coli, 
and Staphylococcus typhi [65]. It was discovered that the 
mechanism of the antibacterial effect of the nanoparticles 
might be associated with the destruction of bacterial cell 
membranes.

The formation of biofilms by bacteria is the main obsta-
cle to the treatment of antibiotics owing to the difficulty 
of penetration into the bacterial biofilm to kill bacteria. 
To promote the delivery of antibiotics into the bacterial 
biofilms, Martínez-Carmona et  al. designed a novel tar-
geted antibacterial nanoplatform of mesoporous silica 
loaded with levofloxacin (LEVO) modified by the lec-
tin Concanavalin A (ConA) [66]. This nanoplatform 
increased the antibacterial efficacy of the antibiotic 
hosted within the mesopores and reduced side effects. 
Currently, a combination of antibiotics is used to treat 
persistent or multi-bacterial infections that cannot 
respond to conventional treatment plans. Combination 
of multiple antibiotics together might broaden the range 
of their antibacterial activity as well as have a synergis-
tic antibacterial impact [67]. Polymyxin B is a lipopeptide 
antibiotic produced by Mycobacterium polymyxa, but 
the clinical application is limited by nephrotoxicity and 
neurotoxicity.

To reduce the cytotoxicity and improve the antibacte-
rial effect, carboxy decorated MSN loading with poly-
myxin B and vancomycin was fabricated, which was 
efficient for bacteria [68]. This nanoparticle loaded with 
antibiotic molecules has enhanced effectiveness of anti-
bacterial activity in different Gram-negative bacteria 
compared to free antibiotics, and can reduce cytotoxic-
ity by reducing the production of reactive oxygen spe-
cies (ROS). The widespread utilization of antibiotics is 

promoting the design and development of antibiotic as 
well as nanobacterial formulations. Acinetobacter bau-
mannii is resistant to several antibiotics, an effective 
antibiotic against this bacterial infection is a combina-
tion of polymyxin and tigecycline, Najaf et al. developed 
cefepime (CEF) and meropenem (MEP) loaded amine-
functionalized mesoporous silica nanoparticles (MSN-
NH2) to enhance combating bacterial infection (Fig. 3A) 
[69]. The MSN-NH2 loaded CEF and MEP exhibited 
a  stronger antibacterial activity compared with free 
drugs.

Metal‑incorporated MSNs for antibacterial therapy
Owing to the unique properties such as a broad antibac-
terial spectrum, length of effective antibacterial period, 
low toxicity, absence of drug resistance, and excellent 
safety, the metal ions can be utilized as an effective anti-
bacterial agent. The commonly used antimicrobial metal 
ions are silver ions, copper ions, zinc ions, divalent iron 
ions and aluminum ions. Their mode of application is 
typically through the leaching from their metal crystal 
or metal oxide nanoparticles. Metal compounds can also 
be incorporated into the surface of MSNs that allow a 
controlled release of metal ions to achieve their antimi-
crobial functions. The other type of metal-based antimi-
crobial materials is photocatalytic nanomaterial, such as 
nanoparticles of zinc oxide and titanium dioxide, which 
rely on light excitation to induce strong oxidative radicals 
for bactericidal properties. The metal elements can be 
adsorbed on the bacterial surface when they are dissolved 
from the carrier material in an ionic state, which can trig-
ger bacterial death by chelating with DNA and proteins 
within bacterial cells, or through oxidative stress, ulti-
mately to bacterial death [70]. Therefore, the immobili-
zation of metal ions on the surface or inside the MSNs 
by physical adsorption or ion exchange, which in turn 
improves the bactericidal properties and stability of the 
metal ions. Furthermore, synthesizing cationic polymers 
modified MSN to effectively adhere negatively charged 
bacterial biofilm is also an effective antibacterial strategy.

Silver‑incorporated MSNs‑based antibacterial therapy
The silver nanoparticles are considered potential 
antibacterial agents for low toxicity, excellent cost-
effectiveness, and wide-spectrum effectiveness [71]. 
Unfortunately, the application is limited by the ten-
dency of silver nanoparticles to easily aggregate. Bio-
mimetic polymers including polydopamine (PDA), 
algae, and tea polyphenols are abundant in chemically 
active groups, which can provide an excellent reduc-
tion platform for silver nanoparticles. Based on this 
strategy, Song et al. designed mesoporous silica loading 
silver nanoparticles and encapsulated by melanin-like 
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polydopamine (PDA) as nanocarriers (SBA-15/PDA/
Ag) (Fig.  3B) [72]. Additionally, curcumin (CCM) was 
loaded into SBA-15 with PDA coating (CCM@SBA-15/
PDA/Ag) by non-covalent interaction, an integrated 
dual-responsive nanoplatforms was used for combat-
ing infectious bacteria (Fig. 3C, D). The CCM@SBA-15/

PDA/Ag composite nanoparticle could enhance against 
Gram-negative bacteria, which could be owing to the 
enhanced effect of Ag interaction with the bacterial cell 
membrane.

The pathogenic bacterial biofilms are composed of 
microbial cells that accumulate on surfaces, which are 

Fig. 3 A Cefepime or meropenem loaded amine-functionalized mesoporous silica nanoparticles (MSN-NH2-CEF/MEP) against Acinetobacter 
baumannii.  Reproduced with permission from Ref. [69] Copyright 2021, Elsevier B.V. B The design of CCM@SBA-15/PDA/Ag nanoparticles 
and their responsive drug release evaluation. C The evaluation of CCM pH, ROS response release. D To evaluate pH-responsive Ag release 
from nanoformulations. Reproduced with permission from Ref. [72] Copyright 2020, American Chemical Society. E The construction 
of Ag- and DNase I-loaded mesoporous silica and the evaluation of antibacterial and removing biofilms. Reproduced with permission from Ref. [73] 
Copyright 2020, RSC Pub. F The MSN design and release mechanism of dopamine chelated copper ions. Reproduced with permission from Ref. [79] 
Copyright 2020, Elsevier B.V. G The antibacterial and anti-biofilm activities of spiky nanocomposites synthesized by BAC and NaSal co-templates. 
Reproduced with permission from Ref. [88] Copyright 2022, Shanghai Jiao Tong Univ Press. H Illustration of the viral type and smooth MSN loaded 
with LL-37, and free LL-37 interaction with the cell membrane. Reproduced with permission from Ref. [94] Copyright 2021, American Chemical 
Society. I The T7E21R-HD5 structure and the design process of MSN@T7E21R@HD5@SCN. Reproduced with permission from Ref. [95] Copyright 
2019, The Royal Society of Chemistry
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thought to be a major cause of chronic bacterial infec-
tions. To improve this problem, Tasia et  al. provided a 
novel approach to enhance the efficacy of eradication 
bacterial biofilms, which used large mesoporous silica 
doped with Ag nanoparticles and loaded with DNase 
I (MSN-Ag-DNase) (Fig.  3E) [73]. Compared to silver 
nitrate, which only reduced 53.7% of E. coli, MSNs-Ag-
DNase I killed 73.1% of E. coli at a concentration of 200 g/
mL and enhanced biofilm eradication. The nanoparticles 
significantly improved the antibacterial activity through 
reduced Ag nanoparticle aggregation, eliminating the 
extracellular DNA of EPS in collaboration with deoxyri-
bonuclease I, and breaking the biofilm matrix enzymes.

Copper‑incorporated MSNs‑based antibacterial therapy
The antibacterial properties of copper-based antibacte-
rial materials are similar to those of silver, but due to low 
cost and superior antibacterial capabilities, research on 
copper-based antibacterial materials has advanced signif-
icantly in recent years [74]. The antibacterial mechanism 
of copper ions is to make direct contact with the bacterial 
outer membrane to rupture, thus allowing unimpeded 
access of copper ion flow to the cell interior and inhibit-
ing bacteria by affecting intracellular enzymes and pro-
tein metabolism. The primary categories of copper-based 
antibacterial nanomaterials are copper-loaded antibac-
terial agents, copper-monolithic antibacterial agents, 
oxide-based antibacterial agents, and copper-compatible 
material antibacterial agents [75]. Here, we focus primar-
ily on introducing antibacterial agents based on MSNs 
loading or adsorption of copper ions.

The metal nanoparticles are contaminating the soil 
microbial communities, thus limiting metal ions’ migra-
tion to the environment is crucial, Laskowski et  al. 
proposed a new class of antibacterial materials by 
immobilizing copper ions in SBA-15 pores through pro-
pylphosphonate units [76]. Owing to the immobilization 
of functional groups the compounds are safer for the 
environment than commonly used antibacterial agents. 
In specific, antibacterial activity of cooper-doped SBA-15 
remained to be high even with a low content of copper. 
Compared to only copper ions, the SBA-15-Cu contain-
ing 5% copper ions had stronger antibacterial activity 
against E. coli. Maleic acid inhibits the biological func-
tion of maleic acid amide hydrolase in bacteria, reducing 
bacterial viability [77]. To explore its potential applica-
tion as an antibacterial agent, Díaz-García et al. success-
fully synthesized a MSN containing a maleimide ligand 
capable of coordinating with copper(II) ion [78]. The 
antibacterial activity of S. aureus and E. coli was signifi-
cantly enhanced after coordination with copper(II) ions 

compared to MSN-maleic acid. This nanoplatform was 
able to trigger the production of large levels of ROS dur-
ing oxidative stress in E. coli and S. aureus, exhibiting a 
powerful antibacterial effect.

Metal ion release behavior is extremely connected 
to carrier material and formulation technology, Xu 
et  al. reported that copper ions  (Cu2+) were chelated to 
the MSN via dopamine for the control of azoxystrobin 
(AZOX) release (Fig. 3F) [79]. Among these, the polydo-
pamine coating on the MSNs surface can block the pore 
channels and promote the binding of copper ions. Addi-
tionally, the introduction of copper ions would restrict 
the release of AZOX into the environment owing to the 
coordination bonding interaction of copper ions and 
AZOX. On the other hand, copper chelation could con-
fer a pH- responsive release patterns since  H+ to PDA 
or OH to  Cu2+ compete for coordination, breaking the 
PDA-Cu2+-AZOX coordination architecture. This strat-
egy provides a new way to design pH-responsive systems 
and antibacterial pesticide applications.

Zinc‑incorporated MSNs‑based antibacterial therapy
In recent years, zinc has been widely used as an antibac-
terial agent owing to its unique antibacterial mechanism, 
including that adsorbing in bacterial cell walls, interfer-
ing with cell membranes, and causing bacterial death 
[80, 81]. Additionally, zinc also can trigger the genera-
tion of ROS, such as hydrogen peroxide  (H2O2), hydroxyl 
radicals (·OH), oxygen anions, and hydro-peroxides [82, 
83]. It is well known that zinc oxide is most effective 
against bacteria when the pH was 7–8 [84]. However, 
pure nano- ZnO is prone to aggregate during steriliza-
tion, which reduces the contact surface area and ROS 
generation, and affects the bactericidal action [82]. The 
loading of ZnO into the SBA-15 can effectively improve 
its dispersibility. The water-soluble polyethyleneimine 
(PEI, MW = 600 Da) modified SBA-15 could form strong 
coordination bonds with  Zn2+, and adsorb zinc ions into 
the mesoporous silica [85]. The combination of the imine 
group contributed to the adsorption of more  Zn2+ to 
improve dispersibility. Therefore, the PEI-coated SBA-
15 loaded zinc ions were of great reference to develop 
antibacterial ZnO nanoparticles. In order to promote 
nucleation and growth of ZnO nanoparticles as well as to 
prevent agglomeration, Donnadio et  al. prepared ZnO-
SiO2 composites using Cab-O-Sil-H5 and Syloid 244 FP 
silica as carriers and evaluated their antibacterial activity 
[86]. This strategy can effectively reduce the dispersion 
risk of nanoparticles in the host and environment, which 
is of great value in the preparation of nanomaterials with 
antibacterial and antifungal activities.
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Cationic polymer functionalized MSNs for antibacterial 
therapy
Due to bacteria generally having negatively charged cell 
membranes composed of lipid layers and peptidogly-
can, engineering a positive surface charged of originally 
negatively-charged MSNs could also enhance the interac-
tion with the bacterial surface [87]. It was known that the 
antibacterial activity of cationic surfactants or polymers 
micelles was due to the electrostatic interaction of the 
positive charge head group and negatively charged bacte-
rial membrane, as well as the lipophilic tail group which 
enhanced membrane permeability. Under this principle, 
the surface modification of MSNs, such as synthesis with 
cationic surfactants as templating agents or modification 
with cationic polymers, can provide a positive charge on 
the MSN surface to enhance targeting and internaliza-
tion of bacteria. Benzalkonium chloride (BAC) is a bac-
tericidal agent that has recently been used as a cationic 
surfactant and a template agent for the synthesis of MSN 
composite material. We have recently prepared a MSN 
composite with a spiky surface by employing a cationic 
structure guide (BAC) and an anionic structure guide 
sodium salicylate (NaSal) as a dual template to enhance 
adhesion and physical damage to bacterial biofilm 
(Fig. 3G) [88]. The spiky MSNs we synthesized with BAC 
and NaSal as co-templates showed higher BAC loading, 
and 70% biofilm inhibition against Gram-positive bacte-
ria Staphylococcus epidermidis with loss of bacterial cell 
membranes, compared to MSNs  with  a smooth surface 
synthesized with pure BAC template. The rough MSNs 
with the "dual active" templates showed superior bac-
tericidal ability, probably attributed to the disruption of 
the bacteria membrane through enhanced adhesion on 
the spiky surface that promoted the release of the dual 
antibacterial agents (BAC and NaSal). This MSN offers  a 
novel approach to manufacture of new functional MSN 
composites with significant antibacterial properties 
because they can simultaneously release two bactericidal 
components and generate synergistic effects on bacterial 
death and biofilm eradication.

Antibacterial peptide grafted MSNs for antibacterial 
therapy
Antimicrobial peptides (AMPs) are a class of amphiphi-
lic, positively charged natural peptide compounds iso-
lated from animals, plants, and microorganisms [89, 90]. 
In recent years, AMPs have been considered an alter-
native to traditional antibiotics owing to their ability to 
target bacterial membranes effectively inhibit multidrug-
resistant (MDR) bacteria [91]. Unlike antibiotics, AMPs 
mainly combine with negatively charged lipopolysac-
charide layers on the cell membranes through electro-
static and hydrophobic interactions and then induce 

membrane rupture, which is thought to be the primary 
antibacterial mechanism of AMPs [92]. The AMPs not 
only have a significant antibacterial effect but also do not 
interact with bacteria surface-specific receptors. As a 
result, there is very rarely drug resistance to this strategy 
observed with treatments. A new antimicrobial peptide 
(OVTp12) was obtained from egg white ovotransferrin, 
which not only exhibited promising antimicrobial activity 
but also altered bacterial cell membrane permeability and 
morphology.

