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Preface to ”Recent Advances in Antimicrobial
Nanodrugs”

Microbial infections have always posed a threat to public health, and the situation is becoming

worse as some strains of these microorganisms develop resistance to drugs such as conventional

antibiotics. With the rapid development of nanotechnology and nanomaterials, an increasing

number of nanodrugs capable of fighting against various microorganisms (e.g., bacteria, fungi,

and viruses) have been designed and prepared. The diversified size, shape, and chemical

characteristics enable nanomaterials to facilitate molecular interactions with the microorganisms,

and the high surface-to-volume ratio allows the incorporation of abundant functional moieties

to these nanomaterials, thus promoting multivalent interactions with the microorganism. To

date, the most commonly used antimicrobial nanomaterials include conventional metal (Ag,

Cu, Zn, and Ti)-containing nanoagents, two-dimensional nanoagents (e.g., graphene materials,

layered double hydroxides, transition-metal dichalcogenides, graphitic carbon nitride, MXenes,

black phosphorus, and their derivatives), polymeric nanomaterials, nanomicelles and nanovesicles,

carbon dots and silicon nanoparticles, aggregation-induced emission (AIE) nanodots, nanocomposite

materials, etc. In addition, the nanomaterials with specific light-, heat-, electricity-, magnetic

field-, and ultrasound-responsive properties, as well as excellent antimicrobial activity, have also

attracted interest from a growing number of researchers. Common examples include nanoagents

with a photodynamic therapy capacity and sonodynamic therapy activity. Further, nanozymes

with antimicrobial activity have also drawn tremendous research interest from many researchers

worldwide. In addition, chemodynamic therapy that utilizes Fenton or Fenton-like reactions to kill

microbial cells represents an emerging research direction. Finally, the nanomaterials decorated with

conventional antibiotics have also shown potential for achieving an enhanced antimicrobial capacity

compared with free antibiotics.

Fu-Gen Wu

Editor
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Targeted Anti-Biofilm Therapy: Dissecting Targets in the
Biofilm Life Cycle
Fanqiang Bu †, Mengnan Liu †, Zixu Xie, Xinyu Chen, Guofeng Li and Xing Wang *

State Key Laboratory of Organic-Inorganic Composites, Beijing Laboratory of Biomedical Materials, Beijing
Advanced Innovation Center for Soft Matter Science and Engineering, College of Life Science and Technology,
Beijing University of Chemical Technology, Beijing 100029, China
* Correspondence: wangxing@mail.buct.edu.cn
† These authors contributed equally to this work.

Abstract: Biofilm is a crucial virulence factor for microorganisms that causes chronic infection. After
biofilm formation, the bacteria present improve drug tolerance and multifactorial defense mecha-
nisms, which impose significant challenges for the use of antimicrobials. This indicates the urgent
need for new targeted technologies and emerging therapeutic strategies. In this review, we focus on
the current biofilm-targeting strategies and those under development, including targeting persistent
cells, quorum quenching, and phage therapy. We emphasize biofilm-targeting technologies that are
supported by blocking the biofilm life cycle, providing a theoretical basis for design of targeting
technology that disrupts the biofilm and promotes practical application of antibacterial materials.

Keywords: biofilm; microenvironment; biofilm-targeting material; antibacterial

1. Introduction

Biofilms are still considered as a major cause of chronic infections (such as chronic
periapical periodontitis, chronic lung infection, infective endocarditis, etc.) [1–5]. Addition-
ally, biofilms cause extensive damage to the marine environment and agriculture [6–10].
There has thus been considerable interest in the biofilm formation mechanism [11–17].
Accumulating evidence suggests that these bacterial resistance phenomena result from the
ability of bacteria to enter into a dormant or persistent state in the biofilm [18–23]. The
biofilm forms a complex microenvironment and spatial organization structure, such as
extreme internal environments and extracellular polymeric substances (EPS), which limit
entry of most drugs into the biofilm [24–30]. As such, understanding biofilm formation
processes and chronic infections that can benefit from changing treatment, and, thus, tailor-
ing personalized treatment to clinical patients, is paramount in improving the anti-biofilm
therapeutic efficacy. Nonetheless, clinical treatment protocols for biofilm infections have
not been updated accordingly.

The anti-biofilm strategy was still in an early stage of physical clearance and high-dose
continuous administration in early clinical studies [31,32]. At present, most biofilm removal
methods or treatment methods approved by the US Food and Drug Administration (FDA)
focus on retained medical devices [33]. Research has shown that killing bacteria does not
necessarily eradicate biofilms. Therefore, the challenge of residual biofilm, which may
trigger chronic infections, must be addressed. A comprehensive understanding of the
mechanisms and inherent properties of the biofilm life cycle was required to address this
grand challenge (Figure 1). The following four stages can accurately represent the process
from biofilm formation to re-spreading:

1. Initial adhesion stage: The reversible adhesions are dominated by Lewis acid–base,
van der Waals forces, electrostatic interactions, and hydrophilic–hydrophobic interac-
tions [34,35]. Irreversible adhesion is triggered by the bacteria’s own adhesins and
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adhesion proteins [36]. Reversible and irreversible adhesion of bacteria to the surface
is the main feature of this stage.

2. Early biofilm formation stage: After bacteria adhere to the surface, bacteria activate
their own metabolic pathways, which induces the bacteria to secrete metabolites
(proteins, polysaccharides, eDNA etc.) to form EPS. At the same time, this also pro-
motes bacteria-to-bacteria adhesion and activates quorum sensing (QS) [37]. Proteins,
polysaccharides, eDNA, and QS of bacteria are the main features of this stage.

3. Biofilm maturation stage: A complex spatial structure and a microenvironment with
chemical gradients (acidity, hypoxia, high reduction, etc.) are gradually formed
with the increase in EPS synthesized by bacteria. At the same time, some bacteria
will enter a dormant and persistent state [38]. Therefore, the characteristics of this
stage are mainly complex chemical gradient microenvironment, persistent cells, and
dormant cells.

4. Biofilm dispersion stage: Bacteria will secrete relevant secretions (enzymes, D-amino
acids, surfactants, and other substances) to destroy EPS in response to nutrient de-
ficiencies and accumulation of toxic substances, returning to a planktonic state [39].
This stage is characterized by associated secretions of bacteria and residual biofilm
after dispersal.

Depending on the growth environment, biofilm formation changes, resulting in differ-
ent biofilm spatial structures and bacterial gene expression differences [40–43]. Although
the “characteristics” of biofilm have been revealed for many years, the clinical treatment
of biofilm infections has not been updated due to the high complexity of biofilms [44,45].
These days, with the rapid growth experienced in materials science, surface-coating and
eluting substrates materials are gradually being used clinically to remove biofilms (e.g.,
antibiotic-loaded bone cement to prevent orthopedic infections) [46,47]. Similarly, studies
of biomimicry, surface textures, and chemicals in plants and animals are also promising
approaches to preventing microbial adhesion and biofilm formation [48,49]. Using the
amino acids and enzymes produced by bacteria to accelerate disintegration of biofilms is
also one of the frontiers of anti-biofilm research [50,51]. These materials and technologies
are very promising to solve the problem of biofilm infection. Although these studies have
some statistical significance, to determine whether these technologies have the potential of
being transformed into clinical technologies, researchers have to consider using in vivo or
human cell models for further verification. The main reason for this is that most biofilm
models are constructed from a single strain in the laboratory, but actual clinical situations
may consist of multiple strains or lurking beneath probiotics [52,53]. Relevant studies
have pointed out that some strains cannot form biofilm alone, but a variety of strains will
help each other to build shelters together [54], such as Actinomyces naeslundii T14V and
Streptococcus oralis (S. oralis) 34, which promote symbiosis in saliva to form biofilm [55].
Compared with a biofilm of a single bacterial strain, the harm of a multi-species biofilm
to the host will increase exponentially. Interestingly, bacteria will also have hostile rela-
tions that try to destroy the enemy’s shelter [56], such as Pseudoalteromonas tunicate, in
the process of biofilm formation, which could inhibit and destroy the biofilm formed by
other bacteria [57]. Therefore, the mutual hostility or mutual support in vivo between
reference bacteria can provide effective theoretical support for design and development of
biofilm-targeting materials.

Several excellent reviews discuss the protective mechanisms of biofilms against bac-
teria in response to antibiotics, antibacterial agents, and host immunity [17,58–60]. This
review focuses on development and design of specific targeted biofilm therapeutic strate-
gies and materials, as well as the challenges faced. A comprehensive description of how the
properties of membranes at different stages can be exploited to design targeted materials,
current insights into the targeting of EPS matrices, inhibition of chemical gradients and
diffusion pathways, etc., as well as drug resistance and tolerance reversal strategies for
dormant cells and persistent bacteria in biofilms, are provided. Furthermore, this paper
reviews strategies that are expected to improve the efficacy of current clinical treatment
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modalities or provide new biofilm-targeting technologies, including the targeting adhesin
strategy, quorum quenching, phage-targeting strategy, and targeting dormant cells strat-
egy. Herein, we focus on biofilm-specific targeting materials that can be applied clinically.
However, not all biofilm-targeting technologies are limited to clinical but also include
agriculture, forestry, marine, and other directions. Therefore, we provide a comprehensive
list of recent and prospective biofilm targets in Table 1. Finally, we believe that treatment
of mature biofilm infections is more similar to treatment of cancer because their micro-
environments are extremely similar (such as low pH, oxygen deficiency, overexpression
of GSH, abnormal osmotic pressure, etc.) [17,37,38]. However, it may be more difficult
than cancer therapy because the life cycle of biofilm is faster and more uncontrollable. It is
important to note that more complex tissue structures, such as EPS, QS, and eDNA, are
present in biofilms to inhibit therapeutic effects. More importantly, biofilm infections often
exist in complex flora, making it more challenging to specifically target pathogen biofilms
and achieve clearance [61,62]. Therefore, in the face of various challenges, biofilm-targeting
technology has irreplaceable significance.
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Figure 1. The biofilm life cycle. Different stages of bacterial biofilm formation. (a) Initial adhesion,
in which bacteria adhere to surface of tissue through their own adhesins of bacteria; (b) early biofilm
development stage, whereby the bacteria begin to divide and produce EPS by quorum sensing,
eDNA, polysaccharide, and protein; (c) biofilm maturation stage, in which the biofilm will form
a stable 3D structure through EPS, and the internal microenvironment exhibits a certain chemical
gradient, such as acidity, hydrogen peroxide (H2O2), hypoxia, and overexpressed glutathione (GSH);
(d) biofilm dispersion stage, whereby bacteria are oppressed by the extreme microenvironment,
and their own secreted enzymes and D-type amino acids lyse the biofilm and return to the state of
planktonic bacteria.
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Table 1. Characteristics, targets, and targeting advantages of biofilm at different stages.

Biofilm Types Characteristic Target Pros Cons

Initial adhesion
stage

Reversible and
Irreversible adhesion.

Adhesin and Adhesion
protein.

Prevention preferable
to treatment. Stability of surface coatings.

Will not cause drug
resistance. Not necessarily kill bacteria.

Access not required
after implantation.

Potential substrate
utilization by host.

Early formation
stage

Active intercellular
Communication and

progressive formation
of EPS.

QS; Polysaccharide
Intracellular Adhesin

(PIA); eDNA;
Polysaccharides and

Proteins.

Molecular medicine.
Potential degradation by

nucleases, proteins, or
enzyme.

Controlled locally. Highly localized.
It will affect

metabolism and will
not produce drug

resistance.

Composition variability.

Maturation stage
Mature EPS and

Gradient chemical
microenvironment and

Changes in bacterial
metabolism.

Hypoxic; Low pH;
Negative;

Overexpression GSH;
H2O2; Persistent and

dormant bacteria.

Disrupt pathogenic
microenvironment.

Difficult to simulate in vivo
models.

Readily functionalized. Incomplete eradication.
Active on dormant

cells. Interaction with host.

Dispersion stage
Accumulation of

biofilm residues and
associated secretions.

Enzymes, D-amino
acids; surfactants and

others.

Readily combined with
antimicrobials.

Low spatiotemporal
controllability.

Avoid cell dormancy. Residues to be resolved.

High universality.
Release of pathogens may

result in recolonization and
acute infection.

2. Strategies of Targeting Initial Adhesion Stage
2.1. Inhibit Biofilm Formation

Although, most of the time, points studied on biofilms were in the middle and late
stages of the biofilm life cycle, we believe that precise targeting of adhesion properties
during the first stage of biofilm formation is an effective strategy [63]. First, its advantage
is avoiding drug resistance, tolerance, impermeability, etc., caused by the middle and late
stages of biofilms. Second, early anti-adhesion strategies can not only effectively inhibit
formation of biofilms but also achieve preventive effects.

2.1.1. Targeted Adhesin Strategy

Bacterial adhesin plays a key role in bacterial colonization and subsequent infection.
Adhesin or adhesion protein could be used as a bacteria–host cell or bacteria–bacteria
“bridge”. Multiple adhesions are activated and expressed (such as proteins, lipids, and
glycopolymers) [64]. Moreover, vitronectin and fibrinogen were also used similarly to
adhesin [65]. Linke et al. found that Yersinia enterocolitica uses tiny sticky hairs to attach
to the target. Yersinia adhesin A (YadA) protein of bacteria could penetrate two layers of
cell membrane without any cell energy [66]. Recent research found that targeting-adhesin
strategies were not thought to increase bacterial resistance nor interfere with the bacterial
life cycle [67,68]. Therefore, the adhesion stage was a strategic step for bacteria, and anti-
adhesion therapy could effectively hinder the infection process. Notably, using materials to
reduce bacterial adhesion could also promote the host immune system [69,70]. According
to these principles, various therapies have been designed. Research by Heras et al. showed
that blocking the super adhesion protein (UpaB) of bacteria could effectively inhibit bacterial
colonization in the host [71]. Zhan et al. synthesized an indole derivative of selenium-
containing (SYG-180-2-2, C21H16N2OSe), which could inhibit biofilm by downregulating
icaA and icaD and upregulating icaR and coY, thereby affecting PIA (ica: intercellular ad-
hesin) [72]. Ravi et al. demonstrated that 2-hydroxy-4-methoxyben- zaldehyde (HMB,
natural product of Hemidesmus indicus) could target the initial cell adhesion of Staphylococcus
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epidermidis (S. epidermidis) (Figure 2a) [73]. Sortase A (SrtA) is able to catalyze the initial
adhesion between Streptococcus mutans (S. mutans) surface protein Pac and lectin. Ma et al.
found that myricetin can effectively inhibit SrtA (Figure 2b) [74]. Liu et al. confirmed
that nucleotide second messengers (such as cyclic adenosine monophosphate (cAMP) and
cyclic diguanylate (c-di-GMP)) play an important role in regulating biofilm maintenance.
It has been reported that pathogenic bacteria have evolved strategies to manipulate host
cAMP concentrations [75]. This discovery provided an important direction for new drug
design. Ashraf et al. found that the extract of Eruca sativa Miller (E. sativa) could effec-
tively target adhesion proteins. A molecular docking analysis of E. sativa phytochemicals
showed interaction with active site of adhesion proteins Sortase A, EspA, OprD, and type IV
b pilin of Staphylococcus aureus (S. aureus), Escherichia coli (E. coli), Pseudomonas aeruginosa
(P. aeruginosa), and Salmonella enterica serovar Typhi (S. enterica ser. typhi), respectively [76].
Krachiler et al. designed a functionalized multivalent adhesion molecules (MAM7) ad-
hesive polymer bead that could effectively reduce infection of P. aeruginosa in the burn
model and promote healing (Figure 2c) [77]. Cardoso et al. used gluconamide moieties
to specifically target lipopolysaccharide (LPS) molecules in the outer membrane of E. coli,
which efficiently prevented non-specific protein adhesion [78].