Besides, OVTp12 has high specificity for bacterial cell 
membranes and can be used as a target ligand for track-
ing bacteria, Ma et  al. used OVTp12 modified MSNs 
loaded with gentamicin (MSNs@OVTp12@Gen) to pro-
mote the targeted bacterial cells. Compared to free Gen, 
the MSNs@OVTp12 nanoparticles enhance the interac-
tion with E. coli cell membranes and can also effectively 
treat bacterial infections in  vivo, significantly reduc-
ing the inflammatory response [93]. Despite the advan-
tages of AMPs for antibacterial applications, they are 
weakly selective for strains and potentially toxic to the 
host. MSN can be used as effectively delivery vehicle for 
AMPs owing to its large cavities and controllable pore 
structure. Haffner et al. used smooth surface and virus-
like MSN with ‘‘spiky’ characteristics as carriers to load 
the antimicrobial peptide LL-37, respectively (Fig.  3H) 
[94]. Through comparing the effect of two different types 
of mesoporous silica particles on bacterial membranes, 
which was found that virus-like MSN loaded with LL-37 
were more disruptive on bacterial membrane and also 
higher than free LL-37. Furthermore, the AMPs are com-
posed of amino acids, which are susceptible to proteases 
and physiological environmental conditions, leading to a 
significant reduction in antibacterial activity in  vivo. To 
reduce the loss of amp in the stomach, Zhao et al. modi-
fied MSN with a succinylated casein (SCN) that can be 
specifically degraded by intestinal proteases for loading 
potent bactericide designed by site mutations at enteric 
(HD5 T7E21R-HD5) (Fig.  3I) [95]. The SCN coating 
reduces the release of T7E21R-HD5 from MSN in an 
acidic environment. This study provides MSN-based oral 
delivery strategy for AMPs to combat intestinal infection.

Photo‑synergized MSNs‑based antibacterial 
therapies
Photothermal therapy assisted with MSNs‑based 
antibacterial
Photothermal therapy (PTT) is an effective approach 
for treatment of bacterial infections, which depends 
on the photothermal agents (PTAs) rapid generation 
of large amounts of heat when exposed to light irradia-
tion [96, 97]. The antibacterial therapy of PTT mainly 
relies on photothermal agents (PTAs) that adhere to the 
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surface of bacteria through multiple interactions and 
generate local heat on the surface of bacteria induced 
by light, which denatures the proteins on the surface 
of bacteria, subsequently terminates a large number of 
intracellular reactions, ultimately leading to bacterial 
death [98, 99]. Among, PTT gaining more attention in 
antibacterial design and biofilm eradication based on 
near-infrared radiation (NIR), which converts NIR light 
energy to heat and raises the bacterial solution temper-
ature, inactivating the enzymes on the surface of bacte-
ria [100–102].

Although PTT shows promising prospects in antibac-
terial approaches, excessive temperature or delocalized 
heat usually leads to severe damage to healthy tissues. 
Combination of PTT and other antibacterial agents 
seems to be beneficial strategy to enhance efficiency 
and lower side effects. García et al. developed a multi-
functional hybrid organic–inorganic MSNs for loading 
antibiotic levofloxacin (LEVO), while nitric oxide was 
integrated and modified onto the MSN through nitroso 
(-SNO) to construct a NIR stimulus-responsive release 
system. (Fig. 4A) [103].

This nanoplatform removes only 30% of the biofilm 
of S. aureus biofilm when irradiated without light, but 
a 90% reduction when irradiated with near-infrared 
(NIR) (Fig.  4B). These results suggest that the devel-
opment of near infrared light stimulation in response 
to photothermal therapy and the combination of the 
antibiotic levofloxacin and nitric oxide to disrupt the 
integrity of bacterial biofilms could lead to powerful 
antimicrobial therapies.

Besides, Cao et  al. described a silver-bismuth (Ag-
Bi@SiO2) NPs antibacterial agent that was supported 
by MSN (Fig.  4C, D) [104]. When exposed to near-
infrared laser irradiation, the thermal energy generated 
by the Bi NPs could dissolve bacterial biofilms and pro-
mote Ag ions release, thereby enhancing antibacterial 
efficacy. Moreover, under NIR irradiation, the 100  µg/
mL Ag-Bi@SiO2 NPs were effective in eliminating 
69.5% of mature MRSA biofilms, which was stronger 
than the untreated Bi@SiO2NPs (26.8%) and Ag-Bi@
SiO2NPs (30.8%). Therefore, the nanoparticles possess-
ing photothermal antibacterial activity were a promis-
ing antibacterial platform to treat bacterial infections. 
Owing to their outstanding photothermal features, 
gold-silver nanocages (Au–Ag NCs) are widely used for 
PTT treatment. Wu et al. designed a gold-silver nanoc-
age (Au–Ag@SiO2 NCs) nanoparticle encapsulated by 
silica to achieve controlled release of silver ions and 
enhanced bactericidal properties under NIR laser irra-
diation [105]. Under NIR irradiation, the nanoparticles 
exhibited minimum bactericidal concentration (MBC) 
values of 256 and 512  g/mL against S. aureus and E. 

coli, respectively. In contrast, Au–Ag@SiO2 NCs (up to 
1024 μg/mL) without NIR irradiation showed no signif-
icant bacterial inhibition. The study successfully proved 
the anti-infection performance of Au–Ag@SiO2 NCs in 
the rat model of wound infection, suggesting that pho-
tothermal MSN based nanomaterials can effectively 
clear the bacterial biofilm.

Photodynamic therapy assisted with MSNs‑based 
antibacterial
Photodynamic therapy (PDT) against bacteria is also 
regarded as a high-efficiency alternative approach to 
eradicate bacteria both in  vitro and in  vivo [106, 107]. 
PDT is a photochemical reaction that primarily relies on 
photosensitizers (PSs) under appropriate irradiation to 
achieve antimicrobial therapy through the production of 
cytotoxic ROS, including hydroxyl radicals, superoxide, 
or singlet oxygen (1O2) [108, 109]. The ROS generated by 
photosensitizers (PSs) can be targeted to the bacteria’s 
internal and external structures, which cause irreversible 
oxidative damage to bacterial cell membranes and DNA 
molecules, leading to leakage of cell contents and enzyme 
inactivation [110]. Thus, PDT antibacterial therapy is an 
unspecific strategy that causes the bacterial death rather 
than develop drug resistance.

Chlorin e6 (Ce6) has been used frequently as a photo-
sensitizer for PDT, which generates 1O2 when exposed 
to NIR light [111]. However, poor water solubility and 
negative charge make it difficult to contact bacteria and 
biofilm, which limits the antibacterial efficiency of PDT. 
To improve antibacterial performance, Yan et  al. pre-
pared an ultrathin chitosan-coated Ce6-loaded hollow 
mesoporous silica nanoparticles (UHSN@CS-Ce6) to 
enhance the loading capacity and photodynamic prop-
erties of Ce6 (Fig. 4E) [112]. The nanoparticles exhibited 
high loading efficiency, which significantly increased the 
ROS yield of Ce6 and effectively adhered to S. aureus 
biofilm, resulting removal rate of S. aureus biofilm up to 
81% (Fig.  4F). Further, UHSN@CS-Ce6 accelerated skin 
wound healing in an S. aureus infection rabbit model. The 
phenothiazine photosensitizer methylene blue (MB) was 
positively charged at physiological pH which adheres to 
the bacterial cell wall by electrostatic interaction. Based 
on the properties of MB in the physiological environ-
ment, Oriol et  al. designed a MSNs functionalized with 
amino or mannose to adsorb MB, effectively killing E. coli 
and Pseudomonas aeruginosa under red light irradiation 
and reducing MB toxicity [113].

Currently, photodynamic antimicrobial therapy (PDT) 
using lanthanum-doped upconversion nanoparticles 
(UCNP) as an energy donor in response to near-infrared 
light has various advantages, such as strong tissue pen-
etration, broad antimicrobial spectrum, and low drug 
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resistance, but was still limited by low efficacy. Li et  al. 
proposed a novel bioinorganic nanohybrid that enables 
enzymatic-photodynamic effects on bacteria [114]. In this 
nanohybrid, UCNP encapsulated dendritic mesoporous 
silica was used as the carrier of photosensitizer MB and 
macromolecular lysozyme (LYZ) (Fig.  4G). The antibac-
terial mechanism of the hybrid nanoplatforms was first 
disrupted by LYZ, which exposes the bacteria to a large 
amount of ROS produced by MB to achieve the syner-
gistic antibacterial effect of LYZ-PDT. The efficacy of the 
treatment on deep tissue MRSA infection was investi-
gated, which LYZ or PDT treatment groups were effec-
tive in promoting healing. Surprisingly, the combination 
of LYZ and PDT was the most effective, without causing 
any side effects.

Rose Bengal (RB) is considered to be a promising PS 
due to the visible absorption band in the range of 480–
550 nm and the high yield of single-line oxygen. Gehring 
et  al. [115] successfully prepared photo-triggered silica 
nanoparticle systems by covalently combining RB/NO 
with thiol-functionalized PMO-type monodisperse silica 
[115]. In this nanosystem, nitric oxide (NO) was com-
bined with superoxide radicals  (O2−) and simultaneously 
released singlet oxygen to act as reactive oxygen spe-
cies (ROS), which significantly enhances the antibacte-
rial activity. But improving the production efficiency of 
single-line oxygen is the key to achieving photodynamic 
antibacterial activity. Protoporphyrin IX (PpIX) is a 
promising natural photosensitizer, but low solubility in 
physiological media prevents direct application to PDT. 
Thus, Zampini et  al. prepared different porosity silica 
protoporphyrin IX (PpIX) nanocomposites and evaluated 
single-linear oxygen production as well as bacterial inac-
tivation efficiency [116]. The studies showed that silica-
protoporphyrin IX (PpIX) nanocomposites with larger 
pores have higher oxygen production in the single-linear 
state and greater antibacterial efficiency.

However, those PSs loaded MSNs materials easily sepa-
rate from the infected sites, potentially leading to serious 
complications and inflammation [117]. To address this 
challenge, Sun et  al. utilized electrospinning technology 
to create a self-enriched antibacterial membrane based 
on zein and polycaprolactone (PCL), MB loaded MSNs 
that has been fluoroalkane functionalized as the bacte-
ricidal ROS generator [118]. This antibacterial film can 
achieve PDT antibacterial adhesion synergy, revealing 
that both S. aureus and E. coli survived at low rates (≤ 3%) 
when exposed to visible light (660  nm, 20  min). There-
fore, this MSN-based antibacterial composite membrane 
can be widely used in bacterially infected areas. Cinna-
maldehyde (CA) is a natural antibacterial active ingredi-
ent, but poor water solubility and volatility significantly 
hinder the clinical application. Combining the excellent 
antibacterial properties of cinnamaldehyde (CA) with 
the copper sulfide nanoparticles (CuS NPs) of photo-
thermal properties, a multifunctional nanoplatforms 
of silica nanospheres  (SiO2 NSs) was constructed [119]. 
This mesoporous silica nanoparticles  (SiO2@CA@CuS) 
first attach to the negatively charged bacterial surface, 
then rapidly kill the bacteria by the synergistic release of 
CA and heat generation when exposed to NIR light. This 
nanoplatform was important in the development of new, 
biocompatible, efficient, and synergistic antibacterial 
strategies.

Photo‑synergized therapy assisted with MSNs‑based 
antibacterial
The single PDT therapy process kills bacteria mainly 
by producing massive amounts of ROS [120]. However, 
excessive amounts of reactive oxygen species could lead 
to normal cell inflammation and necrosis. Therefore, the 
integration of PDT and PTT can effectively reduce the 
side effects of single-modality antibacterial therapy and 
provide a way to develop a safer antibacterial strategy for 

Fig. 4 A Illustration of the design of NIR-responsive nanosystems and the removal of the S. aureus biofilms. B The effect was of different AuNR@
MSN nanosystems photothermal on the cell viability of S. aureus biofilms.  Reproduced with permission from Ref. [103] Copyright 2021, Elsevier 
Inc. C Schematic representation showing the preparation of Ag-Bi@SiO2 NPs nanoparticles and the synergistic antibacterial effect both in vitro 
and in vivo. D The healing effect of Ag-Bi@SiO2 NPs nanoparticles on skin wounds of S. aureus-infected mice. Reproduced with permission from Ref. 
[104] Copyright 2020, WILEY–VCH. E Illustration of the preparation of ultrathin hollow silica nanoparticles modified with chitosan for photodynamic 
antibacterial loaded with the photosensitizer Chlorin e6 (Ce6). F The inhibition of S. aureus by Ce6 and UHSN@CS-Ce6 and the elimination of biofilm. 
Reproduced with permission from Ref. [112] Copyright 2021, Elsevier B.V. G Illustration of the design of a hybrid nanosystem with photodynamic 
synergy. Reproduced with permission from Ref. [114] Copyright 2021, Wiley–VCH. H The construction of AuNRs@Cur nanocomplexes 
with combined photothermal and photodynamic antibacterial activity. Reproduced with permission from Ref. [123] Copyright 2021, Elsevier B.V. I 
The design of GNRs@mSiO2-SNO/ICG NPs nanoparticles and the role of removing bacterial biofilms. a Schematic illustration of the design of GNRs@
mSiO2- SNO/ICG NPs and their targeted removal of periodontal bacterial biofilm as well as inflammatory modulation. b Removal of P. gingivalis 
biofilm by GNRs@mSiO2, GNRs@  mSiO2/ICG, GNRs@mSiO2-SNO, and GNRs@mSiO2-SNO/ICG nanoparticles. c Ratio of dead/live bacteria in P. 
gingivalis biofilm by GNRs@mSiO2, GNRs@mSiO2/ICG, GNRs@  mSiO2-SNO, GNRs@mSiO2-SNO/ICG nanoparticles. d The average thickness of GNRs@ 
 mSiO2, GNRs@mSiO2/ICG, GNRs@mSiO2-SNO, and GNRs@mSiO2-SNO/ICG after the action of P. gingivalis biofilm. Reproduced with permission 
from Ref. [128] Copyright 2021, Elsevier B.V

(See figure on next page.)
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phototherapy [121, 122]. The AuNRs@Cur nanoparticles 
were PTT/PDT bimodal antibacterial nanocomposites 
that used curcumin (cur) as the photosensitizer and gold 
nanorods encapsulated in silica as the photothermal car-
rier (Fig.  4H) [123]. The AuNRs@Cur has the strongest 
antibacterial effect on both S. aureus and E. coli when 
exposed to dual-light, which indicated that synergistic 
photodynamic-photothermal strategy can significantly 

increase bactericidal activity, and treat pathogenic dis-
eases brought on by drug-resistant bacteria.