2.1.2. Interference Adhesion Strategy

Developing adhesion targeting compounds has been a long and in-depth development
process. Thus, some scholars have proposed a strategy to interfere with adhesin, which
uses compounds as analogues of bacterial adhesin receptors to make bacteria “mistakenly”
adhere to the host to achieve anti-adhesion effects [79,80]. A treatment scheme using
α-mannoside that interferes with FimH1 for treatment of catheter-related urinary tract in-
fection (CAUTI) was applied [81,82]. In addition, Hartmann et al. used mannose-modified
diamond to effectively enrich E. coli in sewage, achieving the removal effect [83]. In addi-
tion, after the discovery of PapG protein, a therapeutic scheme to inhibit PagG adhesion
with galacto-oligosaccharide was finally formed in the clinical environment [84]. Most
pathogens were opportunistic pathogens, and interaction of specific receptors and outer
membrane molecules between bacteria and tissue cells was a prerequisite for infection [85].
Thus, interfering with bacterial adhesion is a therapeutic strategy that deserves further
investigation. Zhang et al. prepared a nanoparticle coated with the outer membrane of
Helicobacter pylori (H. pylori) (Figure 3a). NPs could compete with bacteria for binding
sites on cells and inhibit bacteria from adhering to gastric epithelial cells and stomach
tissues [86]. L. Davies et al. identified a 20 kDa peptide binding domain in the 1.5 MDa RTX
adhesin of marine bacteria (Vibrio cholerae and Aeromonas veronii). Researchers used peptide
library analysis to obtain a tripeptide that could effectively inhibit pathogen adhesion to the
host [87]. Choi et al. found that D-arabinose could inhibit biofilm formation of oral bacteria
(S. oralis, Fusobacterium nucleatum (F. nucleatum), and Porphyromonas gingivalis (P. gingivalis))
and the activity of autoinducer 2 (a QS molecule) [88]. Xu et al. designed G(IIKK)3I-NH2
(G3) based on α- A helical peptide, which inhibited bacterial adhesion and interfered with
biofilm formation (Figure 3b) [89].
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2.1.3. Surface Anti-Adhesion Strategies

In clinical practice, biofilm infections caused by implants and medical devices often
occur. A foreign body implantation is one of the main causes of biofilm infection [44]. To
eliminate this biofilm-related infection, only uninfected medical equipment can be used,
along with high-dose antibiotic treatment. Shortly afterwards, Khoo and Ji et al. proposed
that endowing anti-adhesion performance to medical devices can better inhibit formation
of biofilm and greatly reduce the use of antibiotics [46,90]. Based on this theory, a large
number of laboratory designs have been proposed. Based on the optimization strategy
of film surface morphology and hydrophobicity, Wang et al. designed four membranes
with very high antiseptic properties (Figure 4a) [91]. Inspired by hydration ability of zwit-
terionic brushes, Hong et al. grafted 2-methacryloyloxyethyl phosphate choline (MPC)
onto medical devices, which can effectively inhibit formation of biofilm [92]. Wang et al.
proposed a stereochemical antibacterial strategy to achieve an anti-adhesion effect through
the selective differentiation of L/D molecules by bacteria [93]. Antognazza et al. pat-
terned silk film substrates that could effectively reduce adhesion of bacteria [94]. Leu et al.
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modified the polypropylene (PP) surface by reactive ion etching (RIE) technology and
reduced the adhesion of E. coli on the PP surface, which decreased by 99.6% via pro-
hydrophobic interactions [95]. In vitro surface anti-adhesion technology alone does not
meet practical clinical needs; it is also vital to address how to apply these techniques
in vivo. Didar et al. transferred the topography present with hierarchical polystyrene sur-
faces onto polydimethylsiloxane (PDMS), which prevents biofilm and thrombosis in vivo
(Figure 4b) [96]. Sun et al. integrated highly antibacterial copper nanoparticles (CuNPs)
into hydrophilic polydopamine (PDA) coating and finally fixed it on a reverse osmosis (RO)
thin-film composite membrane, which could reduce bacterial adhesion and significantly
inhibited the formation of biofilm [97]. Ji et al. constructed a multifunctional modified
surface multifunctional coating (mPep). Application of mPep in medical catheters in vivo
proved to be effective in reducing bacterial adhesion and antibacterial (Figure 4c) [98].
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Copyright 2020, Hai Xu.

7



Pharmaceuticals 2022, 15, 1253

Pharmaceuticals 2022, 15, x FOR PEER REVIEW 8 of 36 
 

 

zwitterionic brushes, Hong et al. grafted 2-methacryloyloxyethyl phosphate choline 

(MPC) onto medical devices, which can effectively inhibit formation of biofilm [92]. Wang 

et al. proposed a stereochemical antibacterial strategy to achieve an anti-adhesion effect 

through the selective differentiation of L/D molecules by bacteria [93]. Antognazza et al. 

patterned silk film substrates that could effectively reduce adhesion of bacteria [94]. Leu 

et al. modified the polypropylene (PP) surface by reactive ion etching (RIE) technology 

and reduced the adhesion of E. coli on the PP surface, which decreased by 99.6% via pro-

hydrophobic interactions [95]. In vitro surface anti-adhesion technology alone does not 

meet practical clinical needs; it is also vital to address how to apply these techniques in 

vivo. Didar et al. transferred the topography present with hierarchical polystyrene sur-

faces onto polydimethylsiloxane (PDMS), which prevents biofilm and thrombosis in vivo 

(Figure 4b) [96]. Sun et al. integrated highly antibacterial copper nanoparticles (CuNPs) 

into hydrophilic polydopamine (PDA) coating and finally fixed it on a reverse osmosis 

(RO) thin-film composite membrane, which could reduce bacterial adhesion and signifi-

cantly inhibited the formation of biofilm [97]. Ji et al. constructed a multifunctional mod-

ified surface multifunctional coating (mPep). Application of mPep in medical catheters in 

vivo proved to be effective in reducing bacterial adhesion and antibacterial (Figure 4c) 

[98]. 

 

Figure 4. Schematic diagram of surface anti-adhesion technology. (a) The anti-adhesion polymers 

were synthesized by RAFT homopolymerization of MVMs. Reprinted with permission from Ref. 

[91]. Copyright 2019, Prof. Wenxin Wang. (b) Transferring the topography present of hierarchical 

Figure 4. Schematic diagram of surface anti-adhesion technology. (a) The anti-adhesion poly-
mers were synthesized by RAFT homopolymerization of MVMs. Reprinted with permission from
Ref. [91]. Copyright 2019, Prof. Wenxin Wang. (b) Transferring the topography present of hierarchical
polystyrene surfaces onto PDMS, forming an anti-adhesion, preventing thrombosis, and flexible
biocompatible elastomer. Reprinted with permission from Ref. [96]. Copyright 2022, Tohid F. Didar.
(c) The catechol, cationic, and anionic units to construct a multifunctional modified surface multi-
functional coating (mPep) in medical catheters. Reprinted with permission from Ref. [98]. Copyright
2020, Jian Ji.

On balance, anti-adhesion technology has a “prevention preferable to treatment”
advantage in anti-biofilm infection, and it is also one of the essential conditions for food
packaging materials and biological storage materials. The potential advantages of targeted
adhesion technology as a vaccine or drug remains underexplored in anti-biofilm therapy.
Most compounds of targeting adhesins were easily ignored thus far because they did
not exhibit specific minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC). Identifying their potential to trigger biological function and effect,
in comparison with the main studies, such as those involving peptides and antibiotics,
would be of value. Therefore, whether in vivo or in vitro, anti-adhesion technology is very
promising to achieve clinical transformation.

8



Pharmaceuticals 2022, 15, 1253

2.2. Targeting Biofilm Formation Strategy

As planktonic bacteria adhere to tissues or abiotic surfaces, bacteria spontaneously
enter the second stage: biofilm formation. At this stage, the bacterial phenotype gradually
changes, which causes the bacteria to have mutual adhesion and aggregate, forming
small colonies. Bacteria will trigger QS for “communication” during formation of small
colonies. Acyl-homoserine lactones (AHL) and autoinducing peptides (AIPs) are signaling
molecules that mediate Gram-negative and Gram-positive bacteria, respectively [99]. At
the same time, there was a “general language” autoinducer-2 (AI-2) that can mediate
both Gram-negative and Gram-positive bacteria [100]. After bacteria receive QS signal
molecules, bacteria gradually change their metabolism and participate in biofilm formation,
including expression of PIA, bacterial autolysis and death, release of eDNA, and secretion
of polysaccharides and proteins [101–103]. Finally, EPS is formed under the joint action of
various mechanisms [30]. Therefore, the biological behaviors of the above bacteria can be
used as potential targets to provide a theoretical basis for design of targeting materials.

2.2.1. Quorum Quenching

Formation of biofilm is a complex and relatively slow dynamic process. QS is the
communication language of bacteria, which can effectively tell bacteria what to do now.
At present, it is known that QS molecules could directly regulate bacterial behavior in
biofilm. Many studies have reported that some compounds had the ability to quench QS,
thereby destroying the biofilm, termed quorum quenching (QQ) [104]. These molecules
are called quorum sensing inhibitors (QSIs) [105]. QSIs have been found to destroy the
QS process mainly through the following ways thus far: 1. inhibit QS molecular synthesis;
2. simulate QS molecules; 3. degrade QS molecules; 4. chemically modify QS molecules.
QSI will not affect DNA and cell division of bacteria, so bacteria rarely develop related drug
resistance [106]. Many QSI compounds have been found and synthesized now; therefore,
this paper only reviews QSI compounds with targeting functions.

QSI molecules with targeting function mainly have two mechanisms of action: the
first is to target QS synthetase to inactivate or degrade QS signal molecules [107,108]. The
second is the receptor that targeted QS signaling molecules so that the receptor cannot
receive QS molecules or compete with QS molecules [109,110]. The quorum-quenching
enzyme (QQE), such as acylase and lactonase, can degrade the QS signal and destroy QS
in the extracellular environment. Tzanov et al. found that QQE acyltransferase could
reduce the AHL signal (Figure 5a) [111]. The aceleacin A acylase (Au AAC) and N-acyl
homoserine lactone acyltransferase (Au AHLA) have the same effect [112]. These enzymes
have a QS targeting function. In addition, accessory gene regulator (agr) is the most classic
QS system of S. aureus [113]. Xu et al. verified that hyperbranched poly-L-lysine (HBPL)
inhibited QS mediated by the agr system and inhibited expression of QS-related genes
(Figure 5b) [114]. Luteolin, as a QSI, also inhibited downregulation of agrA gene, but
whether it has a targeted effect needs further study [115]. Bendary et al. further proved that
zinc oxide nanoparticles (ZnO NPs), Hamamelis tannin (HAM), and protease K could be
used as QSIs to downregulate the agrA gene, thereby inhibiting formation of biofilm [116].
Pseudomonas quinolone signal (PQS) is bound by cytosolic LysR-type receptor PqsR (also
known as MvfR) [117]. Therefore, PqsR antagonists were found [118]. Recent studies have
found that quercetin can specifically target the lasIR and rhlIR systems of P. aeruginosa and
LuxS and agr systems of Listeria monocytogenes (L. monocytogenes), thereby inhibiting the QS
system (Figure 5c) [119,120]. Ho et al. found a new lipophilic QSI for destroying biofilm
(Figure 5d) [121].
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Figure 5. Quorum sensing targeting technology. (a) A schematic diagram of QQE acylase and
amino-bearing biopolymer AM was covered layer by layer on the AgNPs template. Reprinted
from Ref. [111]. (b) Schematic diagram of the agr QS system and expression of QS-related genes
in Methicillin-resistant Staphylococcus aureus (MRSA). Reprinted with permission from Ref. [114].
Copyright 2022, Feng Xu. (c) Two quorum sensing systems (a) LuxS system and (b) agr system in
L. monocytogenes could be used as targets of quercetin. Reprinted with permission from Ref. [119].
Copyright 2020, Yong Hong Meng. (d) The self-assembling nanoparticles of a squalenyl hydrogen
sulfate (SqNPs) composed of a new lipophilic QSI (1), tobramycin, and SqHS. Reprinted from
Ref. [121].

2.2.2. Targeted Polysaccharide Strategy

As one of the important components of the protective barrier and biofilm surface,
polysaccharides can enhance intercellular adhesion and aggregation of bacteria, promote
bacterial immune escape, stabilize, and maintain the biofilm microenvironment, and pro-
vide nutrients for bacteria [122–125]. Targeted design of related materials and strategies
to target polysaccharides in biofilm are effective methods to remove biofilm. The initial
targeting strategy is to inhibit enzymes that produce polysaccharides in bacteria, such as
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glucosyltransferases (Gtfs) in Gram-positive S. mutans and aggregative exopolysaccharides
Psl and Pel in Gram-negative P. aeruginosa (Figure 6a) [126–128]. At present, development
of Gtfs inhibitors for S. mutans is very extensive (Figure 6b) [129,130]. It is worth noting
that Gtfs inhibitors are also used in developing vaccines [131]. Similarly, the combination
of Gtfs inhibitors and drugs could demonstrate practical anti-cariogenic efficacy. Disperse
B (DspB), glycoside hydrolase, and monoclonal antibodies are also common mainstream
strategies for targeting EPS. Drug delivery systems (DDS) could protect enzymes from
the external environment, and enzymes provide DDS targeting specificity [132]. DspB can
efficiently and specifically hydrolyze poly-beta (1,6)-N-acetyl-glucosamine (PNAG) [133].
Immobilized DspB-MagR showed a high inhibitory effect on biofilm [134]. Using enzymes
to degrade polysaccharides that disintegrate biofilm was gradually accepted; the related
technology was rapidly expanded. Fan et al. devised a method based on α-amylase to de-
velop a microneedle patch for removing biofilms caused by bacterial infections in wounds
(Figure 6c) [135]. Therapeutic strategies of P. aeruginosa biofilm infections based on enzyme
targeted acidic heteropolysaccharide (Alginate) have been reported [136,137]. Lee et al.
cloned an alginate lyase Aly08 from marine bacterium Vibrio sp. SY01 [138]. Daboor et al.
also purified alginate lyase Alyp1400 from marine P. aeruginosa [139]. The above extracted
lyase could form an efficient combination treatment with antibiotics. Zhang et al. further
encapsulated alginate lyase and other drugs to form a silver nanocomposite, and success-
fully eradicated P. aeruginosa infection in the lungs of mice [140]. In addition to alginate,
P. aeruginosa biofilm also contains polysaccharides Pel and Psl. Drozd et al. fixed Pel
hydrolase PelA on bacterial cellulose, solving the problem of chronic wound infection [141].

2.2.3. Targeted eDNA Strategy

In 1956, Catlin et al. first observed eDNA as one of the structural components of
biofilm, which not only proved that eDNA can be separated from the biofilm matrix but
also proved that addition of bovine deoxyribonuclease I (DNase I) can significantly reduce
the viscosity of biofilm, eventually leading to diffusion [142]. Subsequent studies have
proven that anionic eDNA can chelate cations from the immune system and drugs in the
biofilm, providing a “protective umbrella” for bacteria [143,144]. When bacteria are hungry,
eDNA acts as a nutrient. In addition, eDNA can also increase the hydrophobicity of the
cell membrane, making it easier for bacteria to adhere to the cell surface [145,146]. Thereby,
eDNAase synergistic therapy is applied and born [147–149]. Based on the above theory, the
targeting materials and strategies of eDNA have been put forward successively, and good
results have been achieved in removing biofilm and interrupting biofilm formation.

To date, targeted eDNA technology is no longer limited to DNase. Bing et al. designed
an eDNAase-simulated artificial enzyme based on graphene-oxide-based naturalistic acid–
cerium (IV) composite (GO-NTA-Ce) (Figure 7a) [150]. Qu et al. also designed cerium (IV)
complexes (eDNAase mimics) for targeting and hydrolyzing eDNA in biofilm [151]. As
the structure and mechanism of eDNA were gradually analyzed, other targeting materials
and strategies have emerged. Natural products had always been the first choice for drug
research and development. Some natural products with anti-biofilm effects were screened,
and it was found that emodin could effectively target eDNA in biofilm [152]. Ramesh
et al. reported an amphiphile (C1) with eDNA and membrane targeting, assembling
nanoparticles based on human serum albumin for targeting and destroying the biofilm
of S. aureus (Figure 7b) [153]. Chang et al. screened a fluorescence probe (CDr15), which
realized eDNA visualization in P. aeruginosa biofilm [154].
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Figure 6. Polysaccharide targeting technology. (a) 2-(4-methoxyphenyl)-N-(3-{[2-(4-methoxyphenyl)
ethyl] imino}-1,4-dihydro-2-quinoxalinylidene) ethanamine targeting glucosyltransferase and docking
analysis. Reprinted with permission from Ref. [126]. Copyright 2015, Yuqing Li. (b) Schematic diagram
of inhibition process of Gtfs inhibitors for S. mutans. Reprinted from Ref. [135]. (c) Schematic diagram
of α -amylase-PDA@Levo microneedle patch treating wound biofilm infection in mice. Reprinted with
permission from Ref. [135]. Copyright 2022, Daidi Fan.
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Figure 7. The eDNA targeting technology. (a) GO-NTA-Ce was used to target and destroy biofilm.
Reprinted with permission from Ref. [150]. Copyright 2022, Haiwei Ji. (b) Amphiphilic compound C1
with eDNA and membrane-targeting function, assembled with HNP into nanoparticles for targeting
and destroying S. aureus biofilm. Reprinted with permission from Ref. [153]. Copyright 2016, Prof.
Aiyagari Ramesh.

2.2.4. Targeted Protein Strategy

Protein plays an important role in promoting formation of biofilm and maintaining
structural stability of biofilm [155,156]. More and more evidence shows that biofilm-
associated protein can promote development of bacterial biofilm [157–160]. Interestingly,
extracellular proteins do not work alone but jointly with eDNA, polysaccharides, and
other components. Some studies have shown that biofilm will spread rapidly after the
absence of extracellular proteins in EPS [161,162]. Thus, targeting the protein in biofilm is
emerging as a hot research topic. Lin et al. designed a framework nucleic acid delivery
that could deliver antisense oligonucleotides to target S. mutans, destroying the biofilm
(Figure 8a) [163]. The characteristics of carbohydrate–protein interactions were well known.
Zhang et al. proposed an inspired nanoplatform composed of spiropyran and galactose. It
has dual functions of selectively imaging and eliminating the biofilm in situ [164]. Based on
the efficient hydrolysis mechanism of protease to protein, a series of enzyme-functionalized
materials were derived. Weldrick et al. introduced a gel carrier nanotechnology based
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on protease functionality, which, loaded with antibiotics, showed an efficient removal
effect on biofilm (Figure 8b) [165]. Devlin introduced that mesoporous silica nanopar-
ticles (MSNs) functionalized by servants could efficiently hydrolyze proteins in MRSA
biofilm [166]. Curcumin can also target cellular walls and proteins of Vibrio parahaemolyticus
(V. parahaemolyticus) [167].
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Figure 8. Protein targeting technology. (a) Scheme of a framework nuclear acid delivery that could
target S. mutans and destroy biofilm bifunction. Reprinted from Ref. [163]. (b) Preparation process
and targeting mechanism of gel carrier nanotechnology of protease functionalized. Reprinted with
permission from Ref. [165]. Copyright 2019, Vesselin N. Paunov.