Similarly, researchers fabricated a Chlorin-e6 (Ce6) 
conjugated mesoporous silica nanoparticles (called 
AuNR@SiO2-NH2-Ce6) that exhibited synergistic pho-
tothermal and photodynamic effects [124]. This AuNR@
SiO2-NH2-Ce6 could target bacterial, and subse-
quently release the Ce6 loaded in mesoporous silica by 

Fig. 4 (See legend on previous page.)
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photothermal effect. This allows the generated ROS to 
penetrate the bacterial cell membrane or directly into the 
bacterial interior, thus effectively killing the bacteria. It 
not only disrupted the bacterial cell membrane integrity 
but also promoted the penetration and accumulation of 
external antibacterial agents in bacteria when exposed to 
light, which had a wide guideline for the design of MSN- 
based antibacterial nanoplatforms.

Besides the combined antimicrobial strategy of PTT 
and PDT, the effective therapeutic approaches such 
as chemodynamic therapy (CDT) with photothermal 
therapy (PTT) or photodynamic therapy (PDT), and gas 
therapy in combination with MSNs nanoplatforms have 
become a hot research topic in the treatment of antibac-
terial infections [125]. Due to the low bacterial resist-
ance and high antimicrobial efficiency, it has been widely 
researched as an alternative therapy to antibiotics. Typi-
cally, the conversion of hydrogen peroxide  (H2O2) into 
toxic hydroxyl radicals (·OH) using Fenton or Fenton-
like reactions is used in chemodynamic therapy (CDT) 
to kill bacteria [126]. Besides, PTT converts light into 
heat, which causes protein denaturation by disrupting 
cell membranes, leading to bacterial death. However, 
for the treatment of deep bacterial infections at specific 
sites, such as periodontal disease, it is difficult to achieve 
efficient biofilm removal through the use of photo-based 
therapies. Therefore, the introduction of gas therapy 
using endogenous gas molecules such as carbon mon-
oxide (CO), hydrogen sulfide  (H2S), and nitric monoxide 
(NO) may facilitate the treatment of bacterial infections 
at deep tissues [127].

It was found that NO not only reacted with ROS to 
generate nitrite  (ONOO−) radicals, which enhanced 
lipid peroxidation and disrupted bacterial membranes 
to enhance antimicrobial activity, but also altered extra-
cellular matrix polysaccharides, which in turn induced 
physical rupture of bacterial biofilms. To this end, Qi 
et  al. reported a novel synergistic antimicrobial strategy 
combining PDT, PTT, and gas therapy (Fig. 4I) [128]. This 
antibacterial and anti-inflammatory bifunctional nano-
particle was constructed by using the well-established 
core–shell structure of photothermal gold nanorods 
and mesoporous silica as a drug carrier, modified with 
indocyanine green (ICG), as well as the introduction of 
an NO donor. This triple function nitrogen oxide nano-
generator GNRs@mSiO2-SNO/ICG NPs can effectively 
remove periodontal biofilms and inhibit inflammation, as 
well as effectively kill periodontal bacteria by altering the 
permeability of cell membranes and preventing patho-
genic biofilm formation.

Physical interaction induced antibacterial therapy
Besides the chemical damage of cell membrane through 
direct contact between MSNs and bacteria, the physi-
cal damage also is an important mechanism for MSNs 
based nanomaterials. Due to the unique physiochemi-
cal characteristics of nanomaterials, including surface 
charge and topology, the direct contact of nanomateri-
als with bacteria can also damage bacterial cell mem-
branes (“contact killing”) [129]. The highly ordered 
arrays of nanopillars of cicada wings surface are repre-
sentative of the first example of contact-killing nano-
materials, which are capable of killing bacteria based 
on contact with their physical surface structure alone 
(Fig.  5A) [130]. Due to the adhesion of bacteria onto 
the nanopillar structures on the wing’s surfaces, the 
bacterial cell membrane suspended above the nanopil-
lars was sufficiently stretched and mechanically rup-
tured depending on the physic-mechanical effect of the 
nanopillars instead of surface chemistry (Fig. 5B) [131, 
132]. As inspired by the cicada wing’s antibacterial sur-
face, Ivanova et  al. designed biomimetic silicon-based 
nanomaterials that contain high aspect ratio nano 
protrusions-linked structures on its surface for gen-
erating a mechanical bactericidal effect, the physical 
disruption to the bacterial cell membrane (Fig.  4C, D) 
[133]. Therefore, the antibacterial activity of MSNs can 
be obviously enhanced dependent on the surface topo-
graphic properties.

Moreover, the surface positive charged MSNs could 
also enhance the interaction with the bacterial surface, 
since bacteria typically have negatively charged cell 
membranes composed of lipid layers and peptidoglycan 
[87]. It was known that the cationic surfactant or poly-
mers micelles have been proven to enhance antibacte-
rial properties by increasing electrostatic interactions 
with the bacteria wall or biofilm with negatively charge 
[134]. González et al. fabricated a new class of antibac-
terial agent where MSNs were decorated with polyca-
tionic polypropylenemine dendrimers (G3) loaded with 
LEVO [135]. Compared to [3-(2-aminoethylamino) 
propyl] trimethoxy silane 95% (DAMO) modified MSN, 
G3 grafted MSNs can penetrate bacteria walls, which 
allows effective internalization into Gram negative 
bacteria (Fig.  5E, F). The powerful electrostatic forces 
generated when the MSNs adhere with bacteria could 
seriously damage bacterial cell membranes and result 
in subsequent bacterial death. Notably, extremely low 
positive charge densities are invalid in contact-killing, 
while extremely high charge densities can also damage 
mammalian cell membranes.
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Targeting‑directed MSNs‑based antibacterial 
therapy
The majority of antibacterial agents used to treat bac-
terial infectious diseases lack targeting, which leads to 
harmful side effects and low therapeutic efficacy since 
they can hardly accumulate at the desired infection site 
after administration [136, 137]. As a novel antibacterial 
nanocarrier, MSNs can be easily chemically modified to 
target bacteria for further treatment. Therefore, deliv-
ery efficiency could be improved while the dose and fre-
quency of administration could be decreased by targeted 
MSNs delivery systems.

Engineering MSNs to target planktonic bacteria
The bacterial cell wall is a protective layer consisting pri-
marily of peptidoglycans and glycolipids, these unique 
components can be used as excellent targets of MSNs for 
bacteria [138, 139]. Thus, by selecting the right target-
ing molecule, the targeted MSNs can be guided into the 
interior of a specific type of bacteria. Based on the above 
goals, various research has focused on using various tar-
geted materials to decorate the outer layer of MSNs to 
particularly recognize bacteria and effectively adhere to 
bacterial surfaces (Table 2).

Electrostatic interaction‑based targeting
The MSN with positively charged can adhere to the 
outer membrane of bacterial walls with negative charge 
through electrostatic interactions, interfering with bacte-
rial metabolic processes as well as causing perforation or 
even membrane leakage. Furthermore, it has been dem-
onstrated that the MSN surface with positively charged 
enabling it easier to internalize for bacteria. Silver nan-
oparticles (AgNPs) exhibit significant broad-spectrum 
antibacterial activity.

However, the MSN surface with negative potential has 
electrostatic repulsion with bacterial cell membranes, 
which limits antibacterial activity. To address the limi-
tation, Niu et  al. utilized cationic antibacterial polymer 
quaternary ammonium salt (QPEI) modified MSN loaded 
with AgNPs. [140]. These nanomaterials with a strong 
positive surface charge, which exhibited a favorable bac-
terial targeting effect and could adhere to the surface of 
negatively charged bacterial biofilm to release silver ions 
(Fig.  6A). The nanoparticles (Ag@MSN-QPEI) loaded 
with AgNPs prepared by QPEI modified MSN exhibited 
superior antibacterial activity and long effective action 
time at the same silver ion concentration (Fig. 6B).

The polycationic dendrimers with positively charged 
amine groups could effectively bind bacterial cell walls, 
enhancing membrane permeability of bacterial and 
internalization within the bacteria [141]. González et al. 
constructed a "nano-antibiotic" system by using third 

generation (G3) poly (acrylimide) dendrimers grafted 
onto an MSN surface loaded with levofloxacin (LEVO) 
[135]. The positive charge carried by the polycationic 
dendrimer acted as an internalizing agent, which allows 
electrostatic interaction with the bacterial cell wall, pen-
etration of the cell wall, and internalization into the bac-
teria. Therefore, this MSN based nonantibiotic delivery 
system possessed high permeability to Gram-negative 
bacterial membranes. And the disruption of bacterial cell 
walls by G3 dendritic macromolecules and the bacteri-
cidal action of LEVO could generate synergistically anti-
bacterial effects against Gram-negative bacterial biofilms.

Bionic recognition‑based targeting
Based on inspiration from nature, the use of natural cell 
membranes as coatings for MSN based nanomateri-
als, can enhance targeting and antibacterial activity. The 
outer membrane vesicles (OMVs) of E. coli primarily 
composed of lipopolysaccharides, peptidoglycans, mem-
brane proteins, and nucleic acids, are similar in compo-
sition to bacterial membranes. Hence, OMVs can act as 
bacterial targeted agents, enhanced fuse with bacterial 
cell membranes, and bacterial uptake of loaded antibi-
otic nanoparticles. Wu et  al. constructed a biomimetic 
nanoplatform (Rif@MSN@OMV) utilizing outer mem-
brane vesicles (OMVs) isolated from E. coli as the shell 
and an MSN loaded with rifampicin (Rif@MSN) as the 
core (Fig.  6C) [142]. In  vitro, the antibacterial activ-
ity when Rifampicin concentration of 4  µg/mL of Rif@
MSN@OMV exhibited 99.8% inhibition of Escherichia 
coli within 24 h (Fig. 6D). Furthermore, a single injection 
of Rif@MSN@OMV enhanced infected mice’s survival 
and decreased the bacterial burden of intraabdominal 
fluid and organs in a mouse model of peritonitis. But, 
this bionic nano-delivery system had poor sensitivity to 
other bacteria, which only responded against E. coli. To 
treat multidrug-resistant (MDR) bacterial infections, this 
approach could expand the application OMVs encapsu-
lated MSN delivery systems.

Aptamers recognition‑based targeting
Aptamers are functional oligonucleotides that have a 
strong affinity for a variety of targets, including pro-
teins, peptides, carbohydrates, small molecules, toxins, 
and even living cells, so frequently utilized as precise 
targeting agents for drug delivery systems. Trehalose, 
a glycolipid found in the cell wall of mycobacteria, can 
be employed as a targeted ligand for the microorgan-
ism. Thus, Hao et  al. presented evidence demonstrating 
the selective targeting and eradication of mycobacteria 
by isoniazid (INH)-loaded hollow oblate mesoporous 
silica nanoparticle (HOMSNs-Tre-INH) modified with 
alglucose (Fig. 6E) [143]. The targeted adhesion bacterial 
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results of HOMSNs-Tre-INH showed that no particles 
were seen on either E. coli or Staphylococcus epidermidis, 
while nanoparticles were only seen on the surface of 
mycobacteria, further proving that alglucose was a tar-
geted agent specifically for Mycobacterium.

The SA20hp aptamer had a great affinity for the sur-
face antigens of S. aureus and performed targeted to bac-
teria. Kavruk et  al. presented a targeted nanoplatform 
based on SA20hp aptamer modified MSN loaded with 
vancomycin (VAN), capable of selectively targeting and 
eradicating Staphylococcus aureus [144]. The efficacy of 
antibiotics against Staphylococcus aureus had more than 
15-fold increased, which was attributed to this nanoplat-
form could selectively identify the bacteria and release anti-
biotics via an antigen-triggering mechanism. The aptamer 
molecular gate structure could provide specific targeting for 
benzalkonium chloride (BAC), Sudagidan et al. used Lacto-
bacillus monocytogenes aptamers as targeting and capping 
agents for MSN loaded with benzalkonium chloride (BAC) 
(Fig. 6F) [145]. The BAC-modified aptamer functionalized 
nanoparticles (AptBACNP) displayed specific antibacterial 
activity only against Lactobacillus monocytogenes, which 

were ineffective on S. aureus and E. coli. The antibacterial 
efficiency of AptBACNPs was 4 and 8 times greater against 
moderately resistant and sensitive strains than free BAC, 
demonstrating AptBACNPs could specifically transport 
BAC molecules to the inside of bacteria.

Antigen–antibody recognition‑based targeting
The antibodies are extremely specific ligands that can 
bind to antigens on the surfaces of bacteria with a high 
affinity. Utilizing this outstanding performance, Xu 
et  al. prepared loaded vancomycin (VAN) magnetic 
mesoporous silica nanoparticles (Ab@S@HA@MMSNs) 
modified with anti-S. aureus antibody [146]. Then, it was 
fixed into a magnetic glassy carbon electrode (MGCE) to 
achieve sensitive, quick, precise testing, and elimination 
of bacteria in the blood. When the increased amount of 
S. aureus arrives at MGCE, the antigen–antibody spe-
cifically binds between the S. aureus in the solution. 
The anti-S. aureus antibody of the MGCE surface could 
cause a change of the electrochemical signal, thus accu-
rate determination of the S. aureus content in the solu-
tion. Moreover, the hyaluronidase secreted by S. aureus 

Fig. 5 A A natural antibacterial idea inspired by the nanostructures present on cicada wings the surfaces.  Reproduced with permission from Ref. 
[130] Copyright 2013, Elsevier Ltd. B The biophysical model of the interaction between nanopillars and bacterial cells on the wing surface 
of the cicada (P. claripennis). Reproduced with permission from Ref. [132] Copyright 2013, The Biophysical Society. C Characterization of black silicon. 
D It was observed that B. subtilis vegetative cells and spores of B. subtilis were significantly disrupted by interaction with bSi. Scale bars, 200 nm. 
Reproduced with permission from Ref. [133] Copyright 2013, Macmillan Publishers Limited. E Schematic diagram of MSN-DAMO and MSN-G3 
nanomaterials. F The internalization of MSN, MSN-DAMO, and MSN-G3 materials towards Gram-negative E. coli. Reproduced with permission 
from Ref. [135] Copyright 2018, Elsevier Ltd



Page 17 of 28Li et al. Journal of Nanobiotechnology          (2023) 21:325  

hydrolyzes the antibodies on the mesoporous silica cap-
ping layer, which releases antibiotics to kill the bacteria. 
The platform was a highly selective immunosensor for S. 
aureus, with no significant change in current value when 
detected E. coli and Pseudomonas aeruginosa, while the 
current value for S. aureus changes significantly with 
concentration. The platform provides a perfect elec-
trochemical response against S. aureus in the range of 
10–1010 CFU/mL, which has a limit of detection for 
three colony forming units (CFU) per mL, and has sen-
sitivity, outstanding selectivity, and reproducibility. The 
integrated platform enabled the effective eradication of 
S. aureus, which enables accurate diagnosis and effective 
treatment of S. aureus infections disease.