Numerous compounds with targeting functions have been synthesized and identified
to date. Among them, some compounds were effective in reducing substances in biofilm.
However, the future research directions of anti-biofilm molecules with targeting function
should include several aspects. First, we should consider the species-specific effects of
targeted molecules. They may target a substance in the biofilm of pathogenic bacteria, but
they may also have the opposite effect on probiotics. In addition, the effect of targeted
molecules on normal cell function should be considered. Second, it is worth noting that the
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targeted molecules are basically targeting a single substance, but it is worth considering
whether the targeted molecules will have a cross-reaction effect on the multi-component
aspects of biofilm. Third, most studies on targeted molecules are completed in in vitro
biofilm models, which means that they are not necessarily applicable to biofilm produced
in vivo. Therefore, future research should focus on use of in vivo models to confirm the
anti-biofilm activity of targeted molecules.

2.3. Targeting Strategy for Biofilm Maturation Stage

In the mature stage of biofilm, bacteria will secrete much EPS and then form a dense
mushroom-shaped or pile-shaped mature biofilm with 3D structure [59]. Its internal struc-
ture is stable and hydrophobic, which can effectively resist external mechanical forces
and drug invasion. Due to the dense encapsulation of EPS, the continuous fermenta-
tion, and accumulation of bacterial metabolites in biofilm, a unique chemical gradient
microenvironment is formed, such as hypoxia, low pH, negative charge, overexpressed
GSH, etc. [168]. These extreme microenvironments will cause some bacteria to enter a
dormant and persistent state, thereby reducing the sensitivity of bacteria to antimicrobial
agents and antibiotics [169,170]. This is also one of the main reasons why mature biofilm
infection is difficult to clear.

2.3.1. Targeted Persistent and Dormant Cells Strategy

After the biofilm is formed, the internal chemical gradient environment of biofilm
is hostile to bacteria, so bacteria differentiate into different bacterial subpopulations to
protect themselves. In 1942, persistent bacteria were first discovered. They will not develop
resistance to drugs, but, because of their slow metabolism, or even dormancy, they can
avoid being persecuted by drugs [171]. Similar phenomena have been found in clinical
treatment [172]. Therefore, in view of these results, it was proposed that this was equivalent
to slow and chronic infection [173]. Targeted dormancy, that is, persistent bacteria, is
conducive to removal of biofilm and was more conducive to solving the problems of
chronic infection and repeated infection.

Typical representatives of dormant bacteria are Mycobacterium tuberculosis (Mtb). It is
reported that targeting persistent bacilli could effectively improve the treatment success
rate and shorten the time after granuloma formation [174]. Dialylquinoline TMC207 could
target adenosine triphosphate (ATP) synthase, thereby damaging the lipopeptide of the
bacterial membrane to achieve the effect of scavenging persistent Mtb [175]. Based on
structure–activity relationships of TMC207 analogs, many derivative compounds have
been gradually reported for targeting persistent bacteria (Figure 9a) [176]. Some researchers
also found that halogenated phenazine (HP) derivatives can also effectively target persistent
bacteria (MRSA; vancomycin-resistant Enterococcus (VER); Mtb) [177]. The stringent response
is an adaptive mechanism controlled by response enzyme (RelMtb), which will promote
Mtb to enter a persistent state. Using lead compound to target RelMtb could directly kill
Mtb of a dormant state [178]. Some diterpene analytics can also target RelMsm and RelZ
to inhibit formation of persistent cells and biofilm [179]. Narayanan et al. reported that a
compound (FNDR-20081) could target maturities marR (Rv0678, a regulator of MmpL5) [180].
Some studies hold that waking up persistent cells is more conducive to killing them than
killing them directly [181]. Kim et al. found that adenosine (ADO) can activate ATP and
guanosine triphosphate (GTP) synthesis and promote cell respiration, thereby enhancing
killing of persistent cells by antibiotics [182]. Rotello et al. proposed a strategy of using
biodegradable nanoemulsions to load eugenol and triclosan for synergistic removal of
biofilm and persistent cells [183]. In addition, Acyl peptide antibiotic ADEP4 is an effective
activator of ClpP protease, which can adjust persistent MRSA [184]. Yue et al. found
that felodipine enhanced the clearance efficiency of aminoglycosides on persistent cells
(Figure 9b) [185].
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Figure 9. Persistent and dormant cells targeting technology. (a) Compound structure (TMC207)
with the function of targeting persistent bacteria and related derivative structure (Compound 1–5).
Reprinted with permission from Ref. [176]. Copyright 2012, Anil Koul. (b) New uses of old drugs
using felodipine to regulate bacterial metabolism and improve the clear efficiency of aminoglycosides
on persistent cells. Reprinted from Ref. [185].

2.3.2. The Intelligent Release of Microenvironment Response Strategy

Chemical gradient is one of the classic characteristics of biofilm maturity. Thus far,
antibacterial materials that use chemical gradient to achieve intelligent release are constantly
emerging. Since this review mainly discusses materials and strategies with targeting
function, we will briefly introduce this.

Hypoxic

The hypoxic environment will limit metabolism of bacteria, thereby increasing drug
resistance [186]. At the same time, it will also enhance the invasion function and virulence
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factors of bacteria [187]. Therefore, alleviating the hypoxic environment is an effective
method to reverse drug resistance of biofilm. Carrying oxygen (O2) can not only effec-
tively overcome a hypoxic microenvironment but also enhance photodynamic therapy
(PDT) [188–190]. It has also been reported that use of catalysts or enzymes to catalyze the
endogenous overexpression of H2O2 to produce O2 can also effectively solve the hypoxic
microenvironment of biofilm (Figure 10a) [191–195].

Low pH

Lactic acid and acetic acid, which are metabolized by bacteria, will continue to accu-
mulate in the biofilm. At the same time, inflammatory cells continuously release lactic acid,
leading to a slight acid phenomenon in the microenvironment of mature biofilm [196,197].
PH-responsive drug delivery systems are widely used in oncology therapy. They are stable
in neutral environments but degrade or destroy to release drugs in an acidic environment.
Current known degradable bonds that are sensitive to acidity include Schiff bases, esters,
ketals, acetals, anhydrides, etc. [198,199]. In addition, using functional groups at a low pH
to realize charge reverse and dimensional change is also one of the mainstream strategies
in anti-biofilm therapy (Figure 10b) [200–202].

Negative

The negative microenvironment of mature biofilms is primarily caused by eDNA. The
negative microenvironment can effectively neutralize invasion of cationic drugs or antibiotic
peptides. Using the negative characteristics to design materials and strategies can enhance
penetration and retention of materials into biofilm through electrostatic interaction [203,204].
Strategies that exploit negative features are often combined with other targeting strategies
to remove biofilms (Figure 11a) [205–207].

Overexpression GSH

In biofilm, GSH acts as an antidote against oxidative stress damage to bacteria from
reactive oxygen species. In addition, GSH is a major sulfur source for bacteria, and the sulfur
metabolic pathway is one of the main causes of bacterial drug resistance [208]. Therefore,
using materials to consume GSH in biofilm may make bacteria unable to maintain redox
equilibrium, which is favorable for biofilm removal [209]. Some studies have proposed
that using endogenous signal molecule nitric oxide (NO) not only consumes GSH but also
disintegrates biofilm and promotes immunity (Figure 11b) [210].

Hydrogen Peroxide

It is understood that endogenous H2O2 is over-expressed in the microenvironment of
biofilms. As discussed above, H2O2 is commonly used as a catalytic substrate to produce
O2 and alleviate a hypoxic microenvironment. H2O2 is converted into toxic hydroxyl
radicals and superoxide radicals under catalysis of peroxidase (POD) or catalyst [211,212].
This kind of treatment is called chemokinetic therapy (CDT) [213]. This method does not
cause bacteria to become resistant.

2.3.3. Other Targeting Strategies

For mature biofilms, in addition to the targeted strategies reviewed above, there are
different technical targeting strategies that can still be effective in eradicating biofilms.
Rapid developments in biotechnology, nanotechnology, and chemical engineering provide
unparalleled flexibility for anti-biofilm technology. Functionalized nanoparticles offer
the advantages of controllable structure, morphology, charge, size, target, and optional
antibacterial methods. These nanostructures can be used to accurately target and clear the
biofilms while avoiding bacterial resistance. We focus on the overall concept and review
some nano research in vivo models with clinical potential.
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Figure 10. Using hypoxia and low pH to realize intelligent response technology. (a) Using Mn2+

endogenous overexpression of H2O2 to produce O2 to solve the hypoxia. Reprinted with permission
from Ref. [194]. Copyright 2020, Qiuyu Zhang. (b) Schematic diagram of functional group protonation
in low pH environment to realize charge reversal and intelligent release strategy. Reprinted with
permission from Ref. [200]. Copyright 2022, Wei Hong.

18



Pharmaceuticals 2022, 15, 1253

Pharmaceuticals 2022, 15, x FOR PEER REVIEW 19 of 36 
 

 

Negative 

The negative microenvironment of mature biofilms is primarily caused by eDNA. 

The negative microenvironment can effectively neutralize invasion of cationic drugs or 

antibiotic peptides. Using the negative characteristics to design materials and strategies 

can enhance penetration and retention of materials into biofilm through electrostatic in-

teraction [203,204]. Strategies that exploit negative features are often combined with other 

targeting strategies to remove biofilms (Figure 11a) [205–207]. 

Overexpression GSH 

In biofilm, GSH acts as an antidote against oxidative stress damage to bacteria from 

reactive oxygen species. In addition, GSH is a major sulfur source for bacteria, and the 

sulfur metabolic pathway is one of the main causes of bacterial drug resistance [208]. 

Therefore, using materials to consume GSH in biofilm may make bacteria unable to main-

tain redox equilibrium, which is favorable for biofilm removal [209]. Some studies have 

proposed that using endogenous signal molecule nitric oxide (NO) not only consumes 

GSH but also disintegrates biofilm and promotes immunity (Figure 11b) [210]. 

 

Figure 11. Using negative overexpression GSH and H2O2 to realize intelligent response technol-

ogy. (a) Nanoparticles with charge reversal; the retention capacity of nanoparticles is improved 

through electrostatic interaction, thereby improving the antibacterial effect. Reprinted with 

Figure 11. Using negative overexpression GSH and H2O2 to realize intelligent response technol-
ogy. (a) Nanoparticles with charge reversal; the retention capacity of nanoparticles is improved
through electrostatic interaction, thereby improving the antibacterial effect. Reprinted with permis-
sion from Ref. [206]. Copyright 2021, Fu-Jian Xu. (b) A therapeutic regimen that utilizes NO to
deplete GSH and trigger immunotherapy. Reprinted with permission from Ref. [210]. Copyright
2022, Xiaohong Li.

Magnetic Targeting Technology

Iron-based nanoparticles have stable paramagnetic properties. Among them, Fe3O4,
which is tether-free and harmless to the human body, has been widely applied in con-
struction of magnetic micro-robots [214]. Meanwhile, Fe3O4 may promote the Fenton reac-
tion, which has certain antibacterial properties. Zhang et al. designed a magnetic micro
swarm based on porous Fe3O4 masterclass, which showed efficient removal of biofilm
(Figure 12a) [215]. Shi et al. loaded glucose-oxidase and L-arginine on Fe3O4@SiO2 to
deliver nanoparticles to the infected site in mice by magnetic targeting technique. Nanopar-
ticles achieve a cascade reaction to produce NO to eliminate the biofilm infection of
drug-resistant bacteria [216]. Escarpa et al. reported a dual-propelled (both catalytic
and magnetic) lanbiotic-based Janus micromotor, which can efficiently and selectively
capture/inactivate Gram-positive bacteria and biofilms [217].
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Phage-Targeting

Bacteriophage–bacteria interaction has been a hot topic and research frontier. Specific
targeted function of bacteriophages has been used in most therapeutic areas, such as in-
testinal infection, intracellular bacterial infection, and liver disease [218–220]. As a result,
phage-targeting techniques have also appeared in treatment of biofilm infection. Yang et al.
designed a strategy of combining phage-guided targeting with AIEgens photodynamic
inactivation (PDI) [221]. Sharma et al. found a bacteriophage targeting drug resistance
Enterococcus faecalis (E. faecalis) biofilm; it is worth noting that this phage can be admin-
istered orally [222]. Hazan et al. also screened a phage targeting E. faecalis biofilm [223].
Wang et al. reported a bacteriophage-photodynamic antibacterial chemotherapy for precise
antibacterial and biofilm ablation (Figure 12b) [224]. Hatful et al. reported for the first
time the therapeutic effect of bacteriophages on multi-drug-resistant Mycobacterium chelonae
and described the observed clinical efficacy. The results suggest that bacteriophages are
a promising treatment. However, the safety of phage therapy needs to be investigated
further [225].

Probiotic Targeting

Since the introduction of probiotic targeted delivery, it has been widely used in a
variety of fields, including improving gut flora, oncology, and immunotherapy. In addition,
probiotic delivery techniques have been widely used in anti-infection applications. This tech-
nique not only disintegrates biofilms of pathogenic bacteria but also effectively stimulates
the immune system, resulting in a distinct antibacterial–immune combination treatment
regimen. Chapman et al. found that four probiotics (Lactobacillus acidophilus NCIMB 30184
(PXN 35); Limosilactobacillus fermentum NCIMB 30226 (PXN 44); Lactiplantibacillus plantarum
NCIMB 30187 (PXN 47); and Lacticaseibacillus rhamnosus NCIMB 30188 (PXN 54)) could
inhibit biofilm formation of pathogenic bacteria through competing for binding sites on
the host bladder epithelium, and adhesion of urinary tract pathogens was inhibited [226].
Lorenzo Drago et al. observed two probiotics (Streptococcus salivarius 24smb and S. oralis
89A) could inhibit biofilm formation of specific pathogens and even disperse their pre-
formed biofilm [227]. Gabriele Meroniet et al. summarized that lactic acid bacteria could
inhibit the role of pathogenic bacteria biofilm through multiple pathways [228]. Successive
studies of probiotics against pathogenic bacteria have shown that probiotics have the func-
tion of targeting and inhibiting disease-causing bacteria pathogenic bacteria and have great
potential as drugs or drug vectors [229–231].

Gene Targeting

Gene targeting techniques alter endogenous genes of bacteria by homologous recom-
bination. The effects of this targeting technology could be lasting. In addition to the
advantages of directly disintegrating biofilms, it may also directly shadow the dormant
cells or newly dividing cells, leading to unique therapeutic effects [232]. Thorsten M. Seyler
et al. reported a derivative of PKZ18 (PKZ18-22) for the first time, which can selectively
target Gram-positive bacteria [233]. CRISPR interference (CRISPRi) was also one of the
main technologies developed in the field of anti-infection [234]. Kimberly A. Kline et al.
developed a dual-carrier nisin-inducible CRISPRi system in E. faecalis that can target and
effectively silence resistance genes via non-template and template chains [235]. In addition,
numerous gene targeting techniques have been applied in the research and development of
antimicrobial drugs [236–238].

Metabolic Targeting

The metabolic pathway of drug resistance has consistently been one of the hotspots of
antimicrobial research. It has the potential to reduce bacterial resistance or restore bacterial
sensitivity to antimicrobials in a number of ways. Shatalin et al. designed a cystathionine
based on bacterial hydrogen sulfide (H2S) to increase antibiotic resistance γ-Lyase (CSE)
inhibitor. The inhibitor takes CSE as its target, which inhibits production of H2S and
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reduces antibiotic resistance [208]. Other studies have also shown that targeting drug
resistance genes can be used to develop new antibacterial drugs [64,239].
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phage-targeting technology and photodynamic therapy. Reprinted from Ref. [224].

Mature biofilms are the model used in most laboratory studies, so there are a myriad
of fascinating targeting techniques available at this stage. These studies provide a valuable
theoretical basis for clinical transformation, and even some targeting techniques can target
specific cell subsets in multi-strain biofilm. The wide development of biofilm-targeting
technology should consider the following points: first, biological effects of materials be-
tween host and bacteria; second, the whereabouts and potential hazards for host of the
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materials after antibacterial processes in vivo. The most important point is whether the
targeted material has a negative effect on the normal flora during or after treatment.

2.4. Targeted Strategy for Biofilm Dispersion Stage

The biofilm dispersal phase is a unique phase that represented the transition from
bacterial biofilms to planktonic bacteria and represented the final step in the biofilm life
cycle. Dispersed planktonic bacteria lose their “shelter” and “umbrella”, so they are easier
to kill. As a result, some studies have considered active dispersal of biofilms as a promising
method to control biofilm removal [240]. However, several studies have considered active
dispersal of biofilms as a promising method to control biofilm removal. The biofilm should
be prevented from entering the dispersion stage [241–243]. Therefore, in this chapter,
we discuss the application of targeting technology from two parts: voluntary dispersion
biofilm and limited biofilm dispersion.

2.4.1. Active Dispersion Biofilm

After the biofilm has grown to a certain size, the bacteria will actively disrupt the
biofilm, thus achieving diffusion. Currently, most studies have proposed various strategies
for dispersing biofilm based on the mechanism of bacterial self-degradation of EPS. As
the strategy of enzymatic hydrolysis of EPS has been fully discussed above, the discussion
will not be repeated in this section. D-type amino acid is one of the main compounds
secreted by bacteria in the biofilm dispersion stage [244]. Therefore, therapeutic strategies
have been proposed to combine D-type amino acids with drugs. Part of the D-type
amino acids was initially used to label peptidoglycan of bacteria, thus achieving effective
targeting. However, some D-type amino acids can efficiently cleave EPS in biofilms.
Interestingly, this cleavage effect was only directed at the bacterial biofilm and is harmless
to normal cells. Cláudia et al. constructed a nanoparticle functionalized with D-amino
acids, which can break down the biofilm, thereby improving the bactericidal effect of
moxifloxacin in the biofilm [245]. Simple antibiotic-D-amino acid combination therapy
could also effectively eradicate biofilm infection of drug-resistant bacteria [246]. Wang et al.
constructed a chiral-glutamate-functionalized gold nano bipyramid (Au NBP). The results
showed that D-Glu-Au NBPs could more accurately target bacterial cell walls and eliminate
biofilms [247]. Li et al. designed a kind of micelle, and the D-Tyrosine loaded on the micelle
was released in an acidic environment to decompose the biofilm matrix [248]. Most studies
have demonstrated the great clinical value of D-type amino acid, a dispersal factor of
bacteria (Figure 13a) [249,250]. Furthermore, Olivier et al. first studied the effect of human
hormone atrial natriuretic peptide (hANP) on formation and dispersion of P. aeruginosa
biofilm [251].

2.4.2. Control Biofilm Dispersion

Some researchers believe that the control of biofilm dispersion is significant compared
to active dispersive biofilm techniques. The main reason for this is that the control of
biofilm dispersion can be manually controlled both spatially and temporally. Moreover,
it can effectively address the problem of secondary infection of biofilm residues. Manju
et al. showed that RV1717 was a kind of β-D-galactosidase in the cell wall. It has been
demonstrated experimentally that RV1717 expression is downregulated, which prevents
Mtb from dispersing from the biofilm in vitro [252]. Kobayashi et al. found that adding
Ca2+ to the culture medium could counteract the biofilm dispersion mechanism in the study
(Figure 13b) [253]. Although the research on regulating of biofilm dispersion is relatively
limited, it provides a fresh theoretical basis for development of new drugs.
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therapeutic strategy of using D-type amino acids to achieve antibacterial and dispersive functions.
Reprinted with permission from Ref. [249]. Copyright 2020, Dawei Zhang. (b) The strategy of using
calcium ions to regulate the biofilm and prevent it from entering the dispersion stage. Reprinted with
permission from Ref. [253]. Copyright 2021, Kazuo Kobayashi.

3. Conclusions and Perspectives for Future Research

Tremendous development in bacterial targeting technology has occurred in recent
years, including metabolic targeting, gene targeting, membrane targeting, protein targeting, and
extracellular matrix targeting. Compared to conventional antibacterial materials, the targeting
technique is more accurate and efficient and, therefore, has better antibacterial properties
and ablation efficiency for biofilm. The intensive study of biofilm has greatly accelerated the
pace of biofilm-targeting technologies. Targeting techniques have significantly improved
biocompatibility by fine-tuning the life-cycle properties of biofilms and related components,
combined with diagnostic imaging techniques to unlock high-dimensional multimodal
studies. Based on these advantages, biofilm-targeting technology has been applied to ultra-
sensitive diagnosis and personalized treatment. This paper reviews the known biofilm-
targeting technologies, with a particular focus on targeting dormant cells and the regulation
strategy for biofilm life cycle. While significant progress has been made at this stage, as
described in this paper, there are still many challenges in clinical targeting technology:
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1. The key barrier is the in vivo biofilm model, especially for a multi-species biofilm
model. In this regard, substantive research on the targeted techniques should be
conducted before entering the clinic; it is extremely important to implement techniques
that can accurately target the objective in multi-species biofilm.

2. Further implementation of differential targeting of pathogenic bacteria and probiotics
is highly beneficial and is expected to facilitate rapid development of immunotherapies.

3. To clarify the metabolic pathway of targeted techniques under host pathological
conditions, it is necessary to develop targeted techniques with long-term visualization
or monitoring.

4. Currently, targeting techniques target different phases of biofilms. Could there
be a technique to observe the biofilm phase in patients to make treatment plans
more effective?

5. The biological effects of targeting technology among materials, cells, and bacteria are
very worthy of study.

6. Currently, small molecules of targeted inhibitors have the potential to replace antibi-
otics for treatment, but antibiotics have a chiral structure. Research on the combination
of targeted inhibitors and stereochemistry may be a new generation of antibiotic re-
search and development route.

7. Targeting technology is needed to meet clinical needs. Cost-effective, simplified, and
economical amplification preparation strategies need to be widely studied.

In the rapidly evolving antibacterial field, we assume that continuous improvement
in biofilm-targeting technology will make it possible to target in an accurate way and
introduce single-bacterial targeting technology that is not available at present. This is not
only conducive to accurate clinical diagnosis and treatment but also helps to stimulate
discovery of new technologies.
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Abstract: Frequent bacterial/fungal infections and occurrence of antibiotic resistance pose increasing
threats to the public and thus require the development of new antibacterial/antifungal agents and
strategies. Carbon dots (CDs) have been well demonstrated to be promising and potent antimicrobial
nanomaterials and serve as potential alternatives to conventional antibiotics. In recent years, great
efforts have been made by many researchers to develop new carbon dot-based antimicrobial agents
to combat microbial infections. Here, as an update to our previous relevant review (C 2019, 5, 33), we
summarize the recent achievements in the utilization of CDs for microbial inactivation. We review
four kinds of antimicrobial CDs including nitrogen-doped CDs, metal-containing CDs, antibiotic-
conjugated CDs, and photoresponsive CDs in terms of their starting materials, synthetic route,
surface functionalization, antimicrobial ability, and the related antimicrobial mechanism if available.
In addition, we summarize the emerging applications of CD-related antimicrobial materials in medical
and industry fields. Finally, we discuss the existing challenges of antimicrobial CDs and the future
research directions that are worth exploring. We believe that this review provides a comprehensive
overview of the recent advances in antimicrobial CDs and may inspire the development of new CDs
with desirable antimicrobial activities.

Keywords: antibacterial; bactericidal; disinfection; carbon nanodots; carbonized polymer dots

1. Introduction

Owing to the long-term use and overuse of antibiotics, pathogens have become resis-
tant to almost all existing traditional antibiotics by mutating or acquiring drug-resistant
genes from other organisms. It is urgently necessary to develop novel effective antimicro-
bial compounds as potent alternatives to the conventional small-molecule antibiotics to
address the issue of microbial drug resistance. The great advancement of nanoscience and
nanotechnology has offered a new solution for the development of antimicrobial materials.
Several types of nanomaterials are known to exhibit antibacterial properties. Particularly,
inorganic metal and metal oxide nanoparticles have been intensively investigated for their
potential use as antimicrobial agents [1,2]. Although these metal (e.g., Au and Ag) and
metal oxide (e.g., Fe2O3, CuO, and ZnO) nanoparticles possess antimicrobial activities, the
release of metal ions may cause nonspecific biological toxicity, which urgently requires the
development of safer antimicrobial nanomaterials [3,4]. Among the large variety of antimi-
crobial nanomaterials, carbon dots (CDs) have received ever-increasing attention, mainly
due to their easy preparation and functionalization, great water dispersity, and satisfactory
biocompatibility. One appealing merit for CDs is that their property and function can be
easily manipulated during the synthesis or post-modification stage, which is highly useful
for antibacterial applications. CDs are zero-dimensional carbonaceous nanoparticles with
sizes no more than 20 nm, also termed “carbonized polymer dots”, “carbon quantum dots”,
or “carbon nanodots” [5–11]. CDs can be prepared from a wide variety of natural materials
such as biomass and waste, and a huge array of chemical agents [12,13]. There are two
well-known CD preparation strategies: bottom-up strategy and top-down strategy. The
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synthetic approaches for CDs include hydrothermal/solvothermal reaction, pyrolysis, soni-
cation, microwave irradiation, etc. [12]. The broad applications of CDs in sensing [12,14–16],
optoelectronics [17], energy [18], catalysis [12,19], and nanomedicine [20–24], have been
demonstrated since their discovery in 2004 [25].

Currently, three antimicrobial mechanisms have been reported for CDs, including
cell wall/membrane disruption, reactive oxygen species (ROS) generation, and DNA dam-
age [23]. The inhibitory action of CDs on microorganisms depends on the composition, size,
shape, and surface chemistry of CDs. It is extremely difficult to explain the antimicrobial
mechanisms of CDs without performing careful structural characterizations of the CDs.
Specifically, the catalytic activity, the crystallographic structure, the surface state (defect or
functionalization), and charge transfer are important factors that contribute to the antimi-
crobial activity of CDs. However, currently, except for the several studies that mentioned
the effect of surface functionalization on the antimicrobial activity of CDs [7,24,26], detailed
evaluations of the other factors are still lacking in the current CD-based antimicrobial
studies. As a result, more attention should be paid to the investigations of the effect of the
other factors on the antimicrobial activity of CDs in the future.

In 2019, we have reviewed the advancements of CDs in sensing and killing microorgan-
isms in terms of their preparation, functionalization, toxicity, and underlying antimicrobial
mechanism [16]. Nevertheless, the past three years have witnessed the booming applica-
tions of CDs in the antimicrobial field. Hence, an update on this topic is essential to embrace
the latest progress in this field. Numerous CDs have been reported for antimicrobial therapy
in recent years, and they can be classified into four types including nitrogen-doped CDs,
metal-containing CDs, antibiotic-conjugated CDs, and photoresponsive CDs (Scheme 1).
We discuss their raw materials, synthetic approaches, modification methods, antimicrobial
abilities, and the related antimicrobial mechanisms if available in detail below. Furthermore,
we also introduce the advances in the applications of the antimicrobial CDs in industry
and medicine. Finally, we discuss the current limitations of antimicrobial CDs and propose
some research directions.
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2. Antimicrobial CDs
2.1. Nitrogen-Doped CDs
2.1.1. Nitrogen-Doped CDs Derived from Biomass

When we prepared our previous review in 2019, a large number of fluorescent CDs
synthesized from different natural sources had been harnessed for microbial imaging, but
few CDs derived from biomass had been utilized as antimicrobial agents [16]. Neverthe-
less, in the last three years, the development of green synthetic methods for fabricating
antimicrobial CDs from different natural carbon precursors has attracted considerable
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interest (Table 1), and such a method is facile, cost-effective, and eco-friendly. CDs prepared
from Lawsonia inermis (Henna) [27], oyster mushroom (Pleurotus species) [28], osmanthus
leaves [29], tea leaves [29], Ananas comosus waste peels [30], Impatiens balsamina L. stems [31],
Aloe vera leaves [32], medicinal turmeric leaves (Curcuma longa) [33], rosemary leaves [34],
sugarcane bagasse pulp [35], waste tea extract [36], waste jute caddies [37], Forsythia [38],
and Artemisia argyi leaves [39], have been reported to possess antimicrobial activities. It
is interesting to find that all these biomass-derived CDs contain the nitrogen element,
which might be from the proteins, animo acids, and nucleic acids in biomass. For instance,
Wang et al. synthesized CDs (ACDs) from Artemisia argyi leaves through a smoking sim-
ulation approach (Figure 1A) [39]. ACDs have spherical morphology with a diameter of
2–5 nm (Figure 1B). ACDs displayed selective antibacterial ability toward Gram-negative
bacteria like Escherichia coli (E. coli), ampicillin-resistant E. coli (ARE E. coli), kanamycin-
resistant E coli (KRE E. coli), Pseudomonas aeruginosa (P. aeruginosa), and Proteusbacillus
vulgaris (P. vulgaris), but not Gram-positive bacteria such as Staphylococcus aureus (S. aureus)
and Bacillus subtilis (B. subtilis) (Figure 1C). ACDs could kill 100% Gram-negative bacteria
at 150 µg mL−1. The antibacterial mechanism study demonstrated that ACDs could only
disrupt the cell walls of E. coli rather than those of S. aureus, since according to the high
magnification images in (d and h), only the E. coli cells showed shrunken and damaged
cell structures (Figure 1D). In addition, ACDs could change the secondary structure and
thus the activity of cell wall-related enzymes in Gram-negative bacteria. More interestingly,
ACDs could strongly prevent the biofilm formation of E. coli. The development of ACDs
is of great value for the treatment of infections associated closely with Gram-negative
bacteria. Saravanan et al. prepared CDs by one-step hydrothermal treatment of medicinal
turmeric leaves (Curcuma longa) [33]. The as-prepared CDs exhibited antibacterial activities
toward both Gram-negative bacteria (E. coli and Klebsiella pneumoniae (K. pneumoniae)) and
Gram-positive bacteria (S. aureus and Staphylococcus epidermidis (S. epidermidis)) due to their
release of ROS. Collectively, these naturally derived CDs from biomass represent potent
candidates as new antimicrobial agents to combat antibiotic-resistance of microorganisms.

Table 1. Nitrogen-doped CDs derived from biomass for killing microorganisms.

Raw Materials Preparation Method Size *
(nm)

Charge
(mV)

QY
(%) Ref.

Lawsonia inermis (Henna) Hydrothermal treatment 3–7 −39 28.7 [27]
Oyster mushroom Hydrothermal treatment 8 – – [28]
Osmanthus leaves Hydrothermal treatment 4–9 −20 – [29]

Tea leaves Hydrothermal treatment 3–7 −20 – [29]
Ananas comosus waste peels Hydrothermal treatment 2.4 ± 0.5 – 10.65 [30]
Impatiens balsamina L. stems Hydrothermal treatment 2–4.5 22.47 54 [31]

Aloe vera leaves Hydrothermal treatment 10–20 – – [32]
Medicinal turmeric leaves Hydrothermal treatment 1.5–4.0 −7 – [33]

Rosemary leaves Hydrothermal treatment 16.1 ± 4.6 – – [34]
Sugarcane bagasse pulp Hydrothermal treatment 1.7 ± 0.2 – 17.98 [35]

Waste tea extract Hydrothermal treatment 0.85 – 3.26 [36]
Waste jute caddies Hydrothermal treatment 6.05 – 14.5 [37]

Forsythia Microwave treatment 2.6 – – [38]

Artemisia argyi leaves Smoking simulation
method 2–5 – – [39]

* Size means the diameter distribution (or average diameter) of CDs which was determined from the corresponding
TEM result.
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Figure 1. Biomass-derived nitrogen-doped antimicrobial CDs. (A) Scheme depicting the synthesis
of ACDs. (B) Left: Transmission electron microscopy (TEM) image and high-resolution TEM image
(inset) of ACDs. Right: corresponding size distribution. (C) Effect of 150 µg mL−1 ACDs on
the growth of E. coli, kanamycin-resistant E. coli (KRE. coli), ampicillin-resistant E. coli (ARE. coli),
P. aeruginosa, P. vulgaris, S. aureus, and B. subtilis. (D) Scanning electron microscopy (SEM) images of
E. coli incubated without ACDs (a and b) and with ACDs (c and d), and S. aureus incubated without
ACDs (e and f) and with ACDs (g and h). ACDs could only disrupt the cell walls of E. coli rather than
those of S. aureus. (A–D) Reproduced with permission from [39]. Copyright 2020, The Royal Society
of Chemistry.

2.1.2. Nitrogen-Doped CDs Derived from Nitrogen-Containing Compounds

In addition to biomass, nitrogen-doped CDs can also be prepared from nitrogenous
compounds such as proteins [40], amino acids [41–44], natural amines [45–47], quaternized
compounds [48,49], polyethyleneimine (PEI) [50–53], diethylenetriamine (DETA) [45,54], 2,2′-
(ethylenedioxy)-bis(ethylamine) [55], p-phenylenediamine [56], and m-phenylenediamine [57]
for antimicrobial purposes.

Nitrogen-doped CDs have been obtained using protein (protamine sulfate) as the
raw material. Zhao et al. reported the simple and fast synthesis of multifunctional blue-
emitting protamine sulfate (PS)-based CDs (PS-CDs) by a one-step microwave-mediated
approach (Figure 2A) [40]. PS-CDs featured great antibacterial efficacy against S. aureus
with a minimum inhibitory concentration (MIC) of 25 µg mL−1 and methicillin-resistant
S. aureus (MRSA) with an MIC of 37.5 µg mL−1. Furthermore, PS-CDs displayed high
water-dispersity, low cytotoxicity, and excellent blood compatibility. The authors also
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revealed the antibacterial mechanism of PS-CDs: PS-CDs bound to bacteria by electrostatic
interaction, damaged cell membrane, entered the cells, and disrupted the normal survival
functions of the bacteria. To conclude, this work employs protein as a raw material to
prepare CDs that can be internalized easily by bacteria to realize bactericidal effect.
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Figure 2. Schematic diagram showing the preparation of nitrogen-doped CDs with antimicrobial
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Several CDs prepared from amino acids such as arginine [41], alanine [42,43], L-
tryptophan [58,59], cysteine [43,44], lysine [59], and arginine [59] have been reported to
possess antimicrobial activities. Suner et al. synthesized nitrogen-doped arginine CDs
(termed Arg CDs) utilizing citric acid as the carbon source and arginine as the amine
source by a microwave-mediated approach (Figure 2B) [41]. Arg CDs displayed an MIC of
6.250 mg mL−1 against S. aureus. To enhance the antimicrobial activity of Arg CDs, two
nanocomposites, Arg-Ag CDs and Arg-Cu CDs, were synthesized by generating Ag and
Cu nanoparticles (NPs) within Arg CDs. Arg-Ag CDs and Arg-Cu CDs exhibited an MIC of
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0.062 and 0.625 mg mL−1 against S. aureus, respectively. In addition, Arg-Ag CD possessed
0.125 and 0.312 mg mL−1 minimum bactericidal concentration (MBC) values against S.
aureus and E. coli, respectively. Pandey et al. prepared CDs from citric acid and β-alanine
through a microwave-mediated method [42]. The as-synthesized CDs repressed the growth
of diverse Gram-negative bacteria such as E. coli, Salmonella, Pseudomonas, Agrobacterium,
and Pectobacterium species.