Due to improving the gating specificity, aptamers are 
generally utilized act as gatekeeping on–off, a bifunctional 
smart nanoplatform for bacterial detection and steriliza-
tion electrostatically was designed. The surface of ami-
nated hollow mesoporous silica loaded with rhodamine B 
was modified with a gold nanorod (AGNR) of Staphylococ-
cus aureus-specific aptamer (GNR) (Fig. 7A) [147]. When 
S. aureus was present, the aptamer preferentially targeted 
the bacteria, which caused AGNR to shed and rhodamine 
B to release for S. aureus  fluorescence detection. The sen-
sitivity was excellent when the concentration of S. aureus 
was in the range of 6.5 ×  102 CFU/mL ~ 6.5 ×  107 CFU/mL. 
When exposed to NIR, AGNR exerted a photothermal 
bactericidal effect, specifically blinded and killed Staphylo-
coccus aureus, and the sterilization efficiency could reach 
100% with 2 W IR light irradiation for 5 min.

Peptides recognition‑based targeting
Peptides, which are combinations of small molecules 
and proteins, are a great alternative for active target 

modification ligands for nanoparticles due to high tar-
geting, excellent biocompatibility, high safety, facile 
chemical modification, and wide source. The new peptide 
(OVTp12) was high sensitivity and specificity for bacte-
rial cell membranes, Ma et al. devised gentamicin-loaded 
mesoporous silica nanoparticles (MSNs@OVTp12@Gen) 
that modified a new peptide (OVTp12) extracted from 
egg white oval transferrin for targeted delivery to bacte-
ria (Fig. 7B, C) [93]. These nanomaterials could be used 
to treat internal bacterial infections by targeting E. coli to 
achieve a killing effect.

Due to the inability of conventional antibiotic therapy 
to specifically target the location of bone infection, bac-
terial-associated infections brought on by bone implants 
were more likely to result in limb sequelae and mortal-
ity. The synthetic peptide D6 was regarded as a potential 
target of the bone infections therapeutic molecule [148, 
149]. Furthermore, Peptide  UBI29-41 was a commonly 
bacterial targeting peptide with six positively charged 
residues that targeted Staphylococcus aureus with a 
strong negative charge. Therefore, to target and control 
vancomycin release at the bone infection site, Nie et  al. 
designed a bone and bacterial dual targeting nanoparticle 
(MSN@D&U@V) by combining D6 and UBI29-41 pep-
tides (Fig.  7D) [150]. In the rat model, MRSA-induced 
orthopedic implant-associated infection, the antibacterial 
activity of MSN@D&U@V dramatically suppressed the 
growth of femoral bacteria and successfully decreased 
femoral bone damage.

Carbohydrates recognition‑based targeting
As the main source of carbon for bacteria, carbohydrates 
are involved in the metabolic and transport processes 
of bacteria, which are widely existing on the surface of 

Table 2 Overview of bacterial-targeted MSNs delivery systems

Type of targeting Targeting ligand Bacterial Type of device Refs.

Electrostatic interaction Quaternary ammonium polyethyleneimine (QPEI) P. syringaepv. Lachrymans, Clavibac-
ter michiganensis subsp. michigan-
ensis

Ag@MSN-QPEI [140]

Bionic recognition Outer membrane vesicles (OMVs) S. aureus、E. coli Rif@MSN@OMV [142]

Aptamers recognition Trehalose Mycobacteria HOMSNs-Tre-INH [143]

SA20hp S. aureus Aptamer-gate NP [144]

Lactobacillus monocytogenes aptamer L. monocytogenes AptBACNPs [145]

Antigen–antibody recognition Anti-S. aureus antibody S. aureus Ab@S-HA@MMSNs [146]

Staphylococcus aureus (S. aureus)-specific aptamer S. aureus RAHMSN@AGNR [147]

Peptides recognition Ovotransferrin-derived antibacterial peptide 
(OVTp12)

E. coli MSNs@OVTp12@Gen [93]

Peptide UBI29-41 S. aureus MSN@D&U@V [150]

Carbohydrates recognition Gluconamide moieties E. coli glc-SiO2NPs [151]

Trehalose M. smegmatis M-PFPA-Tre-INH [152]
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Fig. 6 A The preparation process of Ag@MSN-QPEI nanoparticles and the mechanism of electrostatic adhesion to bacteria. B The antibacterial 
effects of QPEI, Ag@MSN and Ag@MSN-QPEI at 10, 20 and 40 mg/L concentrations against P. syringae pv. lachrymans.  Reproduced with permission 
from Ref. [140] Copyright 2021, American Chemical Society. C Illustration of the design of a bionic nano-delivery system for the treatment 
of bacterial infections. D The inhibition of E. coli by Rif, Rif@MSN, and Rif@OMV@MSN nanoparticles. Reproduced with permission from Ref. [142] 
Copyright 2021, Wiley–VCH GmbH. E The construction and targeting of HOMSN-Tre-INH nanosystems to bacteria. Reproduced with permission 
from Ref. [143] Copyright 2015, WILEY–VCH. F Illustration of the specific inhibition of L. monocytogenes by BAC loaded mesoporous silica 
nanoparticles. Reproduced with permission from Ref. [145] Copyright 2021, Elsevier B.V



Page 19 of 28Li et al. Journal of Nanobiotechnology          (2023) 21:325  

bacterial cells. Therefore, using carbohydrates as target-
ing agents and exploiting carbohydrate-mediated meta-
bolic mechanisms, designing nanoparticles targeting 
bacteria is effective. In pursuit of new strategies to com-
bat bacterial resistance, Capeletti et  al. designed MSNs 
encapsulated by glucosamine to target lipopolysaccha-
rides in the outer membrane of E. coli, enabling the drug 
could effective delivery to bacterial cell wall (Fig.  7E) 
[151]. There exhibits excellent stability of glucosamine-
functionalized MSNs and low toxicity to mouse embry-
onic fibroblasts (NIH3T3), which made it suitable for 
targeted E. coli, and preventing particle aggregation and 
the adsorption of non-specific protein.

The multidrug resistant Mycobacterium tuberculosis 
poses a serious threat to human health. Isoniazid (INH), 
a first-line treatment for tuberculosis, prevents Myco-
bacterium avium from synthesizing cell walls, but severe 
toxicity prevents it from being used in clinics. Thus, the 
search for a novel strategy for rapidly and specifically the 
delivery of drugs to achieve higher local concentrations 
and minimize side effects is essential and urgent. Zhou 
et  al. designed MSNs loaded with INH  encapsulated by 
functionalized alginose for selective target killing of 
drug-resistant Mycobacterium avium [152]. The results 
of selectivity and antibacterial activity against Mycobac-
terium avium demonstrated that INH concentration 
of 3–4  mg/mL MSNs functionalized with alginate had 
complete growth inhibition. In contrast, only INH con-
centrations of 4.5–5 mg/mL of alginate-free MSNs func-
tionalization are effective. These results indicated that 
trehalose conjugated at the surface of MSNs played an 
important targeting role on the bacteria.

Engineering MSNs to target biofilm matrix
Bacterial biofilms are intricate bacterial colonies encased 
in a protective extracellular polysaccharide (EPS) matrix 
that resist the action of antibacterial medications and 
drastically decrease the effectiveness of antibiotics as 
compared to planktonic cells (up to 100-fold) [153]. Once 
established, the bacterial biofilm served as a depot for bac-
teria, boosting susceptibility to antibacterial agents and 
their capacity to elude the host immune system, leading to 
the development of persistent and recurrent infections. A 
variety of targeted MSNs can effectively eliminate plank-
tonic bacteria. However, when bacteria form biofilms, the 
situation becomes much more challenging. Whereas it is 
not impossible to affect both EPS and bacteria inside of the 
biofilm, as EPS is a key component of the biofilm matrix. 
Therefore, MSNs-based targeted nanoplatform for bacte-
rial biofilms, which can disrupt EPS, penetrating the bac-
terial biofilms, and then releasing antibacterial agents to 
kill bacteria within the bacterial biofilm, is a promising 
approach to eradicating bacterial biofilms (Table 3).

Ligands target extracellular polymeric substances (EPS)
The dense structure of EPS provides a physiological bar-
rier to antibacterial drugs, which can be trapped by EPS, 
reducing the bacterial killing effect of antibacterial drugs. 
Therefore, acting on EPS will be an effective strategy to 
remove the bacterial film. For EPS, which mostly con-
sists of proteins, polysaccharides, lipids, and eDNA, sev-
eral previous studies have concentrated on using MSN 
to transport antibiotics to bacterial biofilms, lowering 
the cohesion and biofilm biomass of EPS, based on each 
attribute [154]. The lectin concanavalin A (ConA) is a 
glycoprotein that exist in a variety of organisms, which 
can recognize and bind to the glycan in the EPS of bio-
film. In this case, Martínez-Carmona et  al. constructed 
a novel targeted nanoplatform (MSNConA@LEVO) by 
covalently attaching ConA to the surface of MSN loaded 
with levofloxacin (LEVO) as a targeting aptamer via a 
carboxylic acid group (Fig. 8A) [155]. The targeting eval-
uation of the nanocarrier on the E. coli biofilm found that 
the internalization of MSNConA was dose-dependent, 
indicating the more ConA was present on the carrier of 
the outer surface, the more the targeting penetrated the 
inner biofilm matrix (Fig.  8B, C). In addition, the com-
bination of ConA and levofloxacin (LEVO) generated a 
synergistic effect on biofilm eradication due to the abil-
ity of ConA to drive the targeted penetration of MSN-
ConA@LEVO into the bacterial biofilm to release LEVO.

The degradation of the biofilm matrix by the protein-
ase K, plasmin, enzymes DNase I, amylase, serrapeptase, 
and dispersin B has been demonstrated in several bac-
teria [156, 157]. Therefore, a similar strategy for biofilm 
removal is to anchor lysozyme, serrapeptase, and DNase 
I to the surface of MSN, respectively [158]. The use of 
enzyme-functionalized amino MSNs almost completely 
removed the biofilms of MRSA and methicillin-sensitive 
S. aureus (MSSA), as well as prevented EPS diffusion. 
Therefore, there is a promising approach to improving 
the therapeutic potential of S. aureus biofilm-associated 
infections using enzyme-functionalized nanoparticles.

Electrostatic interactions target extracellular polymeric 
substances (EPS)
Based on the fact that EPS often has negative charges, a 
different approach is adjusting the electrostatic interac-
tions between nanoparticles and biofilms [159]. In this 
line, Prof. Zhao group reported an amino-modified hol-
low mesoporous silica nanoparticle (AHMSN) that was 
loaded with the natural photosensitizer curcumin (Cur) 
(Fig.  8D, E) [160]. Then, the porous structure of the 
AHMSN has been sealed through a Schiff base reaction 
by glutaraldehyde (GA) and polyethyleneimine (PEI), 
which generated positively charged AHMSN@GA@PEI@
Cur. The dependence on electrostatic adhesion between 
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the positively charged nanoparticles and the biofilm leads 
to the release of Cur into the biofilm. The clearance rate 
of S. aureus biofilm was 98.20% when exposed to 450 nm 

blue light. The positively charged hollow mesoporous sil-
ica with strong permeability to bacterial biofilms, which 

Fig. 7 A The construction process of RAHMSN@AGNR nanoparticles based on gold nanorods (AGNR) modified with specific aptamers.  
Reproduced with permission from Ref. [147] Copyright 2021, Elsevier Ltd. B Schematic representation of the synthesis of MSNs@OVTp12@
Gen nanoparticles and their targeting to bacteria. C The inhibition of E. coli by Gen, MSNs@Gen, and MSNs@OVTp12@Gen nanoparticles. 
Reproduced with permission from Ref. [93] Copyright 2021, American Chemical Society. D Illustration of the synthesis of MSNs with dual targeting 
and their biological function research. Reproduced with permission from Ref. [150] Copyright 2022, Elsevier B.V. E Illustration of efficient design 
of carbohydrate-based mesoporous silica nanoparticles targeting Gram-negative bacteria. Reproduced with permission from Ref. [151] Copyright 
2019, WILEY–VCH
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light triggered the PDT effect played a synergistic anti-
bacterial and antibacterial biofilm.

Other research groups have also proposed various sim-
ilar biofilm targeting strategies, such as Prof. Vallet-Regí’s 
team which reported various "nano-antibiotic" delivery 
systems (Fig. 8F, G) [45, 135]. Which mainly consists of 
positively charged MSN loaded with antibiotics that act 
as a targeting and permeation agent to bacterial bio-
films. Therefore, the most common strategy is the mod-
ification of MSN using amination reagents to provide a 
positive charge and loading of levofloxacin (LVX), which 
enhances the capacity of the nanomaterials for targeting 
and penetrating S. aureus biofilms. In addition, modifica-
tion of LVX-loaded MSN using cationic dendritic macro-
molecules as bacterial permeation targeting agents also 
showed high synergistic elimination of E. coli biofilms.

Engineering MSNs to target bacteria‑infected macrophage
Macrophages are a type of white blood cells that acts as 
the first line of defense for the host’s innate immune sys-
tem. Thus, the macrophages play an important role in 
recognizing and eliminating bacteria since infected tis-
sues can seek assistance via the release of chemicals that 
attract macrophage [161]. But, the cytoplasm of the host 
macrophages can be used by a large number of patho-
genic bacteria to replicate and evade the host’s innate 
immune response. Due to the antibiotic’s poor ability to 
enter cells, the bactericidal concentration needed to kill 
intracellular bacteria is higher than to kill extracellular 
bacteria [162, 163]. Therefore, the strategy for the treat-
ment of intracellular infections is to effectively deliver the 
antibacterials to the bacterially infected macrophages.

Salmonella readily invades the immune cells and sur-
vives in the internal environment, such as macrophages. 
Arginine is a critical regulator for the stimulation of mac-
rophage responses to cellular immunity, facilitating mac-
rophage phagocytosis and clearing intracellular pathogens 
through the generation of nitric oxide (NO) [164]. Consid-
ering infection of macrophages by Salmonella causes leads 
to increased uptake of arginine, Mudakavi et al. designed 
mesoporous silica nanoparticles (Cip-Arg-MSNs) with 
encapsulated L-arginine layer-by-layer on the surface of 
MSNs loaded with ciprofloxacin (CIP) (Fig.  8H) [165]. 