Besides proteins and amino acids, other natural amines have been explored as pre-
cursors to construct antimicrobial CDs, such as histamine [45], cadaverine [45], putrescine
dihydrochloride [45], spermine tetrahydrochloride [45], L-glutathione [46], and spermi-
dine [47]. As an example, Hao et al. prepared positively charged CQDs (PC-CQDs) from
citric acid and L-glutathione (Figure 2C) [46]. PC-CQDs exhibited high antibacterial ac-
tivity against S. aureus, E. coli, P. aeruginosa, and MRSA. PC-CQDs strongly attached to
the bacterial cell surfaces due to their small size and the surface groups –NH2 and –NH,
entered the cells, and induced the conformational change of DNA and the production of
ROS, leading to the rupture of the bacterial cells. It is worth noting that PC-CQDs did not
cause detectable drug resistance or hemolysis. No drug resistance was observed in S. aureus,
E. coli, and MRSA incubated with PC-CQDs for over 30 days. Moreover, PC-CQDs were
deployed for the antibacterial treatment of mixed S. aureus- and E. coli-infected wounds
in rats with low in vivo toxicity, showing the same therapeutic effect as the traditional
antibiotic levofloxacin hydrochloride.

In addition to natural amines as introduced above, other nitrogen-containing agents have
also been chosen to prepare nitrogen-doped CDs as antimicrobial agents, including quater-
nized compounds [48,49], PEI [50–53], DETA [45,54], 2,2′-(ethylenedioxy)-bis(ethylamine) [55],
p-phenylenediamine [56], m-phenylenediamine [57], etc. Our group prepared quater-
nized CDs through one-step solvothermal treatment of glycerol and dimethyloctadecyl[3-
(trimethoxysilyl)propy]ammonium chloride (Si-QAC) for selective Gram-positive bacterial
inactivation (Figure 2D) [48]. The synthesized quaternized CDs could selectively interact
with the Gram-positive bacteria due to the distinct surfaces of Gram-positive and Gram-
negative bacteria. The quaternized CDs possessed a zeta potential of +33 mV, ensuring
their successful electrostatic interaction with negatively charged bacterial cells, while the
presence of long alkyl chains in the CDs enabled them to interact with the bacterial cells via
hydrophobic interaction. Therefore, the CDs could firmly adhere to (or insert into) the bac-
terial cell surface which changed the charge balance of the bacterial surface, resulting in the
inactivation of Gram-positive bacteria both in vitro and in vivo. At the same time, the CDs
featured strong fluorescence emission, which was utilized for fast Gram-type identification.
In this way, the CDs may hold the potential for treating Gram-positive bacteria-caused
infections. More interestingly, in a later study, we have demonstrated that the CDs showed
excellent biofilm penetration capacity due to their small size and could effectively inhibit
the biofilm formation and eradicate the formed biofilms [22]. Thus, the CDs represent a
highly efficient strategy to combat biofilm-involved infections. In another report, Li et al.
fabricated different types of polyamine-modified carbon quantum dots (CQDs) includ-
ing CQD600, CQD1w, and CQD2.5w, via simple hydrothermal treatment of citric acid and
branched PEI (bPEI) with different molecular weights [50]. CQD2.5w possessed higher
antibacterial and antibiofilm activities against S. aureus and E. coli than CQD1w and CQD600,
since the larger molecular weight of bPEI yielded a larger amount of protonated amines on
the surface of the CQDs, giving rise to enhanced electrostatic interaction between CQDs
and bacterial cells, and the longer surface corona of the CQDs making their penetration
into biofilms easier. Additionally, all the three CQDs had negligible cytotoxicity. However,
the reason why longer surface corona of CQDs can give rise to their easier penetration into
biofilm was not explained, which requires future investigation. Further, Zhao et al. devel-
oped nitrogen-doped CDs (NCQDs) as an antimicrobial nanoagent against Staphylococcus to
treat infected wounds [54]. NCQDs were made from D(+)-glucose monohydrate and DETA
by a heat fusion method. NCQDs displayed antibacterial activity toward Staphylococcus,
especially against MRSA. Transmission electron microscopy (TEM) analysis showed that
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NCQDs could damage the cell structures of S. aureus and MRSA, but not E. coli. NCQDs
exhibited the same therapeutic effect as vancomycin in the treatment of MRSA-infected
wounds with negligible toxicity to the main rat organs such as heart, kidney, liver, lung,
and spleen.

2.2. Metal-Containing CDs

There are different types of metal-containing CDs that can be used as antimicrobial
agents: metal ion-doped CDs [36,60–62], metal nanoparticle-decorated CDs [41,60,63–65],
CD/metal oxide nanocomposites [66–70], and CD/metal sulfide nanocomposites [71]. First,
CDs doped with metal ions such as Cu2+ [36] and Ag+ [60] have been explored as antimi-
crobial materials. Qing et al. reported water-dispersible Cu2+-doped CDs (Cu2+–CDs) for
antibacterial application [36]. Cu2+–CDs were prepared by one-step hydrothermal car-
bonization of cupric acetate monohydrate (Cu(Ac)2•H2O) and waste tea extract. Cu2+–CDs
showed an inhibitory effect on S. aureus with an MIC of 0.156 mg/mL. Moreover, Cu2+–CDs
possessed low cytotoxicity and appealing biocompatibility. Second, CDs can serve as re-
ducing and stabilizing agents to generate metal nanoparticles on their surface, forming
metal nanoparticle-modified CDs for killing microorganisms [41,60,63–65]. For instance,
antimicrobial silver nanoparticle-decorated CDs (CD-2) were prepared using a two-step
method, in which CDs (PEI-CD) were first obtained by hydrothermal treatment of PEI,
and Ag+ was then reduced to Ag NPs in the presence of formaldehyde and the resultant
Ag NPs were bound onto the surface of PEI-CD to produce CD-2 (Figure 3A) [60]. By
inducing membrane disruption and intracellular DNA/protein damage, CD-2 displayed
high and broad-spectrum antimicrobial activities against Gram-positive bacteria (S. aureus),
Gram-negative bacteria (E. coli, P. aeruginosa, and P. vulgaris), and fungi (S. cerevisiae), with
excellent biocompatibility. Third, CDs were integrated with metal oxide to form CD/metal
oxide nanocomposites [66–70]. As an example, Gao et al. fabricated CD/ZnO/ZnAl2O4
nanocomposites which possessed an excellent antibacterial property with antibacterial
ratios of 97% and 94% against S. aureus and E. coli, respectively [68]. Within the antibacterial
concentration range, the nanocomposites were nontoxic to human cells. As shown in
Figure 3B, the authors proposed a dual-mode antibacterial mechanism for the nanocompos-
ite. On the one hand, the binding of the CD/ZnO/ZnAl2O4 nanocomposites to the surface
of the bacteria blocked the channels of the bacterial nutrient supply from the environment,
accelerating apoptosis in the bacteria. On the other hand, the nanocomposites could gener-
ate singlet oxygen that damages DNA/RNA, proteins, and phospholipids in the bacterial
cells. Also, the presence of CDs in the nanocomposites resulted in strengthened electrostatic
interaction between the nanocomposites and the bacteria, and increased singlet oxygen
production, which enhanced the bacterial elimination effect of the nanocomposite. Lastly,
CD/metal sulfide nanocomposites have been constructed for combating microorganisms.
Gao et al. synthesized carbon quantum dots (CQDs) through aldol polymerization reaction
using acetone as the carbon source (Figure 3C) [71]. Then CQDs/Ag2S/CS nanocomposites
were prepared through an in situ growth method using polyvinylpyrrolidone (PVP) as the
crosslinking agent. The CQDs/Ag2S/CS nanocomposites exhibited excellent antibacte-
rial property against E. coli and S. aureus with an MIC of 0.1 mg/mL, and against MRSA
with an MIC of 0.25 mg/mL. The CQDs/Ag2S/CS nanocomposites strongly bound to
the surface of the bacteria, leading to the destruction of cell wall and cell membrane and
inducing the bacterial cell death (Figure 3C). Notably, no drug resistance was observed for
the CQDs/Ag2S/CS nanocomposites.
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2.3. CDs Derived from Antibacterial Compounds (Including Antibiotics)

Antimicrobial CDs have also been developed by using traditional antibiotics and
common antibacterial compounds as the raw materials to trade the old for the new, such as
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kanamycin sulfate [72], levofloxacin hydrochloride [73,74], quaternary ammonium com-
pounds [22,48,49,75,76], and 2,4-dihydroxybenzoic acid [77]. Luo et al. prepared CDs
(termed CDs-Kan) from kanamycin sulfate by a one-step hydrothermal method [72]. CDs-
Kan were demonstrated to preserve the main bactericidal functional groups of kanamycin
like the amino sugar and amino cyclic alcohol, which ensured their good antibacterial
activity. Specifically, CDs-Kan inhibited the growth of E. coli and S. aureus with good bio-
compatibility. Wu et al. reported cationic levofloxacin-derived CDs (LCDs) with enhanced
antibacterial activities and low drug resistance (Figure 4A) [74]. LCDs were synthesized
from levofloxacin hydrochloride through a simple one-pot hydrothermal method. With
the preservation of the active groups from levofloxacin, LCDs featured notable bactericidal
activity against S. aureus and E. coli with an MIC of 0.125 µg/mL, which was lower than that
of levofloxacin hydrochloride. It is worth noting that LCDs displayed low drug resistance,
good aqueous dispersity, and outstanding biosafety, while retaining the broad-spectrum
antibacterial activity of levofloxacin. In addition to S. aureus and E. coli, LCDs could kill
other microorganisms including MRSA, Enterococcus faecalis (E. faecalis), S. epidermidis, Lis-
tera monocytogenes (L. monocytogenes), P. aeruginosa, and Serratia marcescens. LCDs could
enter the bacterial cells via electrostatic interaction between the positively-charged LCDs
and the negatively-charged bacteria. Once entering the bacterial cells, LCDs produced
ROS to destroy cell membrane and the normal state of bacteria, causing cell death. LCDs
were deployed for the treatment of bacteria-infected wounds and pneumonia in mice with
enhanced therapeutic efficacy without harming normal tissues as compared to levofloxacin.
Zhao et al. fabricated quaternary ammonium carbon quantum dots (QCQD) from 2,3-
epoxypropyltrimethylammonium chloride and diallyldimethylammonium chloride via
the hydrothermal reaction (Figure 4B) [75]. QCQD displayed admirable bactericidal effect
toward Gram-positive bacteria, including S. aureus, MRSA, E. faecalis, L. monocytogenes, and
S. epidermidis. QCQD also featured satisfactory biocompatibility as demonstrated by in vivo
and in vitro toxicity assays. Thus, QCQD were successfully utilized in the treatment of
MRSA-infected pneumonia in mice, prompting the regression of pulmonary inflammation
in the mouse lung. As revealed by the quantitative proteomics, the antibacterial ability
of QCQD could be attributed to the fact that QCQD might mainly act on ribosomes and
upregulate the proteins involved in RNA degradation, causing interference to the protein
translation, posttranslational modification, and protein turnover in bacterial cells.

Meanwhile, CDs can be employed as the carriers of existing antibiotics to realize the
controlled release of these antibiotics. Saravanan et al. prepared N@CDs by hydrother-
mal treatment of m-phenylenediamine (Figure 4C) [57]. N@CDs exhibited antibacterial
activities against E. coli and S. aureus with an MIC of 1 and 0.75 mg/mL, respectively.
Additionally, N@CDs were applied as nanovehicles for sustained time-dependent release
of the traditional antibiotic ciprofloxacin in the physiological condition.

2.4. Photoresponsive CDs
2.4.1. Photodynamic Therapy (PDT)

In PDT, photosensitive agents (photosensitizers) are sensitized by light in the pres-
ence of oxygen to generate ROS such as free radicals and singlet oxygen [78,79]. The
produced ROS can break DNA, inactivate enzymes, and oxidize amino acids, resulting in
cell necrosis/apoptosis. PDT represents a promising alternative to antibiotics in killing
microorganisms, because of its fascinating advantages such as high spatial controllability,
antibiotic resistance independence, and low cumulative toxicity. The photo-generated elec-
trons and holes of CDs that are related with PDT action mechanism entail various catalytic
processes [80]. Meanwhile, CDs have a relatively wide visible spectral region. These prop-
erties enable CDs to be promising antibacterial photosensitizers. After irradiation with light
of a given wavelength, some bare CDs can produce ROS that are capable of inactivating
microorganisms, and these CDs can thus serve as potent antimicrobial photosensitizers.
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Figure 4. Antibacterial compound-derived CDs for killing microorganisms. (A) Construction and
antibacterial characteristics of LCDs. Reproduced with permission from [74]. Copyright 2022 Elsevier
Ltd. (B) Preparation of QCQDs from two quaternary ammonium compounds and their bactericidal
properties and antibacterial mechanism. Reproduced with permission from [75]. Copyright 2020,
Elsevier Ltd. (C) Scheme showing the preparation of N@CDs for delivering the traditional antibiotic
ciprofloxacin to kill bacteria. Reproduced with permission from [57]. Copyright 2020, American
Chemical Society.
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Beyond bare CDs fabricated from mushroom [81], graphite rods [82], and the polox-
amer Pluronic F-68 [83], as summarized in our previous review [16], more bare CDs have
been reported to possess intrinsic photodynamic characteristics, including graphitic carbon
nitride quantum dots (g-CNQDs) [84], red-emitting CDs (R-CDs) [77], CQDs constructed
from citric acid and 1,5-diaminonaphthalene by solvothermal reaction [85], nitrogen-
and/or sulfur-doped CDs derived from amino acids [43], nitrogen and iodine co-doped
CDs (N/I-CD) prepared by hydrothermal treatment of iohexol [86], metal-doped CDs such
as zinc-doped CDs [87], copper-doped CDs [88], and terbium-doped CDs [89]. Yadav et al.
constructed green-fluorescent g-CNQDs from melamine and ethylene diamine tetraacetic
acid (EDTA) sodium salt via a thermal polymerization method [84]. g-CNQDs could ef-
fectively produce superoxide and hydroxyl radicals with the irradiation of visible light,
eradicating ~99% E. coli and ~90% S. aureus at a concentration of 0.1 mg/mL. Moreover,
g-CNQDs featured low cytotoxicity—3.2 mg/mL g-CNQDs were nontoxic to fibroblast
cells. Liu et al. synthesized R-CDs through solvothermal treatment of 2,4-dihydroxybenzoic
acid (an organic bactericide) and 6-bromo-2-naphthol [77]. R-CDs possessed both intrinsic
antibacterial activity and antibacterial photodynamic activity toward multidrug-resistant
Acinetobacter baumannii (MRAB). R-CDs could effectively enter bacterial cells and bacterial
biofilms with few side effects on animal cells. Therefore, R-CDs were successfully utilized
for MRAB biofilm prevention and elimination as well as the treatment of MRAB-induced
infected wounds. No microbial drug resistance was observed when using R-CDs to kill
MRAB and MRSA. These findings demonstrated that R-CDs represent a potent antibacterial
agent for fighting against drug-resistant bacteria. Liu et al. fabricated zinc-doped CDs
(Zn-CDs) from citric acid, ethylenediamine, and zinc acetate by a one-step hydrothermal
method [87]. Zn-CDs produced ROS under blue light irradiation, showing bactericidal
effect toward S. aureus and Streptococcus mutans with negligible animal cell toxicity. Collec-
tively, the different types of CDs mentioned above can act as new types of photosensitizers
for photodynamic antibacterial treatment.

Besides being used as photosensitizers, CDs can be integrated with other photo-
sensitizers such as curcumin [90], black phosphorus (BP) nanosheets [91], TiO2 [92,93],
and ZnO [68,94,95] to afford photoresponsive nanocomposites. In these photosensitive
nanocomposites, CDs play different rols in obtaining improved antimicrobial PDT efficacy,
such as being used as drug carriers [90], enhancing the interaction of photosensitizers
with microorganisms [91,92], preventing the agglomeration of photosensitizers [92], or
increasing the light absorption and suppressing photogenerated electron–hole’s recombi-
nation [95]. For instance, Yan et al. developed a nano-PS system using CDs to deliver the
traditional photosensitizer curcumin (Cur) for enhanced antibacterial performance [90].
Zhang et al. decorated BP nanosheets with cationic CDs through in situ growth of CDs
from chlorhexidine gluconate on the surface of BPs, resulting in the formation of the
nanocomposite BPs@CDs (Figure 5A) [91]. Without light irradiation, BPs@CDs exhib-
ited antibacterial ability due to the electrostatic attraction between the bacteria and the
CDs on the surface of BPs@CDs. Under 660 nm laser irradiation, BPs@CDs produced
singlet oxygen, exhibiting outstanding photodynamic antibacterial capacity. Under 808 nm
laser irradiation, BPs@CDs displayed photothermal antibacterial activity. Accordingly, the
BPs@CDs exhibited synergistic intrinsic antibacterial activity, antibacterial PDT activity,
and antibacterial PTT activity toward both E. coli and S. aureus. In addition, BPs@CDs
were degradable with no noticeable cytotoxicity. Owing to their triple-mode antibacterial
capability, BPs@CDs were successfully deployed for the treatment of bacteria-associated
wounds with shortened wound healing time.
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The CD-involved antimicrobial PDT systems have been developed in the forms of dif-
ferent nanocomposites. Hydrophobic carbon quantum dots (hCQDs) with photodynamic
property made from the poloxamer Pluronic F-68 [83] were encapsulated in polymers such
as polydimethylsiloxane (PDMS) [96,97], polycaprolactone [98], and polyurethane [99],
and to construct light-triggered antibacterial nanocomposites in the form of slide [96],
nanofiber [98], and film [99]. For example, hCQDs were embedded into the PDMS polymer
matrix to generate hydrophobic CQDs/PDMS surface by a swelling-encapsulation-shrink
method [96]. The nanocomposite surface exhibited bactericidal activities against S. au-
reus, E. coli, and K. pneumoniae by producing ROS upon the excitation at 470 nm. More
importantly, the nanocomposite surface showed no toxicity towards NIH/3T3 cells.

2.4.2. Photothermal Therapy (PTT)

PTT eliminates microorganisms by hyperthermia generated from photothermal agents
when they absorb light. Only one kind of antimicrobial CDs with PTT capacity had been
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reported when we prepared the previous review. Since 2019, more CDs have been reported
for antimicrobial PTT [76,100,101]. Belkahla et al. produced CDs from glucose as the
precursor through the alkali-assisted ultrasonic irradiation approach [100]. The generated
CDs possessed the heat-producing capability under illumination at 680 or 808 nm and were
employed for photothermal treatment of E. coli. Yan et al. constructed a nanosystem termed
CDs-Tb-TMPDPA, which consisted of TMPDPA (4-(2,4,6-trimethoxyphenyl)-pyridine-2,6-
dicarboxylic acid, a two-photon ligand)-sensitized Tb3+ as a temperature-sensitive module
and CDs (prepared by microwave heating of citric acid and formamide) as a photothermal
antibacterial component [101]. The CDs were coordinated to Tb3+ that was further linked
with TMPDPA through coordination interaction. The authors demonstrated that the
nanosystem could be used for temperature detection based on the temperature-dependent
fluorescence intensity (I) ratio (I(Tb3+)/I(CDs)) and the fluorescence lifetime of CDs-Tb-
TMPDPA. Besides, the authors also realized E. coli growth inhibition by utilizing the
photothermal conversion property of CDs in CDs-Tb-TMPDPA via two-photon excitation
(660 nm). This work develops a multifunctional probe for dual-mode temperature detection
and antibacterial PTT under two-photon excitation.

Moreover, CDs-involved PTT can be integrated with other antimicrobial strategies
such as PDT [90,93] and chemodynamic therapy (CDT) [102] to achieve combined antimi-
crobial therapies. For instance, N, S-doped CDs with strong fluorescence were first prepared
from citric acid and thiourea by a one-step hydrothermal route, and was combined with
curcumin (Cur) to afford CDs/Cur (Figure 5B) [90]. In CDs/Cur, the ROS yield of Cur
could be enhanced through fluorescence resonance energy transfer (FRET), while the high
photothermal conversion efficiency of the CDs due to their strong light absorption was pre-
served. As a result, upon 405 nm visible light and near-infrared light irradiation, CDs/Cur
could yield ROS and a moderate temperature increase, which seriously damaged bacterial
cell surface, leading to synergistic PDT- and PTT-promoted antibacterial effects against
E. coli and S. aureus. Furthermore, CDs/Cur displayed low cytotoxicity and negligible
hemolytic activity, which ensured their practical application. In another example, Yan et al.
developed a nanocomposite termed FeOCl@PEG@CDs by coating poly(ethylene glycol)
(PEG) and CDs on iron oxychloride nanosheets (FeOCl NSs) [102]. The hydroxyl radical
(•OH) was generated from H2O2 activation by the redox cycle of ions on FeOCl NSs, and
the heat was produced from the CDs upon the irradiation at 808 nm, inducing the death of
S. aureus and E. coli. Further, the FeOCl@PEG@CDs were successfully applied in synergistic
chemodynamic and photothermal treatment of infected wounds.

As far as we know, because only several CDs have been reported for photo-assisted
antimicrobial uses, the lethal route was not carefully investigated. Commonly, researchers
just reported that bacteria treated with CDs can produce ROS or heat upon light irradiation
which can cause cell wall/membrane damage to kill bacteria. Thus, more studies should
be performed in the future to thoroughly investigate the underlying lethal mechanism of
CD-based antibacterial phototherapy.

3. Applications of Antimicrobial CDs in Medical and Industry Fields

CDs-involved antimicrobial strategies have been deployed in both medical and in-
dustry fields. In the medical field, antimicrobial CDs have been leveraged for coating the
surface of orthopedic implant materials [66], delivering drugs [24,57,103,104], and repairing
infected bone defects [47]. Moradlou et al. grew a thin film of CDs-incorporated hematite
(CQDs@α-Fe2O3) on a titanium substrate to yield Ti/CQDs@α-Fe2O3 [66]. CQDs were
prepared from graphite rods via an electrochemical method and used as nano-scaffolds for
the growth of CQD@α-Fe2O3 nanoparticles as core@shell nanostructures. The Ti/CQDs@α-
Fe2O3 samples exhibited sustainable antibacterial activity against S. aureus but not E. coli,
offering a way of using CDs to prepare antimicrobial materials for medical devices. In an-
other work, Geng et al. synthesized positively-charged CQDs (p-CQDs) through microwave
reaction of spermidine trihydrochloride, and prepared negatively-charged CQDs (n-CQDs)
via microwave reaction of 1,3,6-trinitropyrene (TNP) and sodium sulfite (Figure 6A) [47].
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The p-CQDs displayed effective antibacterial activity against multidrug-resistant (MDR)
bacteria and could realize the inhibition of biofilm formation, while n-CQDs notably pro-
moted bone regeneration. The nearly neutral p-CQD/WS2 hybrids were first fabricated by
depositing p-CQDs on WS2 nanosheets, and then coencapsulated with n-CQDs into the
gelatin/methacrylate anhydride (GelMA) hydrogel to obtain p-CQD/WS2/n-CQD/GelMA
hydrogel scaffold (Figure 6A). The implantation of p-CQD/WS2/n-CQD/GelMA hydrogel
scaffold in an MRSA-infected craniotomy defect model induced almost complete repair
of an infected bone defect with the new bone area of 97.0 ± 1.6% at 60 days. This work
proposes a CD-based strategy for developing biomaterials with both antibacterial and
osteogenic activities for the treatment of infected bone defects.
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Figure 6. (A) Schematic representation of the synthesis of a p-CQD/WS2/n-CQD/GelMA hydrogel
for regeneration of bone defects. Micro computed tomography (micro-CT) images of calvarial defects
treated with GelMA and p-CQD/WS2/n-CQD/GelMA hydrogels for 0 or 60 days were presented.
Reproduced with permission from [47]. Copyright 2021, Elsevier Ltd. (B) Scheme showing the
fabrication of a CQDs-coated PSF membrane for realizing the antibacterial action in the process of
forward osmosis. Reproduced with permission from [105]. Copyright 2020, Elsevier B.V.
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In the industry field, antimicrobial CDs have been utilized to construct thin-film
composite membranes for forward osmosis [105] and nanofiller [106], packaging mate-
rials [107,108], and lubricant additives [53]. Mahat et al. developed thin-film composite
membranes for forward osmosis by embedding CQDs derived from oil palm biomass into
polysulfone-selective layers, which were denoted as CQDs-PSF (PSF: polysulfone) [105].
The authors proved that the addition of CQDs into PSF membranes increased water flux
and improved antibacterial performance. In another study, Koulivand et al. constructed
antifouling and antibacterial nanofiltration membranes for efficient salt and dye rejection
by incorporating nitrogen-doped CDs (NCDs) to polyethersulfone (PES) using a phase
inversion technique [106]. The antibacterial NCDs were synthesized via hydrothermal
treatment of ammonium citrate dibasic. The obtained membrane exhibited improved pure
water flux and enhanced antifouling property. In addition, Kousheh et al. constructed a
nanocellulose film with antimicrobial/antioxidant and ultraviolet (UV) protective activities
for food packaging by introducing water-dispersible and photoluminescent CDs [107].
The antimicrobial CDs were synthesized from cell-free supernatant of Lactobacillus aci-
dophilus via a hydrothermal method. The as-synthesized CDs were embedded into bacterial
nanocellulose (BNC) film due to the hydrogen bonding interaction between CDs and the
carboxyl, hydroxyl, and carbonyl groups of BNC, leading to the formation of the CD-BNC
film. The CD-BNC film displayed a higher inhibitory activity toward Listeria monocytogenes
than E. coli. In addition to antibacterial activity, the introduction of CDs into the BNC
film also endowed the CD-BNC film with UV-blocking activity, fluorescence appearance,
and improved flexibility. The CD-BNC film could be used to fabricate nanopaper for
wrapping of food commodity and fabrication of forgery-proof packaging. In addition to
thin-film composite membranes and packaging materials, antimicrobial CDs have been
implemented as lubricant additives. Tang et al. fabricated CDs from PEG and PEI through
a hydrothermal approach [53]. The MICs of the CDs toward E. coli and S. aureus were
62.5 and 15.56 µg mL−1, respectively. Besides the antibacterial activity, the CDs featured
anti-friction property. The addition of 0.2% (wt) CDs reduced the mean friction coefficient
and wear volume of water-based lubrication by 59.77% and 57.97%, respectively. This
example suggests that CDs with antibacterial and anti-friction functions can be utilized as
an advanced lubricating additive, thus broadening the practical application of CDs.

4. Conclusions

As reviewed here, CDs are potent antimicrobial nanomaterials and represent promis-
ing alternatives to conventional antibiotics for the treatment of infectious diseases caused
by microorganisms. Nevertheless, several challenges still exist. First, the potential antibac-
terial capability and specificity of CDs are difficult to predict from their raw materials,
since it is unknown whether the antibacterial groups of raw materials can be retained
or there are newly formed antibacterial structures during the complicated CD formation
process. The CDs’ functional and biological characteristics are directly associated with
their core and particularly their surface’s functional groups, which are largely dependent
on the precursors and synthetic methods. Therefore, the structural analysis of CDs and
the clarification of the reaction mechanism of CDs are helpful to better predict the antibac-
terial activities of CDs. Second, the integration of CDs with other compounds such as
antibiotics, metal ions, hydrogels, and photosensitive materials to prepare new composite
materials with synergistic antibacterial effect represents an important research direction in
this field, which is definitely worth exploring in the future. Third, most antimicrobial CDs
possess high MICs, and usually can only kill certain types of bacteria such as Gram-positive
bacteria. Thus, it is highly desired to develop CDs with low MICs and broad-spectrum
antibacterial ability. Fourth, the current antibacterial research of CDs mainly focuses on
the killing of planktonic bacteria. In the future, it is necessary to explore the application
potential of CDs in combating bacterial biofilms, eliminating intracellular bacteria, and
killing bacteria in tumor. Fifth, despite the extensive investigations on the use of CDs for
killing bacteria, few examples have been reported on using CDs to eliminate fungi and
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viruses which can also cause severe infections, diseases, and even death to humans. Sixth,
the reproducible, large-scale, and cost-effective fabrication of CDs still limits the practical
antimicrobial applications of CDs. Seventh, studies regarding the interaction of CDs with
microbial cells, the distribution of CDs in microbial cells, the antimicrobial mechanisms of
CDs, and the possible antimicrobial resistance development of CDs are still lacking, which
will benefit the development of CDs with broad-spectrum antimicrobial activities, low
MICs, and negligible drug resistance. Finally, although CDs are generally shown to be safe
by cytotoxicity assays, the in vivo safety analyses of CDs remain largely unexplored, which
is definitely worthy of evaluation in future studies. It is hoped that the current review
will further promote the future design of functional CDs and CDs-incorporated advanced
materials for combating the microbial infection-caused diseases.
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Abstract: The misuse of many types of broad-spectrum antibiotics leads to increased antimicrobial
resistance. As a result, the development of a novel antibacterial agent is essential. Photodynamic
antimicrobial chemotherapy (PACT) is becoming more popular due to its advantages in eliminating
drug-resistant strains and providing broad-spectrum antibacterial resistance. Carbon dots (CDs),
zero-dimensional nanomaterials with diameters smaller than 10 nm, offer a green and cost-effective
alternative to PACT photosensitizers. This article reviewed the synthesis methods of antibacterial
CDs as well as the recent progress of CDs and their nanocomposites in photodynamic sterilization,
focusing on maximizing the bactericidal impact of CDs photosensitizers. This review establishes the
base for future CDs development in the PACT field.

Keywords: carbon dots; antimicrobial; light activation; photodynamic effect; reactive oxygen species

1. Introduction

Infections caused by fungi, bacteria, parasites, or viruses cause many severe diseases.
Our healthcare systems face substantial problems, from treatment needs to prevention
in hospital settings and routine work dealing with many critical pathologies, food and
water environments and sources protection, and worldwide public health impact [1,2].
Antibiotics have historically been the primary weapon in the fight against infectious
diseases. However, due to the high cost and long pathways to new drugs discovery,
clinical testing, and scaling up the production process, approval of the development of
next-generation antibiotics takes longer [3]. Additionally, bacteria have several ways of
rapidly acquiring resistance, which can endanger the health of patients and delay wound
recovery after treatment [4]. As a result of multidrug resistance (MDR), many of these
diseases will become more challenging to treat and result in higher medical costs and
mortality rates [5–7]. Since the appearance of multidrug resistance in pathogenic bacteria,
traditional antibiotics/antimicrobials cannot meet the expectations of today’s society and
the urgent needs to efficiently prevent and treat a considerable spectrum of bacterial
infections [8]. It is imperative to find and develop alternative antibacterial techniques to
combat MDR effectively and to prevent and treat diseases and their undesirable side effects.
In environmental contamination, the consequences and expenses to eliminate the impact
could be worse and could take a year and in some cases decades [9].

Photodynamic inactivation of bacteria mediated by photoactive compounds, more
precisely photosensitizer molecules (PSs), is one of the most promising techniques in the
fight against MDR pathogens [10], such that as used and developed in remote ancient
Egypt approximately 4000 years ago, when a skin disease such as vitiligo was treated
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by a combination of plants orally administered and exposure of the patients to sunlight.
The successes of the treatment were a result of photodynamic reactions mediated by a
natural product present in the extract of Ammimajus, a furanocoumarin and a psoralen.
Photodynamic antimicrobial chemotherapy (PACT) is a fast, intense and challenging field
that has been developed to address the growing antibiotic resistance among harmful
bacteria [11]. It was developed in response to the need for better treatment and prevention
of bacterial infectious diseases.

Several issues are involved in PACT, including the design and choice of the nanos-
tructured photoactive molecules and their isolation or synthetic route to make it feasible
to penetrate the cellular cytoplasm or induce specific damage to the cellular organelles in
the target tissue [12]. Fungi are eukaryotic microorganisms, similar to mammalian cells,
and the development of new antifungal drugs remains challenging due to a number of
reasons, such as the presence of the nucleus and the structure of the cell wall. Bacteria
are prokaryote microorganisms that can be easily distinguished from mammalian cells.
Conversely, fungal diseases are usually caused by pathogens (fungi), and these fungal
diseases feature a variety of symptoms that are commonly related to the attack of the skin
and respiratory systems. Fungi and bacteria can form biofilms versus staying in their
planktonic forms, increasing their drug resistance [13].

Carbon dots (CDs) have been proposed as a potential fluorescent nanomaterial for
identifying and inactivating different types of bacterial species among a wide variety of
PSs, already used in the past [14,15]. CDs are carbon-based nanomaterials that are quasi-
spherical in shape and have a typical size of less than 10 nm. They have good photoelectric
properties, high water solubility, and chemical durability. CDs also present low toxicity
and have good biocompatibility, making them ideal for bioimaging [16–20], drug deliv-
ery [21], gene delivery [22], biosensors [21] and fluorescent-labeling applications [23,24].
CDs are well known to undergo optical absorption via π-plasmon transitions [9]. In con-
trast, fluorescence emission occurs in the visible to the near-infrared spectral range due
to photogenerated holes and electrons trapped at different surface sites and associated
radiative recombination [25]. CDs exhibit powerful photodynamic effects due to their
optical properties [26], which have been exploited to kill bacterial and cancer cells under
visible light irradiation [27].

In this review, we summarize the most common synthetic methods for producing CDs
and CDs nanocomposites, their application in photodynamic antimicrobial applications in
recent years, and the factors and improvements affecting the antimicrobial effectiveness
of CDs.

2. Synthesis Techniques of Carbon Dots Employed for Antimicrobials

The properties of CDs are closely related to their preparation methods [28]. Top-down
and bottom-up approaches are two commonly used approaches for preparing CDs [29,30].
Carbon quantum dots’ final physicochemical and functional properties, including their
photophysical behaviors, biocompatibility and antibacterial activity, are influenced by the
method employed and the carbon source used during the synthetic process [31].