The Cip-Arg-MSN could be facile internalized by mac-
rophages as well as a low toxicity, and compared to free 
ciprofloxacin, which increases antibacterial activity by 
200%. (Fig. 8I). Vancomycin was known to be an effective 
antibiotic against bacteria due to the skeleton that could 
through hydrogen bonding interaction bind to the termi-
nal D-alanyl-D-alanine portion of Gram-positive bacteria. 
The vancomycin (VAN) grafted onto the mesoporous sil-
ica nanoparticles (MSNs ⊂ VAN) surface can be effectively 
targeted to kill bacteria in macrophages [166]. And the 
in vivo evaluation of antibacterial activity in mice revealed 
a tenfold reduction within 5 days in the bacteria infected 
mice in the MSNs ⊂ VAN group, and the lowest inhibi-
tory concentration of MSNs ⊂ VAN against S. aureus was 
200 g/mL. Thus, it seems to be a promising strategy for the 
targeted delivery of antibacterial agents to treat bacterially 
intracellular infections.

Challenges on translational application 
of MSNs‑based antibacterial therapies
MSNs-based nanotherapies present many merits of large 
surface area and porosity, adjustable surface charge and 
size of the particle, excellent stability, facilitation of func-
tionalization, outstanding biocompatibility, and eradicat-
ing biofilms, which attract widespread attention in recent 
years for antibacterial applications. However, as displayed 
in Fig. 9, there is still a long way to go to translate these 
exciting scientific findings into clinical trials acquiring 
FDA approvals. To reach this aim, the safety and biocom-
patibility of the MSNs-based antibacterial nanomaterials 
are the main issues to be considered besides the efficacy. 
Firstly, the electrostatic interaction between the cell mem-
brane and the silanol group (Si–OH) on the surface of the 
MSNs is one of the primary causes of cytotoxicity. This 
leads to membrane rupture and cell lysis as well as the gen-
eration of toxic ROS, which could lead to cell membranes 
lipid peroxidation, cell necrosis, or apoptosis [167, 168]. 
Furthermore, each molecule or material modified MSNs 
has different toxicity to cells and bacteria. For example, 
amine-modified MSNs is more cytotoxic than unmodi-
fied [169]. To be noted, with extensive research investigat-
ing the rate of degradation, excretion and propensity of 

Table 3 Overview of MSNs-based delivery systems to targeted elimination of bacterial biofilm

Strategies Targeting ligands Bacterial biofilm Nancarriers Refs.

Ligand-targeted Lectin concanavalin A (ConA) E. coli MSNConA@LEVO [155]

Lysostaphin、serrapeptase、DNase I Methicillin-resistant S. aureus (MRSA) Lys/Ser/DN@MSN [158]

Electrostatic interactions Polyethyleneimine (PEI) S. aureus AHMSN@GA@PEI@Cur [160]

N-(2-aminoethyl)-3- aminopropyltri-
methoxysilane (DAMO)

E. coli MSN-DAMO@LEVO [135]
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accumulation of MSNs at in vivo level, the primary factors 
behind majority of biosafety issues remain less understood.

Designing organic–inorganic hybrid MSNs with appro-
priate physicochemical properties is one effective way 
to improve functionalities, particularly for a variety of 
complex multi-stimulus reactive antibacterial MSNs, by 
varying the surface charge, size, chemistry, and shape 
geometry of the particles. As a result, it is critically nec-
essary to conduct extensive research on the biosafety and 
toxicology of MSNs-based antibacterial nanoplatforms, 
to provide a solid basis for clinical trial translation.

Furthermore, the difficulty of mass production of 
MSNs and poor batch-to-batch reproducibility stand 
for another challenge that hinder the translation and 
commercialization. At present, the synthesis of mono-
dispersed MSNs can be easily achieved and controlled 
in the laboratory, but experimental parameters vary 
significantly when scaled up for industrial production. 
Especially, for the smart responsive targeted MSNs, the 
synthesis process is very complicated, poor reproduc-
ibility and high cost greatly limit industrial produc-
tion. Therefore, the present design regarding intelligent 
mesoporous silica antibacterial nanoparticles should be 

simplified as much as possible. It is necessary to ensure 
the required efficacy and safety to establish a simple and 
effective MSNs-based antibacterial nanoplatform.

Remarkably, current preclinical studies on MSNs based 
nanomaterials have been mainly focused on small ani-
mals, with few experiments in dogs, pigs, or other large 
animals. However, there are significant differences in the 
physiological environment between small animals and 
humans. Therefore, experimental data on the pharma-
cokinetics, biodistribution, accumulation, and metabo-
lism of MSNs in vivo obtained acquired only from small 
animal models do not provide an accurate and reliable 
basis for clinical translation. It is crucial to obtain further 
data on the biological properties of MSNs nanomaterials 
to guide subsequent clinical trials. However, obtaining 
large laboratory animals and the high cost poses a chal-
lenge to translation research.

Moreover, limited attention has been paid on the set-
ting of standard evaluation criteria and methodologies 
for antibacterial nanotherapies, leading to difficulties in 
assessing the performance of the therapies and apply-
ing them to a broader extend. Therefore, regulations and 

Fig. 8 A The design of MSNConA@LEVO nanoparticles and evaluation for targeting bacterial biofilms. B MSNConA@LEVO nanoparticle targeted 
removal of biofilm. C Antibacterial activity of MSNConA@LEVO nanoparticles against Gram-negative Escherichia coli biofilms.  Reproduced 
with permission from Ref. [155] Copyright 2021, Elsevier Ltd. D Illustration of design of the AHMSN@GA@PEI@Cur delivery system. E Schematic 
diagram of pH-responsive killing of bacteria within biofilms by AHMSN@GA@PEI@Cur nanoparticles. Reproduced with permission from Ref. [160] 
Copyright 2022, MDPI, Basel, Switzerland. F Schematic design of MSN-DAMO@LEVO nanoparticles. G Imaging of nanoparticle-targeted adhesion 
to Escherichia coli cell walls and biofilms. Reproduced with permission from Ref. [45] Copyright 2018, De Gruyter Open. H Schematic diagram 
of Cip-Arg-MSNs nanoparticles targeting the treatment of bacterial infections within macrophages. I The bacterial growth inhibition of Salmonella 
by Cip and Arg-MSN-Cip. Reproduced with permission from Ref. [165] Copyright 2017, The Royal Society of Chemistry
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policies from relevant institutions are critical to acceler-
ate the clinical translation of MSNs based nanotherapies.

Conclusion
The antibiotic resistance and the bacteria biofilm forma-
tion are the main causes of hard-to-cure of bacterial infec-
tions. MSNs-based nanomaterials have emerged as an 
effective approach to overcome this problem by improv-
ing the effectiveness of existing antibiotics or generating 
entirely novel antibacterial strategies. Owing to the good 
biocompatibility and easily adjustable physicochemical 
structures, MSNs have shown great potential in treat-
ing bacterial infections. Antibacterial agents (antibiotics, 
metal actives, polymer, and peptides etc.) can be function-
alized or loaded in MSNs, which can significantly enhance 
the antibacterial performances compared to these agents 
alone. To synergize the antibacterial performance, photo-
therapies including photodynamic and photothermal ther-
apy already combined with the MSNs-based nanotherapy, 
allowing efficient killing of bacteria via varied mecha-
nisms. Targeted antibacterial therapy also stands out due 
to the simultaneously enhanced bactericidal efficiency at 
infection site and reduced side effects.

Due to the high complexity of bacteria-induced infec-
tion diseases, it remains to be very challenging to 
promptly control bacterial infection through any single 
therapeutic approach, such as the direct administration 
of antibiotics. Targeting delivery and controlled release 

of antimicrobial agents would be an ideal strategy to 
enhance current therapies, while to reduce resistance 
issue, combined therapies have been a widely adopted 
route. To synergize the antibacterial performance, photo-
therapies including photodynamic, photothermal ther-
apy already and gas therapy can be combined with the 
MSNs-based nanotherapy, allowing efficient killing of 
bacteria via varied mechanisms. Therefore, a series of 
multifunctional MSNs antimicrobial nanoplatforms with 
the combination of targeted delivery, chemotherapy, pho-
tothermotherapy, and gas therapy have become a hotspot 
for development by introducing novel functional nano-
particles and their functionalization.

Compared to conventional nanocarriers, the versa-
tile design of multifunctional MSNs nanoplatforms can 
be very promising in terms of on-demand drug release, 
enhanced drug accumulation at the site of infection, and 
improved interaction with bacterial cells. Although MSNs-
based nanomaterials have been extensively researched, 
major focus has been drawn in the delivery function rather 
than turning them into bioactive materials to enhance the 
therapeutic performance. Therefore, the design and con-
struction of multifunctional MSNs nanoplatforms inte-
grating diagnostic and antimicrobial therapeutics have 
great potential for future development. As a major chal-
lenge of many antimicrobial agents, most of them can only 
be potent for a particular type or types of bacteria, owing 
to the significant differences in pathogen properties and 

Fig. 9 Schematic illustration on translational challenges of MSNs-based antibacterial therapies
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their killing mechanisms. How to design MSNs-based 
multifunctional nanoplatforms that could accommodate 
multiple antimicrobial agents with several bacterial kill-
ing paths would be greatly favored for the next generation 
of antibacterial agents with enhanced versatility against 
bacteria or biofilms. This review comprehensively sum-
marized and analyzed the design strategy of MSNs-based 
nanotherapies for bacteria and biofilm eradication, which 
aims to inspire the further development of novel MSNs-
based nanoplatforms for infection control.

Acknowledgements
The authors kindly acknowledge the financial support from the National 
Natural Science Foundation of China (82274108), and the Young Qihuang 
Scholar Program of Traditional Chinese Medicine of the State (2022256), Key 
Discipline of Traditional Chinese Medicine Pharmaceutics of the State Admin-
istration of Traditional Chinese Medicine(202385), Jiangxi University of Chinese 
Medicine Science and Technology Innovation Team Development Program 
(CXTD22006), Jiangxi University of Chinese Medicine Graduate Student Inno-
vation Special Fund Project (JZYC22S73) and the Innovation and entrepre-
neurship training plan for college students (X202310412205). H. S. acknowl-
edge the funding support from Australian Research Council (DE210101666), 
National Health and Medical Research Council (APP1197570), The University of 
Queensland (UQFREA 2022001643). This work used the Queensland node of 
the NCRIS-enabled Australian National Fabrication Facility (ANFF).

Author contributions
BL collected the related information and wrote the first draft. YL, XS, SC, XW, 
BS assisted the information collection, figure and table preparation and 
manuscript drafting. HS and PY conceptualized the study and revised the 
manuscript.

Funding
P. Yue is supported by National Natural Science Foundation of China, the 
Young Qihuang Scholar Program of Traditional Chinese Medicine of the State, 
Jiangxi University of Chinese Medicine Science and Technology. H. Song 
is supported by Australian Research Council, National Health and Medical 
Research Council, and The University of Queensland.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Lab of Modern Preparation of TCM, Ministry of Education, Jiangxi Univer-
sity of Chinese Medicine, 1688 MEILING Avenue, Nanchang 330004, China. 
2 Australian Institute for Bioengineering and Nanotechnology, The University 
of Queensland, Brisbane, QLD 4072, Australia. 

Received: 18 July 2023   Accepted: 31 August 2023

References
 1. Zhang L, Wang H, Shen Y, Sun Y, Zhou J, Chen J. Glycosaminoglycans 

immobilized core-shell gold mesoporous silica nanoparticles for 

synergetic chemo-photothermal therapy of cancer cells. Mater Letter. 
2021;308: 131113.

 2. Muhsen IN, Galeano S, Niederwieser D, Koh MBC, Ljungman P, Machado 
CM, Kharfan-Dabaja MA, Camara R, Kodera Y, Szer J, Rasheed W, Cesaro 
S, Hashmi SK, Seber A, Atsuta Y, Saleh MFM, Srivastava A, Styczynski 
J, Alrajhi A, Almaghrabi R, Abid MB, Chemaly RF, Gergis U, Brissot 
E, El Fakih R, Riches M, Mikulska M, Worel N, Weisdorf D, Greinix H, 
Cordonnier C, Aljurf M. Endemic or regionally limited bacterial and 
viral infections in haematopoietic stem-cell transplantation recipients: 
a worldwide network for blood and marrow transplantation (wbmt) 
review. Lancet Haematol. 2023;10:e284–94.

 3. Gupta P, Sarkar S, Das B, Bhattacharjee S, Tribedi P. Biofilm, pathogenesis 
and prevention-a journey to break the wall: a review. Arc Microbiol. 
2016;198:1–15.

 4. Sousa A, Phung AN, Skalko-Basnet N, Obuobi S. Smart delivery systems 
for microbial biofilm therapy: dissecting design, drug release and 
toxicological features. J Control Release. 2023;354:394–416.

 5. Uddin TM, Chakraborty AJ, Khusro A, Zidan BRM, Mitra S, Emran TB, 
Dhama K, Ripon MKH, Gajdacs M, Sahibzada MUK, Hossain MJ, Koirala 
N. Antibiotic resistance in microbes: History, mechanisms, therapeutic 
strategies and future prospects. J Infect Publ Health. 2021;14:1750–66.

 6. Tan P, Fu HY, Ma X. Design, optimization, and nanotechnology of 
antimicrobial peptides: from exploration to applications. Nano Today. 
2021;39:10229.

 7. Ye L, Cao ZM, Liu XM, Cui ZD, Li ZY, Liang YQ, Zhu SL, Wu SL. Noble 
metal-based nanomaterials as antibacterial agents. J Alloy Compd. 
2022;904: 164091.

 8. Yang Y, Sun JY, Wen JH, Mo SD, Wang JL, Zhang Z, Wang GC, Liu MY, Liu 
HJ. Single-atom doping in carbon black nanomaterials for photother-
mal antibacterial applications. Cell Rep Phys Sci. 2021;2: 100535.

 9. Manivasagan P, Kim J, Jang ES. Recent progress in multifunctional 
conjugated polymer nanomaterial- based synergistic combination 
phototherapy for microbial infection theranostics. Coord Chem Rev. 
2022;470: 214701.

 10. Badran Z, Rahman B, De Bonfils P, Nun P, Coeffard V, Verron E. Antibacte-
rial nanophotosensitizers in photodynamic therapy: an update. Drug 
Discov Today. 2023;28: 103493.

 11. Jafari S, HosseinAlaei LF, AliVarnamkhasti BS, Akbar A. Mesoporous silica 
nanoparticles for therapeutic/diagnostic applications. Biome Pharma-
cother. 2019;109:1100–11.

 12. Xu Q, Yang Y, Lu J, Lin Y, Feng S, Luo X, Di D, Wang S, Zhao Q. Recent 
trends of mesoporous silica-based nanoplatforms for nanodynamic 
therapies. Coord Chem Rev. 2022;469:2146987.

 13. Huang R, Shen YW, Guan YY, Jiang YX, Wu Y, Rahman K, Zhang LJ, Liu HJ, 
Luan X. Mesoporous silica nanoparticles: facile surface functionaliza-
tion and versatile biomedical applications in oncology. Acta Biomater. 
2020;116:1–15.