Using a top-down technique, large-sized carbon materials, such as carbon nanotubes
and graphite ash, are decomposed into small CDs, from the macro to the nanoscale. Differ-
ent carbon sources are exposed to laser ablation, arc discharge, plasma treatment, chemical
oxidation, electrochemical oxidation, and others [32–36]. Using different types of acid
treatment, the concentration of the oxygen-containing groups attached to the CDs structure
can be easily changed. However, doping additional materials onto CDs is tricky and is
a powerful option to potentialize the CDs’ nanomaterial. Furthermore, the strong acid
may cause CDs to lose their conjugated structure, changing their photophysical properties,
resulting in lower absorption and emission wavelengths [37].

Chemical processes such as hydrothermal, pyrolysis, combustion, ultrasonic, mi-
crowave irradiation, thermal, and biogenic procedures, conversely, are used in the bottom-
up approach [38,39]. CDs can also be prepared using non-graphite carbon sources such
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as tiny polymers and monomers as carbon precursors [40,41]. Using this method, a wide
range of elements, including N, P, S, B, and even metal ions, can be doped into the CDs’
structure [42]. The addition of heteroatoms to the CDs structure improves the fluorescent
properties of these nanomaterials by changing the absorption and emission peak posi-
tions and boosting the fluorescent quantum yield. Wu et al. found a link between CDs’
photo-oxidation activity, phosphorescent quantum yield, and N content, underlining the im-
portance of N-doping in boosting CDs’ photosensitization performance [43]. Marković et al.
found that the photodynamic antibacterial properties directly impact the ROS production
by the CDs doping process with F and Cl compared with undoped nanoparticles [44]. It
is essential to optimize the photodynamic antibacterial effect of CDs by choosing suitable
precursors and the proper selection of doping elements. However, doping sites and better
concentrations are still challenging to manage and archive.

Unfortunately, many of the current methods require toxic chemicals and solvents,
high temperatures, long reaction times and complex processing steps. Therefore, the de-
velopment of green chemistry concepts to manufacturing fluorescent CDs through simple,
economical and sustainable pathways represents a meaningful topic [45]. More recently,
efforts have been devoted to utilization of green carbon sources and the development of
green synthesis processes. For the former, biomass, which is renewable organic material
that comes from plants and animals, represents a typical green carbon source. The use of
biomass for CDs synthesis, especially in large-scale production, is attracting increasing
attention among researchers. For the green synthesis process, toxic chemicals that are
harmful to people’s health and the environment should be avoided. In addition, the prepa-
ration procedure, reaction time and conditions should be optimized to increase economic
efficiency. Currently, the main green synthesis processes for producing CDs include ultra-
sonication, microwave irradiation, hydrothermal carbonization, self-exothermic synthesis,
and ozone/hydrogen peroxide oxidation [46].

3. Carbon Dots in Antimicrobial Photodynamic Therapy

The currently known antibacterial mechanism of CDs is shown in Figure 1. CDs
with positively charged surfaces interact electrostatically with negatively charged bacteria,
facilitating CDs internalization and killing bacteria [47,48] This CDs behavior is critical for
the success of the PACT. As observed in the past, bacteria and biofilm frameworks present
a tremendous challenge in the treatment protocol design, considering the difficulty of the
photoactive compounds penetrating through the exopolysaccharide matrix [49]. Neutral or
negatively charged photoactive compounds have been proposed to treat Gram-negative
bacteria without success. The low permeability of the Gram-negative outer membrane
avoids effective incorporation of molecules, reducing the light activation effect. Previous
examples of treatment of the tissue with biological or chemical agents, such as CaCl2 or
Tris-EDTA, which are expected to increase the release of the molecules by up to 50% of the
outer membrane lipopolysaccharide present as desired, but they showed undesirable side
effects in a clinical trial [50,51].

Bacteria can also be killed by disintegrating bacterial cell walls, resulting in cytoplasmic
material leaking [52], which could induce secondary side effects. Furthermore, the higher
temperature caused by the photothermal therapy (PTT) effect or the release of ROS [53] by
the PACT effect can directly damage the bacterial DNA and proteins, leading to a bluster
effect. CDs are also valued for their capacity to produce highly active ROS. CDs’ present a
visible and near-infrared spectrum of light absorbance, destroying bacteria through classical
mechanisms’ photoinduced production of ROS.
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Figure 1. General bactericidal mechanisms of action of CDs. (a) Schematic representation of the ini-
tial electrostatic interaction between CDs and the bacterial cell wall. (b) CDs internalization, inter-
calation in the bacterial membrane, and irreversible disruption with a leak of cytoplasmatic mate-
rial. (c) CDs-promoted bacterial photodynamic inactivation with ROS production and DNA dam-
age. Reproduced with permission from Ref. [10]. Copyright © 2021 Nanomaterials MDPI. 
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initial electrostatic interaction between CDs and the bacterial cell wall. (b) CDs internalization,
intercalation in the bacterial membrane, and irreversible disruption with a leak of cytoplasmatic
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damage. Reproduced with permission from Ref. [10]. Copyright © 2021 Nanomaterials MDPI.

3.1. Photosensitization Mechanisms

PDT was discovered in the 20th century, has received much attention, and has estab-
lished a background in cancer treatment worldwide because of its advantages, such as
fewer side effects, less invasive surgery, and repeatable treatment [54–56]. It has also been
used as adjunctive therapy and works synergistically with the classical approaches for can-
cer. The classical photophysical and photochemical steps involved in PDT are summarized
by Jablonski Diagram. Basically, the PSs in the ground non-excited state (S0) can absorb
visible light (photons), moving to the first electronically excited singlet state (S1), and then
by intersystem crossing (ISC), produce, by spin inversion, the first excited triplet state (T1).
The excited triplet state (T1) has a long lifetime (around milliseconds)—enough to move
forward by energy and electron transfer processes. The deactivation of the first excited
state was sometimes a fast and helpful process, defined by a fluorescence emission used in
many cases for diagnostic. The excited triplet state (T1) deactivation is a phosphorescence
process with long-time light emission. It can also be deactivated by a thermal decay that
can also be used to disperse the energy of the excited PS. Three classical photoreductions
govern their photoreaction on PDT and photon energy transfer mechanisms (Type I, Type
II, and Type III (Figure 2)) found today [57–59]. Photoactive compounds acting by the
Type I mechanism are primarily based on hydrogen atoms or electrons that transfer from
the excited photosensitizer molecules *(T1) states, react with oxygen, and produce ROS
products such as HO•, O2

•−, and H2O2 [60–63].
Photosensitization mechanism Type I-Redox reactions (1–4) with biomolecules [64].

0S → 1S → 3S (1)

3S+Sub→ Sub+•+Sub−• (electron transfer), (2)

S−• + 3O2 → Sub + O•−2 → HO• + HO• (3)

S = photosensitizer molecule and Sub = organic substrate. (4)

Conversely, photoactive compounds operating by Type II are propelled by electron
spin exchange between the photosensitizer *(T1) and triplet oxygen (3O2), which results in
the T1–T1 annihilation process and the formation of non-radical but highly reactive singlet
oxygen (1O2).

Mechanism photosensitizing Type II-mediated production 1O2, such as lipid peroxida-
tion, is based on the above reaction (1) [64] and then follows reactions (5–6).

3S + 3O2 → 0S + 1O2 (energy transfer), (5)

1O2+Sub → Sub-OOH(peroxides, etc.), (6)
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The reactive oxygen species produced by the photosensitization Type I mechanism
are constantly made in the living organisms at a low level [65–67]. Since these species are
highly reactive, the microorganisms need protective systems to neutralize the action of
these radicals. This protective system includes enzymes such as superoxide dismutase
(SOD) that have its activity over the superoxide anion radical, as well as the catalase and
the peroxidase, which control the harmful effects of hydrogen peroxide:

O•−2 +O•−2 +2H+ SOD−−−→H2O2 (7)

2H2O2 catalase−−−−−→H2O + O2 (8)

H2O2+2H+ peroxidase−−−−−−−→2H2O (9)

In the Type II mechanism, energy is transferred directly to the molecular oxygen. The
PSs return to the ground state after an absorption cycle and active oxygen generation. The
photodynamic effect is directly affected by the single-linear oxygen yield in the Type II
mechanism [68–71].

PSs should also be selectively targeted biomolecules such as nucleic acids, proteins, and
other macromolecules by a Type III mechanism. When paired with Type III photosensitizers,
the PSs can directly and effectively destroy the exciting biological target molecule [59].

Few PSs can be employed in Type III PDT due to the stringent requirements for
photosensitizers. CDs have not yet been proven to work by Type III PDT but remain an
open challenge. Type II PDT may be the most studied of the three mechanisms, and 1O2
QY is a valuable metric of photophysical properties for assessing photodynamic perfor-
mance [72,73]. The better the photodynamic effect, the higher the 1O2 QY. Several methods
for detecting 1O2 include electron spin resonance (ESR), fluorescence, UV–visible absorp-
tion indirect method (classical Donors–Acceptor quenching process) and by time-resolved
methods such as flash photolysis and near-infrared (NIR) 1O2 detection. Fluorescence and
UV–visible absorption can be used to calculate the QY of 1O2 [74,75].
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3.2. Photodynamic Anti-Bacteria by Carbon Dots

PACT can damage DNA, oxidize amino acids, inactivate enzymes, and kill bacteria
by releasing ROS. Because of its features of low cumulative toxicity, high spatial targeting
processes, and drug resistance independence, PACT is considered a practical approach for
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antibacterial applications. Under visible and NIR light irradiation, exposed CDs produce
ROS by electrons or by an energy transfer process, leading to ROS, employed as a new
photosensitive nano-agent in PACT against microorganisms [76–79].

Some CDs, such as graphene [76] and mushroom CDs [78], have intrinsic photo-
dynamic characteristics that do not require extra surface changes or doping processes.
Trajkovic et al. used an electrochemical approach to make graphene quantum dots that
can produce reactive oxygen species under photoexcitation (470 nm, 1 W) and kill Gram-
negative bacteria such as Escherichia coli and methicillin-resistant Staphylococcus aureus
(MRSA) [76]. As shown in Figure 3a, Yoon et al. used mushrooms as a raw material to
make carbon dots (MCDs) with high blue fluorescence, with the most significant emission
at 456 nm under the excitation of 360 nm UV light. Under LED, visible light illumination
(2.70 mW cm−2), MCDs can produce ROS such as hydroxyl radicals and superoxide radi-
cals, which can directly adhere to the surface of Escherichia coli (E. coli) cells and induce cell
membrane damage [78]. Conversely, CDs have an effective photodynamic action with the
advantages of photostability, non-toxicity, and high quantum yield of fluorescence, and
use citric acid as the sole carbon source in the production of CDs. The entire process is
considered a green and inexpensive environmental safety process and material production
with many medical applications [78]. Bagnato et al. used citric acid as a raw material to
prepare CDs that displayed an antibacterial photodynamic effect. It emits its maximum
light at 530 nm when excited by light at 450 nm. CDs-mediated PACT removes Staphylococ-
cus aureus (S. aureus) suspensions and biofilms, as shown in Figure 3b, and is an effective,
affordable, and simple PACT reagent that may be utilized in both in vitro and in vivo
studies [80].

However, UV–vis light can induce side effects and damage to the human body and
has a low penetrability to tissue. Still, near-infrared light (NIR, 780–1700 nm) has an
advantage in PACT because of its longer wavelength, less scattering, tissue absorption,
and more importantly, higher penetration efficiency of biological tissue [81,82]. Pu et al.
obtained graphene oxide (GO) sheets. As shown in Figure 3c, they prepared two-photon
GQDs capable of producing ROS through ultrasonic shearing, with high two-photon
absorption, a large two-photon excitation absolute cross-section (TPE), and two-photon
solid luminescence of the NIR. It is possible to perform two-photon bioimaging and two-
photon photodynamic therapy on both Gram-negative and Gram-positive bacterial [83].

Although some organic photosensitizers have a high singlet oxygen yield (i.e., rose
benga (RB, 75%), methylene blue (MB, 52%), indocyanine green (ICG, 0.80%)) [55,84–86],
CDs have outstanding advantages such as biocompatibility, water solubility, targeting
specificity, NIR absorption, fast and reliable synthetic processes and many others fea-
tures. Hence, CDs photosensitizers continue to have promising antibacterial uses. Some
organic PSs, such as curcumin and riboflavin, have been under evaluation for decades
and present remarkable photostability but poor water solubility, reducing their photody-
namic effect [87,88]. Su et al. used a hydrothermal approach to create curcumin carbon
dots (Cur-NRCDs) with imaging and antibacterial properties. They used curcumin (Cur),
neutral red (NR), and citrate (CA) as raw materials. Under 405 nm excitation, Cur-NRCDs
fluoresced brightly red. Cur-NRCDs had better photosensitivity than Cur. Cur-NRCDs
have outstanding antibacterial activity, cytocompatibility, photostability, and ROS efficiency.
Under xenon lamp irradiation, Cur-NRCDs can inactivate 100% E. coli and S. aureus at 15
and 10 mM concentrations, respectively [88].

Several investigations have been conducted in recent years to improve the antibacterial
efficacy of CDs photosensitizers [9]. As previously stated, increasing the nitrogen concen-
tration in CDs helps to strengthen the PACT effect. Kuo et al. prepared graphene oxide
sheets using a modified Hummers process and produced N-GQDs using an ultrasonic
shear reaction method. N-GQDs have a bright PL emission spectrum in the near-infrared
region, at 728 nm. Their superior luminescence properties and photostability make them
a viable contrast agent for bacteria tracking in bioimaging techniques. Under 670 nm
(0.10 W cm−2) laser irradiation, a considerable amount of 1O2 and O2

•− may be created
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simultaneously, and the effect of killing E. coli can approach 100% efficacy in only three
minutes of light exposure. They also discovered that components with higher nitrogen
content in graphene quantum dots could perform photodynamic therapy more effectively
after the same treatment than components with lower nitrogen bonding content, indicating
that future clinical applications, particularly for multidrug-resistant bacteria, are possi-
ble [89]. Probably, the mechanism of action works by synergic production of ROS and RNO
(reactive nitrogen species).
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E. coli and MRSA Excitation wavelength: 800 nm. Delivered dose: OD600 ∼ 0.05 of bacteria and 0.50 µg
mL−1 GQD-AbLPS and 0.50 µg mL−1 GQD-Abprotein A, respectively. Reproduced with permission from
Ref. [83]. Copyright © 2022 ACS Applied Materials & Interfaces, American Chemical Society.
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Optimizing the photophysical characteristics of CDs molecules has been an essential
strategy to improve the efficiency of PACT, as seen by increased fluorescence and phospho-
rescence quantum yields. Wu et al. used citric acid and ethylenediamine as raw ingredients
to make a variety of nitrogen-doped carbon dots (CDs). The phosphorescent quantum yield
was positively associated with the CDs’ photosensitization ability. From the standpoint of
material design, a better photosensitizer can be obtained from the cross between systems
from an excited singlet state to an excited triplet state (Figure 4). When the designed CDs
were applied to photodynamic antibiotics, the inhibition rates of Salmonella and E. coli (92%
and 86%) were much higher than the growth inhibition rates of phloxine B (40% and 55%),
demonstrating the excellent photodynamic antibacterial effect of these CDs [43].
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Figure 4. Relationship between phosphorescence (delay time of 1 ms) and the oxygen activation
performance of CDs. (a) Fluorescence and phosphorescence (in PVA matrix) spectra of four types of
CDs. Inset shows the solution of CDs at different temperatures of synthesis. (b) 1O2 phosphorescence
emission spectrum of the four types of CDs in a CD3CN−D2O mixed solvent (v/v = 15/1). (c) TMB
photo-oxidation efficiencies of the four CDs. Reproduced with permission from Ref. [43]. Copyright
© 2022 ACS Applied Materials & Interfaces, American Chemical Society.

In addition, using the “heavy atom effect” can also be demonstrated to improve
the advantages of intersystem crossing (ISC), leading to a phosphorescent deactivation
process, energy and electron transfer and more effectively antibacterial PSs [90]. The
work of Knoblauch et al. showed that the intersystem crossing could be optimized by
doping bromine on the CDs produced [91]. The “heavy atom effect,” which involves
incorporating elements such as bromine into tiny molecules, has long been an approach
for obtaining better phosphorescence from fluorophores [92]. ROS generation benefits
from the triplet interaction between the triplet-excited state and molecular oxygen at the
ground state. It has been demonstrated that adding bromine to CDs can result in excellent
spin-orbit coupling and subsequent phosphorescence detection. Under UV-A irradiation,
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the prepared brominated carbon dots (BrCDs) produced HO• (Type I) and 1O2 (Type II)
and displayed considerable antibacterial activity. The potential of hydrogen-departing
reactive nitrogen species was discovered in the synthesized CDs, which impeded colony
formation even without photodynamic processes [91].

The surface charge of CDs has a significant impact on their PACT effect. Yang et al.
performed three studies in which they prepared CDs and then surface functionalized them
with 2,2-(ethylenedioxy)bis(ethylamine) (EDA) and 3-ethoxypropylamine (EPA) to produce
EDA-CDs and EPA-CDs, respectively [93]. EDA is protonated and becomes positively
charged at the neutral potential of hydrogen, but EPA is not. The researchers discovered that
EDA-CDs have considerably stronger antibacterial activity than EPA-CDs, implying that
the positive charge on EDA-CDs can aid CDs to electrostatically attach a negatively charged
bacterial film, improving the PACT effect. According to the authors, a high fluorescence
quantum yield is also favorable to the PACT effect. Furthermore, the antibacterial activity
of CDs is enhanced by a thin polymer passivation layer.