 14. Wang K, Lu J, Li J, Gao Y, Mao Y, Zhao Q, Wang S. Current trends in smart 
mesoporous silica-based nanovehicles for photoactivated cancer 
therapy. J Controll Release. 2021;339:445–72.

 15. Huang P, Lian D, Ma H, Gao N, Zhao L, Luan P, Zeng X. New advances in 
gated materials of mesoporous silica for drug controlled release. Chin 
Chem Lett. 2021;32:3696–704.

 16. Kankala RK, Han Y, Na J, Lee C, Wu CW. Nanoarchitectured structure and 
surface biofunctionality of Mesoporous Silica nanoparticles. Adv Mater. 
2020;32:1907035.

 17. Castillo RR, Lozano D, Gonzalez B, Manzano M, Izquierdo-Barba I, 
Vallet-Regi M. Advances in mesoporous silica nanoparticles for targeted 
stimuli-responsive drug delivery: an update. Expert Opin Drug Deliv. 
2019;16:415–39.

 18. Castillo RR, Colilla M, Vallet-Regí M. Advances in mesoporous silica-
based nanocarriers for co-delivery and combination therapy against 
cancer. Expert Opin Drug Deliv. 2016;14:219.

 19. Feng S, Lu J, Wang K, Di D, Shi Z, Zhao Q, Wang S. Advances in smart 
mesoporous carbon nanoplatforms for photothermal-enhanced syner-
gistic cancer therapy. Chem Eng J. 2022;435: 134886.

 20. Vallet-Regí M, González B, Izquierdo-Barba I. Nanomaterials as promis-
ing alternative in the infection treatment. Inter J Mol Sci. 2019;20:3806.

 21. Bernardos A, Piacenza E, Sancenón F, Hamidi M, Maleki A, Turner RJ, 
Martínez-Máez R. Mesoporous Silica-based materials with bactericidal 
properties. Small. 2019;15:1909669.



Page 25 of 28Li et al. Journal of Nanobiotechnology          (2023) 21:325  

 22. Zhou S, Zhong Q, Wang Y, Hu P, Zhong W, Huang C-B, Yu Z-Q, Ding 
C-D, Liu H, Fu J. Chemically engineered mesoporous silica nanopar-
ticles-based intelligent delivery systems for theranostic applications 
in multiple cancerous/non-cancerous diseases. Coord Chem Rev. 
2022;452:214309.

 23. He J, Hong M, Xie W, Chen Z, Chen D, Xie S. Progress and pros-
pects of nanomaterials against resistant bacteria. J Control Release. 
2022;351:301–23.

 24. Wei H, Song X, Liu P, Liu X, Yan X, Yu L. Antimicrobial coating strategy 
to prevent orthopaedic device-related infections: recent advances and 
future perspectives. Biomater Adv. 2022;135: 212739.

 25. Selvarajan V, Obuobi S, Ee P. Silica nanoparticles-a versatile tool for the 
treatment of bacterial infections. Front in Chem. 2020;8:602.

 26. Liu Y, Shi L, Su L, van der Mei HC, Jutte PC, Ren Y, Busscher HJ. 
Nanotechnology-based antimicrobials and delivery systems for biofilm-
infection control. Chem Soc Rev. 2019;48:428–46.

 27. Li Z, Barnes JC, Bosoy A, Stoddart JF, Zink JI. Mesoporous silica nanopar-
ticles in biomedical applications. Chem Soc Rev. 2012;41:2590–605.

 28. Ndayishimiye J, Cao Y, Kumeria T, Blaskovich MAT, Falconer JR, Popat A. 
Engineering mesoporous silica nanoparticles towards oral delivery of 
vancomycin. J Mater Chem B. 2021;9:7145–66.

 29. Peng S, Huang B, Lin Y, Pei G, Zhang L. Effect of surface functionalization 
and pore structure type on the release performance of Mesoporous 
Silica nanoparticles. Micropor Mesopor Mat. 2022;336: 111862.

 30. Wang Y, Nor YA, Song H, Yang Y, Xu C, Yu M, Yu C. Small-sized and large-
pore dendritic mesoporous silica nanoparticles enhance antimicrobial 
enzyme delivery. J Mater Chem B. 2016;4:2646–53.

 31. Belbekhouche S, Poostforooshan J, Shaban M, Ferrara B, Alphonse V, 
Cascone I, Bousserrhine N, Courty J, Weber AP. Fabrication of large 
pore mesoporous silica microspheres by salt-assisted spray-drying 
method for enhanced antibacterial activity and pancreatic cancer 
treatment. Int J Pharm. 2020;590: 119930.

 32. Poostforooshan J, Belbekhouche S, Shaban M, Alphonse V, Habert 
D, Bousserrhine N, Courty J, Weber AP. Aerosol-assisted synthesis of 
tailor-made hollow mesoporous silica microspheres for controlled 
release of antibacterial and anticancer agents. ACS Appl Mater Inter-
faces. 2020;12:6885–98.

 33. Wang Y, Gou K, Guo X, Ke J, Li S, Li H. Advances in regulating physico-
chemical properties of mesoporous silica nanocarriers to overcome 
biological barriers. Acta Biomater. 2021;123:72–92.

 34. Lu Y, Slomberg DL, Sun B, Schoenfisch MH. Shape- and nitric oxide 
flux-dependent bactericidal activity of nitric oxide-releasing silica 
nanorods. Small. 2013;9:2189–98.

 35. Zhang K, Xu LL, Jiang JG, Calin N, Lam KF, Zhang SJ, Wu HH, Wu GD, 
Albela B, Bonneviot L, Wu P. Facile large-scale synthesis of monodis-
perse mesoporous silica nanospheres with tunable pore structure. J 
Am Chem Soc. 2013;135:2427–30.

 36. Cong VT, Gaus K, Tilley RD, Gooding JJ. Rod-shaped mesoporous 
silica nanoparticles for nanomedicine: recent progress and perspec-
tives. Expert Opin Drug Deliv. 2018;15:881–92.

 37. Teng Z, Li W, Tang Y, Elzatahry A, Lu G, Zhao D. Mesoporous organo-
silica hollow nanoparticles: synthesis and applications. Adv Mater. 
2019;31: e1707612.

 38. Hao N, Chen X, Jayawardana KW, Wu B, Sundhoro M, Yan M. Shape 
control of mesoporous silica nanomaterials templated with dual 
cationic surfactants and their antibacterial activities. Biomater Sci. 
2016;4:87–91.

 39. Abbaraju PL, Meka AK, Song H, Yang Y, Jambhrunkar M, Zhang J, Xu 
C, Yu M, Yu C. asymmetric silica nanoparticles with tunable head-tail 
structures enhance hemocompatibility and maturation of immune 
cells. J Am Chem Soc. 2017;139:6321–8.

 40. Xu C, Niu Y, Popat A, Jambhrunkar S, Karmakar S, Yu C. Rod-like 
mesoporous silica nanoparticles with rough surfaces for enhanced 
cellular delivery. J Mater Chem B. 2014;2:253–6.

 41. Liu W, Zhang L, Dong Z, Liu K, He H, Lu Y, Wu W, Qi J. Rod-like 
mesoporous silica nanoparticles facilitate oral drug delivery via 
enhanced permeation and retention effect in mucus. Nano Res. 
2022;15:10.

 42. Martinez-Carmona M. Concanavalin A-targeted mesoporous silica 
nanoparticles for infection treatment. Acta Biomater. 2019;96:547.

 43. Chen YA, Liu AG, Huang L, Long LQ, Gan 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.

 44. Carniello V, Peterson BW, VanderMei HC, Busscher HJ. Physico-chem-
istry from initial bacterial adhesion to surface-programmed biofilm 
growth. Adv Colloid Interface Sci. 2018;261:1–14.

 45. Pedraza D, Díez J, Isabel Izquierdo B, Colilla M, Vallet-Regí M. Amine-
functionalized mesoporous silica nanoparticles: a new nanoantibiotic 
for bone infection treatment. Biomed Glasses. 2018;4:1–12.

 46. Tian Y, Qi J, Zhang W, Cai Q, Jiang X. Facile, one-pot synthesis, and 
antibacterial activity of mesoporous silica nanoparticles decorated 
with well-dispersed silver nanoparticles. Acs Appl Mater Interfaces. 
2014;6:12038–45.

 47. Zhang Y, He Y, Shi C, Sun M, Yang C, Li H, Chen F, Chang Z, Zheng X, 
Wang Z, Dong W-f, She J, Shao D. Tannic acid-assisted synthesis of 
biodegradable and antibacterial mesoporous organosilica nanoparti-
cles decorated with nanosilver. ACS Sus Chem Eng. 2020;8:1695–702.

 48. Kankala RK, Wang SB, Chen AZ. Nanoarchitecting hierarchical 
mesoporous siliceous frameworks a new way forward. iScience. 
2020;23:101687.

 49. Wang P, Jiang S, Li Y, Luo Q, Lin J, Hu L, Liu X, Xue F. Virus-like 
mesoporous silica-coated plasmonic Ag nanocube with strong 
bacteria adhesion for diabetic wound ulcer healing. Nanomedicine. 
2021;34: 102381.

 50. Qiu P, Ma B, Hung CT, Li W, Zhao D. Spherical mesoporous mate-
rials from single to multilevel architectures. Acc Chem Res. 
2019;52:2928–38.

 51. Xu C, Lei C, Wang Y, Yu C. Dendritic mesoporous nanoparticles: 
structure, synthesis and properties. Angew Chem Int Ed Engl. 2022;61: 
e202112752.

 52. Yang Y, Zhang M, Song H, Yu C. Silica-based nanoparticles for biomedi-
cal applications: from nanocarriers to biomodulators. Acc Chem Res. 
2020;53:1545–56.

 53. AhmadNor Y, Niu Y, Karmakar S, Zhou L, Xu C, Zhang J, Zhang H, Yu 
M, Mahony D, Mitter N, Cooper MA, Yu C. Shaping nanoparticles with 
hydrophilic compositions and hydrophobic properties as nanocarriers 
for antibiotic delivery. ACS Cent Sci. 2015;1:328–34.

 54. Song H, Ahmad Nor Y, Yu M, Yang Y, Zhang J, Zhang H, Xu C, Mitter N, Yu 
C. Silica nanopollens enhance adhesion for long-term bacterial inhibi-
tion. J Am Chem Soc. 2016;138:6455–62.

 55. Rastegari E, Hsiao YJ, Lai WY, Lai YH, Chien Y. An update on mesoporous 
silica nanoparticle applications in nanomedicine. Pharm. 2021;13:1067.

 56. Chen Y, Gao Y, Chen Y, Liu L, Peng Q. Nanomaterials-based photother-
mal therapy and its potentials in antibacterial treatment. J Control Rele. 
2020;328:251–62.

 57. Rahaman SN, Ayyadurai N, Anandasadagopan SK. Synergistic effect of vanco-
mycin and gallic acid loaded MCM-41 mesoporous silica nanoparticles for 
septic arthritis management. J Drug Deliv Sci Tec. 2023;82: 104353.

 58. Liu SY, Liu LL, Wang YH, Ouyang YX, Li N, Hu ZX, Chen SW. Inorganic-
organic composite membranes containing amino-functionalized 
mesoporous silica loaded phosphotungstic acid with enhanced fuel 
cell performance and stability. Int J Hydrogen Energ. 2023;48:9436–50.

 59. Han W, Qiu SF, Chen JF, Zhong XM, Hao L, Chen HY, Zhou XH, Zhou HJ. 
One-pot synthesis of mesoporous silica-supported nano-metal oxide 
composites with enhanced antibacterial properties. Mater Chem Phys. 
2022;290: 106618.

 60. Haffner SM, Parra-Ortiz E, Malmsten M. Membrane interactions of 
virus-like mesoporous silica nanoparticles as carriers of antimicrobial 
peptides. Eur Biophys J Biophy. 2021;50:152.

 61. Stefanie M, Justin R, Nodwell. Actinorhodin is a redox-active antibiotic 
with a complex mode of action against Gram-positive cells. Mol Micro-
biol. 2017;4:597.

 62. Wu C, Chang J. Mesoporous bioactive glasses: structure characteristics, 
drug/growth factor delivery and bone regeneration application. Inter-
face Focus. 2012;2:292–306.

 63. Alandiyjany MN, Abdelaziz AS, Abdelfattah-Hassan A, Hegazy WAH, 
Hassan AA, Elazab ST, Mohamed EAA, El-Shetry ES, Saleh AA, ElSawy 
NA, Ibrahim D. Novel in vivo assessment of antimicrobial efficacy of cip-
rofloxacin loaded mesoporous silica nanoparticles against salmonella 
typhimurium infection. Pharm. 2022;15:15030357.



Page 26 of 28Li et al. Journal of Nanobiotechnology          (2023) 21:325 

 64. Wang Y, Liu Y, Tian H, Zhai Y, Pan N, Yin M, Ren X, Liang J. Prepara-
tion and characterization of antibacterial mesoporous sieves with 
N-halamine. Colloid Polym Sci. 2017;295:1897–904.

 65. Sharma A, Dubey A, Kurchania R. Vinyl carbazole (VC) functionalized 
mesoporous silica polymer nanocomposites (SBA/VC) for the antibacte-
rial activity studies. J Porous Mater. 2016;23:851–5.

 66. Martínez-Carmona M, Izquierdo-Barba I, Colilla M, Vallet-Regí M. 
Concanavalin A-targeted mesoporous silica nanoparticles for infection 
treatment. Acta Biomater. 2019;96:547–56.

 67. Martínez-Carmona M, Izquierdo-Barba I, Colilla M, Vallet-Regí M. Com-
binations of antibiotics and nonantibiotic drugs enhance antimicrobial 
efficacy. Na Chem Bio. 2011;6:348.

 68. Gounani Z, Asadollahi MA, Pedersen JN, Lyngso J, Skov Pedersen 
J, Arpanaei A, Meyer RL. Mesoporous silica nanoparticles carrying 
multiple antibiotics provide enhanced synergistic effect and improved 
biocompatibility. Coll Surf B Biointerf. 2019;175:498–508.

 69. Najafi A, Khosravian P, Validi M, Porgham Daryasari M, Drees F, Gholipour 
A. Antimicrobial action of mesoporous silica nanoparticles loaded 
with cefepime and meropenem separately against multidrug-resistant 
(MDR) Acinetobacter baumannii. J Drug Deliv Sci Tec. 2021;65: 102757.

 70. Morones JR, Elechiguerra JL, Camacho A, Holt K, Kouri JB, Ramírez J, 
Yacaman MJ. The bactericidal effect of silver nanoparticles. Nanotech-
nology. 2005;10:2346.

 71. Rai M, Yadav A, Gade A. Silver nanoparticles as a new generation of anti-
microbials. Biotechnol Adv. 2009;27:76–83.

 72. Song Y, Cai L, Tian Z, Wu Y, Chen J. Phytochemical curcumin-coformu-
lated, silver-decorated melanin-like polydopamine/mesoporous silica 
composites with improved antibacterial and chemotherapeutic effects 
against drug-resistant cancer cells. ACS Omega. 2020;5:15083–94.

 73. 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 nanopar-
ticles. Nanoscale. 2020;12:2328–32.

 74. Wang Y, Ding X, Chen Y, Guo M, Zhang Y, Guo X, Gu H. Antibiotic-
loaded, silver core-embedded mesoporous silica nanovehicles as a 
synergistic antibacterial agent for the treatment of drug-resistant infec-
tions. Biomaterials. 2016;101:207–16.

 75. Fuentes KM, Onna D, Rioual T, Huvelle MAL, Britto F, Simian M, Sanchez-
Dominguez M, Soler-Illia GJAA, Bilmes SA. Copper upcycling by hierarchical 
porous silica spheres functionalized with branched polyethylenimine: 
antimicrobial and catalytic applications. Micropor Mesopor Mat. 2021;327: 
111397.

 76. Laskowski L, Laskowska M, Fijalkowski K, Piech H, Jelonkiewicz J, Jaskulak M, 
Gnatowski A, Dulski M. New class of antimicrobial agents: SBA-15 silica 
containing anchored copper ions. J Nanomater. 2017;2017:1–12.

 77. Burdon RCF, Junker RR, Douglas SG, Parachnowitsch AL. Bacteria colonising 
penstemon digitalis show volatile and tissue-specific responses to a natural 
concentration range of the floral volatile linalool. Parachnowitsch Chemo-
ecol. 2019;1:11.

 78. Díaz-García D, Ardiles P, Prashar S, Rodríguez-Diéguez A, Páez P, Gómez-Ruiz 
S. Preparation and study of the antibacterial applications and oxidative 
stress induction of copper maleamate-functionalized mesoporous silica 
nanoparticles. Pharm. 2019;11: 110912.

 79. Xu C, Shan Y, Bilal M, Xu B, Cao L, Huang Q. Copper ions chelated mesoporous 
silica nanoparticles via dopamine chemistry for controlled pesticide release 
regulated by coordination bonding. Chem Eng J. 2020;395: 123982.

 80. Jiang S, Lin K, Cai M. ZnO nanomaterials: current advancements in antibacte-
rial mechanisms and applications. Front Chem. 2020;8:580.

 81. Sirelkhatim A, Mahmud S, Seeni N, Kaus NHM, Ann LC, Bakhori KM, Hasan H, 
Mohamad D. Review on zinc oxide nanoparticles: antibacterial activity and 
toxicity mechanism. Springer Open Choice. 2015;3:219.

 82. Sathiya SM, Okram GS, Dhivya SM, Manivannan G, Rajan MJ. Interaction of 
chitosan/Zinc oxide nanocomposites and their antibacterial activities with 
Escherichia coli. Mater Today Proc. 2016;3:3855–60.

 83. Bhuyan T, Mishra K, Khanuja M, Prasad R, Varma A. Biosynthesis of zinc oxide 
nanoparticles from Azadirachta indica for antibacterial and photocatalytic 
applications. Mater Sci Semicond Process. 2015;32:55.

 84. Gordon T, Perlstein B, Houbara O, Felner I, Banin E, Margel S. Synthesis 
and characterization of zinc/iron oxide composite nanoparticles and 
their antibacterial properties. Colloids Surf A. 2011;374:1–8.

 85. Wen H, Zhou X, Shen Z, Peng Z, Chen H, Hao L, Zhou H. Synthe-
sis of ZnO nanoparticles supported on mesoporous SBA-15 with 

coordination effect -assist for anti-bacterial assessment. Colloids Surf B 
Biointerfaces. 2019;181:285–94.

 86. Donnadio A, Cardinali G, Latterini L, Roscini L, Ambrogi V. Nanostruc-
tured zinc oxide on silica surface: preparation, physicochemical char-
acterization and antimicrobial activity. Mater Sci Eng C Mater Biol Appl. 
2019;104: 109977.

 87. Gupta A, Mumtaz S, Li CH, Hussain I, Rotello VM. Combatting antibiotic-
resistant bacteria using nanomaterials. Chem Soc Rev. 2019;48:415–27.

 88. Song Y, Sun Q, Luo J, Kong Y, Pan B, Zhao J, Wang Y, Yu C. Cationic 
and anionic antimicrobial agents co-templated mesostructured silica 
nanocomposites with a spiky nanotopology and enhanced biofilm 
inhibition performance. Nanomicro Lett. 2022;14:83.

 89. James T, Shujing W, Ka W, Wei T. Antimicrobial peptides from plants. 
Pharm. 2015;8:711–57.

 90. Holfeld L, Knappe D, Hoffmann R. Proline-rich antimicrobial peptides 
show a long-lasting post-antibiotic effect on enterobacteriaceae and 
Pseudomonas aeruginosa. J of Antimicrobial Chemother. 2018;4:933.

 91. Xiang DJ, Yu K, Xing JP, Jun Y, Qi O, Chun XL. Studies of the drug resist-
ance response of sensitive and drug-resistant strains in a microfluidic 
system. Integrative Biol. 2014;6:143–51.

 92. Galdiero E, Lombardi L, Falanga A, Libralato G, Guida M, Carotenuto 
R. Biofilms: novel strategies based on antimicrobial peptides. Pharm. 
2019;11:322.

 93. Ma B, Chen Y, Hu G, Zeng Q, Lv X, Oh DH, Fu X, Jin Y. Ovotransferrin 
antibacterial peptide coupling mesoporous silica nanoparticle as an 
effective antibiotic delivery system for treating bacterial infection 
in vivo. ACS Biomater Sci Eng. 2022;8:109–18.

 94. Haffner SM, Parra-Ortiz E, Browning KL, Jorgensen E, Skoda MWA, Mon-
tis C, Li X, Berti D, Zhao D, Malmsten M. Membrane interactions of virus-
like mesoporous silica nanoparticles. ACS Nano. 2021;15:6787–800.

 95. Zhao G, Chen Y, He Y, Chen F, Gong Y, Chen S, Xu Y, Su Y, Wang C, Wang 
J. Succinylated casein-coated peptide-mesoporous silica nanoparticles 
as an antibiotic against intestinal bacterial infection. Biomater Sci. 
2019;7:2440–51.

 96. Jing W, Yao ZK. Nanomaterials with a photothermal effect for antibacte-
rial activities: an overview. Nanoscale. 2019;11:8680.

 97. Naskar A, Kim KS. Friends against the foe: synergistic photothermal 
and photodynamic therapy against bacterial infections. Pharm. 
2023;15:15041116.

 98. Qiao A, Yao Y, Yin MH, Yan DP, Yan LJ, Luo LB. Gold nanorods with sur-
face charge-switchable activities for enhanced photothermal killing of 
bacteria and eradication of biofilm. J Mate Chem B. 2020;8:3138.

 99. Li X, Bai H, Yang Y, Yoon J, Wang S, Zhang X. Supramolecular anti-
bacterial materials for combatting antibiotic resistance. Adv Mater. 
2019;31:1805092.

 100. Yuan Z, Tao B, He Y, Liu J, Cai K. Biocompatible MoS2/PDA-RGD coating 
on titanium implant with antibacterial property via intrinsic ROS-
independent oxidative stress and NIR irradiation. Biomaterials. 2019;217: 
119290.

 101. Zhang G, Yang Y, Shi J, Yao X, Chu PK. Near-infrared light ii-assisted rapid 
biofilm elimination platform for bone implants at mild temperature. 
Biomaterials. 2020;269: 120634.

 102. Tan L, Li J, Liu X, Cui Z, Yang X, Zhu S, Li Z, Yuan X, Zheng Y, Yeung KWK. 
Rapid biofilm eradication on bone implants using red phosphorus and 
near-infrared light. Adv Mat. 2018;30:1801808.

 103. García A, González B, Harvey C, Izquierdo-Barba I, Vallet-Regí M. Effec-
tive reduction of biofilm through photothermal therapy by gold core@
shell based mesoporous silica nanoparticles. Micropor Mesopor Mat. 
2021;328: 111489.

 104. Cao C, Ge W, Yin J, Yang D, Wang W, Song X, Hu Y, Yin J, Dong X. 
Mesoporous Silica supported silver-bismuth nanoparticles as photother-
mal agents for skin infection synergistic antibacterial therapy. Small. 
2020;16: e2000436.

 105. Wu S, Li A, Zhao X, Zhang C, Yu B, Zhao N, Xu FJ. Silica-coated gold-silver 
nanocages as photothermal antibacterial agents for combined anti-
infective therapy. ACS Appl Mater Interfaces. 2019;11:17177–83.

 106. Liu W, Zhang Y, You W, Su J, Yu S, Dai T, Huang Y, Chen X, Song X, Chen 
Z. Near-infrared-excited upconversion photodynamic therapy of exten-
sively drug-resistant Acinetobacter baumannii based on lanthanide 
nanoparticles. Nanoscale. 2020;12:13948–57.



Page 27 of 28Li et al. Journal of Nanobiotechnology          (2023) 21:325  

 107. Sun J, Zhang Y, Su J, Dai T, Chen J, Zhang L, Wang H, Liu W, Huang M, 
Chen Z. Naftifine enhances photodynamic therapy against Staphylo-
coccus aureus by inhibiting staphyloxanthin expression. Dyes Pigm. 
2020;179: 108392.

 108. Zhao Y, Chen L, Wang Y, Song X, Li K, Yan X, Yu L, He Z. Nanomaterial-based 
strategies in antimicrobial applications: progress and perspectives. Nano 
Res. 2021;14:4417–41.

 109. Novohradsky V, Rovira A, Hally C, Galindo A, Vigueras G, Gandioso A, Svitelova 
M, Bresoli-Obach R, Kostrhunova H, Markova H, Kasparkova M, Nonell 
S, Ruiz J, Brabec V, Marchan V. Towards novel photodynamic antican-
cer agents generating superoxide anion radicals: a cyclometalated iriii 
complex conjugated to a far-red emitting coumarin. Angew Chem Int Ed. 
2019;58:6311.

 110. Almeida A, Faustino MAF, Tome JPC. Photodynamic inactivation of bacteria: 
finding the effective targets. Future Med Chem. 2015;7:1221–4.

 111. Liu Y, He M, Guo R, Fang Z, Kang S, Ma Z, Dong M, Wang W, Cui L. Ultrastable 
metal-free near-infrared-driven photocatalysts for H2 production based on 
protonated 2D g-C3N4 sensitized with Chlorin e6. Appl Catal B. 2020;260: 
118317.

 112. Yan C, Shao X, Shu Q, Teng Y, Qiao Y, Guan P, Hu X, Wang C. Chitosan modified 
ultra-thin hollow nanoparticles for photosensitizer loading and enhancing 
photodynamic antibacterial activities. Int J Biol Macromol. 2021;186:839–48.

 113. Planas O, Bresoli-Obach R, Nos J, Gallavardin T, Ruiz-Gonzalez R, Agut M, Nonell 
S. Synthesis, photophysical characterization, and photoinduced antibacte-
rial activity of methylene blue-loaded amino- and mannose-targeted 
Mesoporous silica nanoparticles. Molecules. 2015;20:6284–98.

 114. Li Z, Lu S, Liu W, Dai T, Ke J, Li X, Li R, Zhang Y, Chen Z, Chen X. Synergistic 
lysozyme-photodynamic therapy against resistant bacteria based on 
an intelligent upconversion nanoplatform. Angew Chem Int Ed Engl. 
2021;60:19201–6.

 115. Gehring J, Trepka B, Klinkenberg N, Bronner H, Schleheck D, Polarz S. Sunlight-
triggered nanoparticle synergy: teamwork of reactive oxygen species 
and nitric oxide released from mesoporous organosilica with advanced 
antibacterial activity. J Am Chem Soc. 2016;138:3076–84.

 116. Zampini G, Planas O, Marmottini F, Gulías O, Agut M, Nonell S, Latterini L. Mor-
phology effects on singlet oxygen production and bacterial photoinactiva-
tion efficiency by different silica-protoporphyrin IX nanocomposites. RSC 
Adv. 2017;7:14422–9.

 117. Maleki A, Shahbazi MA, Alinezhad V, Santos HA. The progress and prospect of 
zeolitic imidazolate frameworks in cancer therapy, antibacterial activity, and 
biomineralization. Adv Healthcare Mater. 2020;9:2000248.

 118. Sun J, Fan Y, Zhang P, Zhang X, Zhou Q, Zhao J, Ren L. Self-enriched 
mesoporous silica nanoparticle composite membrane with remark-
able photodynamic antimicrobial performances. J Colloid Interface Sci. 
2020;559:197–205.

 119. Li L, Sun X, Dong M, Zhang H, Wang J, Bu T, Zhao S, Wang L. NIR-regulated 
dual-functional silica nanoplatform for infected-wound therapy via syner-
gistic sterilization and anti-oxidation. Colloids Surf B Biointerfaces. 2022;213: 
112414.

 120. Mao CY, Xiang YM, Liu XM, Zheng YF, Wu SL. Local photothermal/photody-
namic synergistic therapy by disrupting bacterial membrane to accelerate 
reactive oxygen species permeation and protein leakage. ACS Appl Mater 
Interfaces. 2019;19:17902.

 121. Vankayala R, Hwang KC. Near-infrared-light-activatable nanomaterial-medi-
ated phototheranostic nanomedicines: an emerging paradigm for cancer 
treatment. Adv mater. 2018;23:1706320.

 122. Ss A, He SB, Yw A, Xc A, Jing X, Nz A, Jian SA. Biomedical application of gra-
phene: From drug delivery, tumor therapy, to theranostics. Colloids Surf, B. 
2020;185: 110596.

 123. Zhang Y, Yan H, Tang J, Li P, Su R, Zhong H, Su W. Dual-mode antibacterial 
core-shell gold nanorod@mesoporous-silica/curcumin nanocomplexes for 
efficient photothermal and photodynamic therapy. J Photochem Photobio 
A: Chem. 2022;425: 113722.

 124. Zhang B, Yan H, Meng Z, Li P, Jiang X, Wu Z, Xiao J-A, Su W. Photodynamic 
and photothermal Ce6-modified gold nanorod as a potent alternative 
candidate for improved photoinactivation of bacteria. ACS Appl Bio Mater. 
2021;9:6742.

 125. Liu ZW, Zhao XY, Yu BG, Zhao NN, Zhang C, Xu FJ. Rough carbon-iron oxide 
nanohybrids for near-infrared-ii light-responsive synergistic antibacterial 
therapy. ACS Nano. 2021;4:7482–90.

 126. Li X, Liang MM, Jiang SL, Cao SY, Li SH, Gao YB, Liu J, Bai Q, Sui N, Zhu ZL. 
Pomegranate-like CuO2@SiO2 nanospheres as H2O2 self-supplying and 
robust oxygen generators for enhanced antibacterial activity. ACS Appl 
Mater Interfaces. 2021;13:22169–81.

 127. Yuan Z, Lin C, He Y, Tao B, Chen M, Zhang J, Liu P, Cai K. Near-infrared light-trig-
gered nitric-oxide-enhanced photodynamic therapy and low-temperature 
photothermal therapy for biofilm elimination. ACS Nano. 2020;3:3546–62.

 128. Qi ML, Ren X, Li W, Sun Y, Sun XL, Li CY, Yu SY, Xu L, Zhou YM, Song SY, Dong B, 
Wang L. NIR responsive nitric oxide nanogenerator for enhanced biofilm 
eradication and inflammation immunotherapy against periodontal dis-
eases. Nano Today. 2022;43: 101447.

 129. Wang Y, Yang Y, Shi Y, Song H, Yu C. Antibioticree strategies: antibiotic ree anti-
bacterial strategies enabled by nanomaterials: progress and perspective. 
Ad Mater. 2020;32:1904106.

 130. Hasan J, Crawford RJ, Ivanova EP. Antibacterial surfaces: the quest for a new 
generation of biomaterials. Trends Biotechnol. 2013;31:295–304.

 131. Ivanova EP, Hasan J, Webb HK, Truong VK, Watson GS, Watson JA, Baulin VA, 
Pogodin S, Wang JY, Tobin MJ, Lobbe C, Crawford RJ. Natural bactericidal 
surfaces: mechanical rupture of Pseudomonas aeruginosa cells by cicada 
wings. Small. 2012;8:2489–94.

 132. Pogodin S, Hasan J, Baulin VA, Webb HK, Truong VK, Phong Nguyen TH, 
Boshkovikj V, Fluke CJ, Watson GS, Watson JA, Crawford RJ, Ivanova EP. 
Biophysical model of bacterial cell interactions with nanopatterned cicada 
wing surfaces. Biophys J. 2013;104:835–40.

 133. Ivanova EP, Hasan J, Webb HK, Gervinskas G, Juodkazis S, Truong VK, Wu AH, 
Lamb RN, Baulin VA, Watson GS, Watson JA, Mainwaring DE, Crawford RJ. 
Bactericidal activity of black silicon. Nat Commun. 2013;4:2838.

 134. Qiao Y, Yang C, Coady DJ, Ong ZY, Hedrick JL, Yang YY. Highly dynamic 
biodegradable micelles capable of lysing gram-positive and gram-negative 
bacterial membrane. Biomaterials. 2012;33:1146–53.

 135. Gonzalez B, Colilla M, Diez J, Pedraza D, Guembe M, Izquierdo-Barba I, Vallet-
Regi M. Mesoporous silica nanoparticles decorated with polycationic 
dendrimers for infection treatment. Acta Biomater. 2018;68:261–71.

 136. Kirtane AR, Verma M, Karandikar P, Furin J, Langer R, Traverso G. Nanotech-
nology approaches for global infectious diseases. Nat Nanotechnol. 
2021;16:369–84.

 137. Karaman D, Ercan UK, Bakay E, Topaloğlu N, Rosenholm JM. Evolving tech-
nologies and strategies for combating antibacterial resistance in the advent 
of the postantibiotic era. Adv Funct Mater. 2020;30:1908783.

 138. Rohde M. The gram-positive bacterial cell wall. Microbiol Spectr. 2019. https:// 
doi. org/ 10. 1128/ micro biols pec. GPP3- 0044- 2018.

 139. Rahlwes KC, Sparks IL, Morita YS. Cell walls and membranes of actinobacteria. 
Subcell Biochem. 2019;92:417–69.

 140. Niu J, Tang G, Tang J, Yang J, Zhou Z, Gao Y, Chen X, Tian Y, Li Y, Li J, Cao Y. Func-
tionalized silver nanocapsules with improved antibacterial activity using 
silica shells modified with quaternary ammonium polyethyleneimine as a 
bacterial cell-targeting agent. J Agric Food Chem. 2021;69:6485–94.

 141. Mintzer MA, Dane EL, O’Toole GA, Grinstaff MW. Exploiting dendrimer mul-
tivalency to combat emerging and re-emerging infectious diseases. Mol 
Pharm. 2012;9:342–54.

 142. Wu S, Huang Y, Yan J, Li Y, Wang J, Yang YY, Yuan P, Ding X. Bacterial outer 
membrane-coated mesoporous silica nanoparticles for targeted delivery of 
antibiotic rifampicin against gram-negative bacterial infection in vivo. Adv 
Functional Mater. 2021;31:2103442.

 143. Hao N, Chen X, Jeon S, Yan M. Carbohydrate-conjugated hollow Oblate 
Mesoporous Silica nanoparticles as nanoantibiotics to target mycobacteria. 
Adv Healthc Mater. 2015;4:2797–801.

 144. Kavruk M, Celikbicak O, Ozalp VC, Borsa BA, Hernandez FJ, Bayramoglu G, 
Salih B, Arica MY. Antibiotic loaded nanocapsules functionalized with 
aptamer gates for targeted destruction of pathogens. Chem Commun. 
2015;51:8492–5.

 145. Sudagidan M, Yildiz G, Onen S, Al R, Temiz ŞN, Yurt MNZ, Tasbasi BB, Acar 
EE, Coban A, Aydin A, Dursun AD, Ozalp VC. Targeted mesoporous silica 
nanoparticles for improved inhibition of disinfectant resistant Listeria 
monocytogenes and lower environmental pollution. J Hazardous Mater. 
2021;418: 126364.

 146. 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 Bioel-
ectron. 2019;142: 111507.

https://doi.org/10.1128/microbiolspec.GPP3-0044-2018
https://doi.org/10.1128/microbiolspec.GPP3-0044-2018


Page 28 of 28Li et al. Journal of Nanobiotechnology          (2023) 21:325 

 147. Xie Q, Lu H, Wang X, Zhang Y, Zhou N. Functionalized hollow 
mesoporous silica for detection of Staphylococcus aureus and steriliza-
tion. J Envi Chem Eng. 2021;9: 105982.

 148. Gao X, Li L, Cai X, Huang Q, Cheng Y. Targeting nanoparticles for 
diagnosis and therapy of bone tumors: opportunities and challenges. 
Biomaterials. 2020;265: 120404.

 149. Liu Y, Yu P, Peng X, Huang Q, Li J. Hexapeptide-conjugated calcitonin for 
targeted therapy of osteoporosis. J Control Release. 2019;304:39.

 150. Nie B, Huo S, Qu X, Guo J, Liu X, Hong Q, Wang Y, Yang J, Yue B. Bone 
infection site targeting nanoparticle-antibiotics delivery vehicle to 
enhance treatment efficacy of orthopedic implant related infection. 
Bioact Mater. 2022;16:134–48.

 151. Capeletti LB, Oliveira JFA, Loiola LMD, Galdino FE, Santos DES, Soares TA, 
Freitas RO, Cardoso MB. Gram-negativebacteriatargetingmediatedby-
carbohydrate-carbohydrateinteractionsinducedbysurface-modifiedna-
noparticles. Adv Funct Mater. 2019;29:1904216.

 152. Zhou J, Jayawardana KW, Kong N, Ren Y, Hao N, Yan M, Ramstrom O. Tre-
halose-conjugated, photofunctionalized mesoporous silica nanoparti-
cles for efficient delivery of isoniazid into mycobacteria. ACS Biomater 
Sci Eng. 2015;1:1250–5.

 153. Davies D. Understanding biofilm resistance to antibacterial agents. Nat 
Rev Drug Discov. 2019;29:114–22.

 154. Fulaz S, Devlin H, Vitale S, Quinn L, O’Gara J, Casey E. Tailoring nanoparti-
cle-biofilm interactions to increase the efficacy of antimicrobial agents 
against Staphylococcus aureus. Inter J Nanomed. 2020;15:4779–91.

 155. Martinez-Carmona M, Izquierdo-Barba I, Colilla M, Vallet-Regi M. 
Concanavalin a-targeted Mesoporous silica nanoparticles for infection 
treatment. Acta Biomater. 2021;96:547.

 156. O’Gara JP, Zapotoczna M, O’Neill E, Humphreys H, Hogan S. Potential 
use of targeted enzymatic agents in the treatment of Staphylococcus 
aureus biofilm-related infections. J Hosp Infect. 2017;96:177.

 157. Millenbaugh N, Watters C, Burton T, Kirui D. Enzymatic degradation 
of in vitro Staphylococcus aureus biofilms supplemented with human 
plasma. Infection & Drug Resistance. 2016;9:71.

 158. Devlin H, Fulaz S, Hiebner DW, O’Gara JP, Casey E. Enzyme-functional-
ized Mesoporous Silica Nanoparticles to Target Staphylococcus aureus 
and disperse biofilms. Int J Nanomed. 2021;16:1929–42.

 159. Li Y, Chi YQ, Yu CH, Xie Y, Xia MY, Zhang CL, Han X, Peng Q. Drug-free 
and non-crosslinked chitosan scaffolds with efficient antibacterial activ-
ity against both gram-negative and gram-positive bacteria-sciencedi-
rect. Carbohyd Polym. 2020;241: 116386.

 160. Zhao N, Cai R, Zhang Y, Wang X, Zhou N. A pH-Gated functionalized 
hollow Mesoporous Silica delivery system for photodynamic sterilization 
in Staphylococcus aureus biofilm. Materials. 2022;15:2815.

 161. Wynn TA, Murray PJ. Protective and pathogenic functions of mac-
rophage subsets. Nature Rev Immunol. 2013;11:723.

 162. Sophie H, Angela M, Kathryn G, Laura M. Internalization of salmonella 
by macrophages induces formation of nonreplicating persisters. Sci-
ence. 2014;343:204.

 163. Slattery A, Victorsen AH, Brown A, Hillman K, Phillips GJ. Isolation of highly 
persistent mutants of salmonella enterica serovar typhimurium reveals a 
new toxin-antitoxin module. J of Bacteriology. 2013;195:647–57.

 164. Das P, Lahiri A, Lahiri A, Chakravortty D. Modulation of the arginase 
pathway in the context of microbial pathogenesis: a metabolic 
enzyme moonlighting as an immune modulator. PLoS Pathog. 2010;6: 
e1000899.

 165. Mudakavi RJ, Vanamali S, Chakravortty D, Raichur AM. Development of 
arginine based nanocarriers for targeting and treatment of intracellu-
larSalmonella. RSC Adv. 2017;7:7022–32.

 166. 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 Interfaces. 
2013;5:10874–81.

 167. Nash T, Allison AC, Harington JS. Physico-chemical properties of silica in 
relation to its toxicity. Nature. 1966;210:259–61.

 168. Ashley CS, Brinker CJ, Zhang H, Dunphy DR, Jiang X, Meng H, Sun B, 
Tarn D, Xue M, Wang X. Processinng pathway dependence of amor-
phous silica nanoparticle toxicity-colloidal versus pyrolytic. J Amer 
Chem Soc. 2012;38:15790.

 169. Yu T, Malugin A, Ghandehari H. Impact of silica nanoparticle design on 
cellular toxicity and hemolytic activity. ACS Nano. 2011;7:5717.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Biao Li  received his bache-
lor’s degree from the College of 
Science and Technology of 
Jiangxi University of  Chinese 
Medicine in 2021. He is cur-
rently a postgraduate student 
in the Key Lab of Modern Prep-
arations of TCM, Ministry of 
Education, Jiangxi University of  
Chinese Medicine. His research 
interests focus on the synthesis 
of advanced nanomaterials for 
antimicrobial applications.

Hao Song  is an ARC DECRA 
and NHMRC Emerging Leader-
ship Fellow at the Australian 
Institute for Bioengineering 
and Nanotechnology, the Uni-
versity of Queensland (UQ). He 
obtained his PhD in biomedical 
engineering from UQ in 2018, 
and now leads a team with 
research focusing on the 
design and fabrication of func-
tional nanoparticles for vaccine 
and therapeutics delivery. He 
was awarded the Australian 
Research Council Discovery 
Early Career Researcher Award 

and UQ Foundation Research Excellence Award, published over 70 
papers with citation over 3600 and an H-index of 33.

Pengfei Yue  received his 
Ph.D. in pharmaceutics from 
Shanghai University of Tradi-
tional Chinese Medicine in 
2015, and was a visiting scholar 
at the Australian Institute for 
Bioengineering and Nanotech-
nology, the University of 
Queensland in 2019. Now he is 
a full professor at the Key Lab 
of Modern Preparation of TCM, 
Ministry of Education, Jiangxi 
University of Chinese Medicine. 
His research interest focuses on 
designing smart responsive 
nanocarriers for delivery of dif-

ferent active chemicals, including natural plant and herbs 
ingredients.


	Powering mesoporous silica nanoparticles into bioactive nanoplatforms for antibacterial therapies: strategies and challenges
	Abstract 
	Highlights 
	Introduction
	Overview of the critical properties of MSNs for antibacterial therapy
	Tunability of the pore size of MSNs
	Tunability of the shape of MSNs
	Tunability of the surface chemistry of MSNs
	Tunability of chemical framework of MSNs
	Tunability of surface topology of MSNs

	Functionalization of MSNs for enhanced antibacterial therapies
	Tailoring the physicochemical features of MSNs for antibiotics delivery
	Metal-incorporated MSNs for antibacterial therapy
	Silver-incorporated MSNs-based antibacterial therapy
	Copper-incorporated MSNs-based antibacterial therapy
	Zinc-incorporated MSNs-based antibacterial therapy

	Cationic polymer functionalized MSNs for antibacterial therapy
	Antibacterial peptide grafted MSNs for antibacterial therapy

	Photo-synergized MSNs-based antibacterial therapies
	Photothermal therapy assisted with MSNs-based antibacterial
	Photodynamic therapy assisted with MSNs-based antibacterial
	Photo-synergized therapy assisted with MSNs-based antibacterial

	Physical interaction induced antibacterial therapy
	Targeting-directed MSNs-based antibacterial therapy
	Engineering MSNs to target planktonic bacteria
	Electrostatic interaction-based targeting
	Bionic recognition-based targeting
	Aptamers recognition-based targeting
	Antigen–antibody recognition-based targeting
	Peptides recognition-based targeting
	Carbohydrates recognition-based targeting

	Engineering MSNs to target biofilm matrix
	Ligands target extracellular polymeric substances (EPS)
	Electrostatic interactions target extracellular polymeric substances (EPS)

	Engineering MSNs to target bacteria-infected macrophage

	Challenges on translational application of MSNs-based antibacterial therapies
	Conclusion
	Acknowledgements
	References