It is also required to prepare CDs with targeting ability to optimize the photodynamic
effect of CDs. Galan et al. found that green fluorescent FCDs made by microwave us-
ing glucosamine hydrochloride and m-phenylenediamine as precursors can label E. coli,
Klebsiella pneumoniae, Pseudomonas aeruginosa, and Gram-positive (S. aureus) pathogens in
less than 10 min. FCDs paired with LED irradiation successfully kill Gram-negative and
Gram-positive bacteria in the visible range [94].

4. Carbon Dots-Based Nanocomposites in PACT

While basic research into the mechanism and optimization of CDs as photosensitizers is
still ongoing, researchers have begun to investigate how these particles might be integrated
into hybrid systems to improve antimicrobial efficiency. In other cases, the CDs’ intrinsic
antibacterial capabilities have been exploited to increase the overall system’s efficiency.

4.1. Antibiotic-Modified Carbon Dots

CDs not only have high antibacterial and antimicrobial membrane activity, but they
also include a variety of hydrophilic groups on the surface, including -NH2, -OH, and
-COOH, and their unique nanostructure allows them to be used in many drug delivery
applications. The higher cellular internalization of these CDs is used to boost drug ab-
sorption. At the same time, it can bring active molecules attached to the main structure by
functionalization groups. This property has been discovered to be directly employed in
the administration of antibiotic molecules such as vancomycin [95], ampicillin [96], peni-
cillin [97], ciprofloxacin [98,99], and antiparasitic creams [97] to destroy microorganisms in
bacterial cells. Bacteria can be killed more effectively by a synergistic combination of the
PACT action with CDs antibiotics.

Boukherrub et al. used a hydrothermal approach to prepare amine-functionalized
carbon dots (CDs-NH2) using citric acid and ethylenediamine as primary materials. To
make CDs-AMP nanostructures, the main amine groups on the surface of CDs-NH2 were
employed to be covalently connected to ampicillin (AMP), a classical β-lactam antibiotic.
The lowest dose of CDs-AMP conjugate(14 g mL−1)-inhibited E. coli cells was higher
than free AMP (25 g mL−1), confirming the superiority of the CDs-AMP conjugate. As
shown in Figure 5a, the authors also confirmed that exposing CDs-AMP to visible light
irradiation increased its bactericidal action. When compared to free AMP, the results of
this investigation demonstrated that AMP placed on CDs had improved stability and
antibacterial activity when exposed to visible light [96].

Mandal et al. used a solvothermal approach to make 1,5-dihydroxyanthraquinone-
based CDs that emit green fluorescence. BSA was coated on the surface of the CDs via
an amidation reaction to boost ROS activity. As given in Figure 5b, Ciprofloxacin reacted
non-covalently with BSA-CDs conjugates to generate drug nanocomplexes. At the same
time, PACT functioned synergistically with antibiotic drug release to kill 95% of E. coli and
S. aureus at concentrations as low as 1.47 g mL−1 in their complexes [100].
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Using CDs conjugated with antibiotics can improve their antimicrobial activity in many
cases. Combining photodynamic sterilization with antibiotic sterilization can maximize
bacteria-killing because CDs improve the internalization efficiency and targeting of the
material and have a photodynamic effect [96].
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irradiation at 0.30 W for 10 and 20 min and influence of the CDs-NH2 and CDs-AMP concentration
on the treatment efficiency of E. coli without (solid lines) and with (dash lines) visible light illumi-
nation (20 min, 0.30 W). Reproduced with permission from Ref. [96]. Copyright © 2018 Colloids and
Surfaces B: Biointerfaces, Elsevier B.V. (b) Scheme for Synthesis of CDs, conjugation of the CDs to BSA,
and subsequent creation of BSA-CDs nanoparticles for visible-light-induced ROS generation and
simultaneous release of ciprofloxacin for antibacterial activity. Reproduced with permission from
Ref. [100]. Copyright © 2022 ACS Applied Materials & Interfaces, American Chemical Society.

4.2. Carbon Dots as Nanocarriers for Photosensitizers

PSs such as MB and curcumin can also be effectively bound to CDs through covalent
coupling or supramolecular interactions [101] (including π–π stacking, electrostatic interac-
tions, etc.) using the same rational approaches to the development of CDs-attached antibiotics.

CDs’ intrinsic antibacterial properties can sometimes boost antimicrobial efficacy. In
recent years, mixing CDs with photosensitizers molecules has been discovered to boost
overall antimicrobial activity. Dong et al. for example increased the antibacterial action of
CDs by combining them with the photosensitizers MB and toluidine blue (TB). According
to the scientists, CDs (5 g mL−1) alone had no antibacterial effect, and MB (1 g mL−1) had
little antimicrobial activity, but mixing CDs (5 g mL−1) with MB (1 g mL−1) considerably
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increased their antimicrobial effect and almost entirely inhibited bacterial growth, according
to the scientists. In E. coli cells, the combination of CDs and TB showed a similar synergistic
impact. The authors speculate that this is due to (1) increased cellular penetration by small-
molecule photosensitizers, (2) improved solubility of their small-molecule counterparts by
CDs and thus improved uptake/localization and target delivery, or (3) increased overall
intracellular ROS by the combination of both photosensitizers, for example through a
fluorescence resonance energy transfer (FRET) mechanism [25].

Similarly, Kholikov et al. synthesized biocompatible and photostable GQDs that
produced more monoclinic oxygen when mixed with MB. The population of excited triplet-
state photosensitizers created by the inter-systemic crossover (ISC) of excited singlet-state
photosensitizers is related to the oxygen generation efficiency of singlet photosensitizers. As
a result, GQDs may lengthen the duration of the MB triplet state, boosting (ISC) efficiency
from the singlet excited state to the triplet excited state of MB. Within 5 min of irradiation
with visible light at the appropriate wavelength, Gram-positive and Gram-negative bacteria
treated with the MB-GQD were inactivated (Figure 6a). The lower doses of MB provided
higher antimicrobial activity when sulfur-doped GQDs were combined with MB [102].
Yameen et al. synthesized a compound (cur-GQDs) by loading curcumin onto GQDs
to increase the solubility and biocompatibility of curcumin. It was shown that loading
curcumin onto GQDs solved the problem of curcumin’s poor water solubility and increased
its ROS production by three-fold, effectively being an inhibitory effect on Pseudomonas
aeruginosa, MRSA, E. coli and Candida albicans. The results were observed when the samples
were exposed to 405 nm blue light at 30 J cm−2. As shown in Figure 6b, Pseudomonas
aeruginosa, MRSA, E. coli and Candida albicans were significantly inhibited [103].

Other types of CDs have excellent photothermal properties but are not directly asso-
ciated with photodynamic properties. This material class could be under near-infrared
light, transforming light energy into heat, and inducing desaturation of enzymes on bacte-
ria’s surfaces by raising their temperature and destroying the cell membrane and biofilms
framework. Based on this foundation, a nanocomposite system with synergistic PDT and
PTT therapy can be built. The antimicrobial effect can be considerably increased by mixing
CDs with photosensitizers molecules via FRET. Su et al. developed a carbon dot compos-
ite system CDs/Cur that uses CDs as a carrier for curcumin, which improves curcumin
biocompatibility and ROS yield and has an excellent photothermal impact. CDs/Cur may
create both heat and generate ROS under dual-wavelength irradiation at 405 and 808 nm,
enhancing the antibacterial efficacy by combining PDT/PTT (Figure 6c). The killing effect
on E. coli was up to 100% of the final concentration of 1 M CDs/Cur concentration. In
contrast, the lethal effect on S. aureus was even stronger, with a mortality rate of 100% at
the lowest concentration of 0.10 nM [104].

CDs have excellent fluorescence properties, including broad-spectrum absorption,
tunable photothermal effects, upconversion luminescence, and visible light absorption,
allowing them to be used as FRET donors in various applications. Traditional photosensi-
tizers such as PpIX have low solubility and are prone to aggregation-induced bursts. Das
et al. developed the CD-DNA-PpIX hybrid hydrogel using protoporphyrin as the acceptor.
DNA functions as a linker to join CDs and PpIX, combining the preceding advantages
of CDs. As shown in Figure 6d, CDs serve two purposes: a cross-linker to disseminate
PpIX and a FRET donor to stimulate PpIX. The photodynamic effect of PpIX in visible
light and CDs to produce FRET can work together to generate additional ROS, which can
considerably improve the photodynamic outcome. The length of the DNA’s sequence
impacts the distance between the CDs and PpIX, as well as the efficiency of FRET, which
can minimize PpIX’s self-burst and ensure its delayed release. The hydrogel was entirely
over at 10–11 days in the experiment, while PpIX produced ROS slowly and consistently,
killing Gram-positive bacteria (S. aureus) continually [105].
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4.3. Carbon Dots/Metal Oxide Nanocomposites

CDs/metal oxide nanocomposites, such as ZnO/GQDs [106], CDs/Na2W4O13/WO3 [107],
CDs/TiO2 [108] and CDs/Cu2O [109], are also under evaluation for its antimicrobial
activity. When these materials are exposed to UV–visible light, these nanocomposites
release ROS, which kill microorganisms by some previous mechanisms presented. For
example, Chen et al. used a hydrothermal technique to make ZnO/GQDs nanocomposites
that could form reactive oxygen species to kill E. coli when exposed to UV light. Their
bactericidal activity was much higher than ZnO and GQDs [106].

4.4. Other Hybrid Carbon Dots

Many experiments have been conducted to improve the antibacterial photodynamic
properties of CDs. The embedding of light-responsive CDs into soft hyaluronic acid
hydrogels is frequently used as a photoactive antibacterial technique. Infectious bacteria in
the target tissue can dissolve hydrogels structure and liberate CDs because of the action of
hyaluronidase present on infectious bacteria naturally. Park et al. created a light-responsive
carbon dot-embedding soft hyaluronic acid hydrogel (CDgel) to be used as a photodynamic
antibacterial agent in vivo and in vitro by embedding CDs into a hyaluronic acid cross-
linked hydrogel. As previously stated, the hyaluronic acid backbone of CDgel is broken
by the bacterial hyaluronidase enzyme when applied to the bacterial site. CDgel degrades
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at this moment, transitioning from a gel to a liquid state, and CDs are released as a result.
CDs release vast levels of 1O2 when exposed to white LED light, which can kill up to 99%
of E. coli and 97% of S. aureus (Figure 7a) [110].

In addition, the development of a synergistic antibacterial platform can also greatly
enhance the antibacterial performance. As shown in Figure 7b, Shen et al. developed
silicon-based near-infrared CDs (QPCuRC@MSiO2) and a bicarbonate (BC) nanoplatform
(BC/QPCuRC@MSiO2@PDA). It has triple synergistic antibacterial properties such as
PDT, PTT and quaternary ammonium compounds (QACs). In vitro and in vivo exper-
iments showed that BC/QPCuRC@MSiO2@PDA had excellent antibacterial properties,
and the antibacterial rates against S. aureus and E. coli could reach 99.99% and 99.60%,
respectively [111].
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The application of carbon dots-based nanocomposites in PACT is summarized in this
section. To boost the effect of PACT, CDs can be employed as an antibiotic carrier, mixed with
a photosensitizer, combined with a metal oxide, or formed into various hybrid materials.

In Table 1, we have listed some representative CDs structure presenting high potential
activity on PACT, based on the material discussed in Sections 3 and 4.
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5. Toxicology and Safety Profile of Carbon Dots

CDs generally have good cytotoxicity and biocompatibility, which is beneficial for
biomedical applications. However, the influence of CDs on host cells must be carefully
evaluated before CDs can be widely used in PACT applications, and its possible medical
complications and detailed toxicology need to be further studied. The toxicity of CDs is
particularly important because of the unavoidable contact between mammalian cells or
tissues and photosensitizers during PACT application. Additionally, photosensitizers are
prone to transfer from the surface to the biological system, resulting in potential safety risks.

Thus far, much work has been performed on the cytotoxicity of CDs on mammalian
cells, and it has been reported that they are non-toxic at proper concentrations both in vitro
and in vivo [112–114]. However, the cytotoxicity of the CDs should not be overlooked
because the properties of CDs vary greatly between different precursors and synthetic
strategies. Although CDs prepared from “bio-safe” precursors such as common glucose
are commonly believed to be nontoxic, sometimes they maintain low cytotoxicity only
in dark conditions, while cytotoxic substances could be produced upon light irradiation.
Therefore, extensive studies must be carried out to fully explore the possible toxic effects of
CDs on humans. The used concentration of CDs is also an important factor affecting its
toxicity. A high concentration of CDs will exert toxic effects on the central nervous system.
Toxicology reports of GQDs indicate that although most existing studies support the safe
use of GQDs, their toxicity may vary depending on the concentration and test method used
in the synthesis technology. Studies have found that small-sized CDs are more toxic than
large-sized CDs [115], and CDs with negative charged are more cytotoxic to mammalian
cells [116,117]. ROS production plays an important role in the sterilization process of CDs,
but ROS may also cause cell death. In order to solve the above problems, it is necessary to
promote safe and controllable CDs synthesis strategies and application methods, and the
safe application of CDs in the treatment of infectious diseases requires in-depth research on
its possible toxic side effects and complications.

6. Conclusions

As presented, CDs have received much attention in chemical sensing, biological
imaging, photocatalysis, phototherapy, and drug administration. The CDs’ structure work
as a photosensitizer in PACT is discussed in many aspects and applications in this paper.
The synthetic process for CDs preparation was evaluated first to propose classical and
new routes for synthesizing CDs with high photodynamic antibacterial effects. Then, the
key elements that could be impacting the antibacterial effect of CDs were also discussed.
Furthermore, more effective antibacterial materials can be created by mixing CDs with
other photosensitizers molecules and antibiotics or by creating hybrid materials based on
CDs. CDs have been shown to be one of the most promising carbon classes of material to
work properly as an antibacterial material because of their excellent physical and chemical
properties, optical qualities, and photophysical and photochemical behavior associated
with exceptional water solubility.

Conversely, CDs face some problems, limiting their practical application. The exact
process of photoluminescence is unknown, and CDs with extended excitation and emission
wavelengths are still uncommon, leading to complex tissue and biofilm penetration. Sec-
ond, relatively few CDs have intrinsic microbe targeting ability, resulting in a significantly
reduced antibacterial effect that is essential in developing antibacterial CDs. Finally, CDs’
water solubility and biocompatibility influence their microbial therapy usage. To summa-
rize, the creation of high-efficiency antibacterial CDs faces numerous hurdles. As these
issues are resolved, CDs may have more good results in microbial therapeutics.
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Abstract: Antibiotic resistance has posed a great threat to human health. The emergence of antibiotic
resistance has always outpaced the development of new antibiotics, and the investment in the
development of new antibiotics is diminishing. Supramolecular self-assembly of the conventional
antibacterial agents has been proved to be a promising and versatile strategy to tackle the serious
problem of antibiotic resistance. In this review, the recent development of antibacterial agents based
on supramolecular self-assembly strategies will be introduced.

Keywords: supramolecular assembly; antibacteria; antibiotic resistance

1. Introduction

Antibiotic resistance is a growing problem that causes 700,000 deaths per year world-
wide, and a recent prediction indicates that bacterial infections will cause 10 million
deaths by 2050 [1–6]. The rapidly growing antibiotic resistance is mainly driven by mis-
use of antibiotics in human medicine and abuse of antibiotics in animal medicine and
husbandry [7–10]. The emergence of multi-drug-resistant infections makes the situation
worse, as multi-drug-resistant infections require prolonged and high-cost antibiotic ther-
apy [11–14]. However, the investment in research and development of new antibiotics
is diminishing, as the emergence of resistance has outpaced the development of new an-
tibiotics [15–18]. Therefore, developing novel approaches to tackle the serious antibiotic
resistance crisis is urgently needed.

Researchers in relevant fields are making great efforts to discover new drugs and
develop new antibacterial strategies and technologies to address the serious issues caused
by antibiotic resistance [19–26]. Supramolecular self-assembly focuses on the autonomous
organization of components into multi-component systems through intermolecular nonco-
valent interactions, including electrostatic, hydrophobic, hydrogen-bonding, metal-ligand
coordination, charge–transfer, van der Waals, and π-π stacking interactions [27–32]. The
dynamic properties and integration features of supramolecular self-assembly endow the
assembly with extraordinary functions, which cannot be empowered by traditional covalent
modification strategies. Therefore, supramolecular self-assembly strategies have demon-
strated great potential applications in the biomaterial field. In particular, supramolecular
self-assembly strategies have been applied in combating bacteria and bacterial biofilms.

In this review, we briefly highlight and discuss the recent development of antibacterial
agents based on the supramolecular self-assembly strategies, which involve the above-
mentioned noncovalent interactions. The typical and novel supramolecular self-assembly
strategies, which could improve the therapeutic performance of antibacterial agents and
overcome their shortcomings, will be focused on in this review. The review is divided
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into six sections according to the type of conventional antibacterial agents constituting
the supramolecular self-assembly, including antibiotics, antimicrobial peptides, cationic
surfactants and polymers, antibacterial photodynamic therapy (aPDT) agents, antibacterial
photothermal therapy (aPTT) agents, and macrophages.

2. Supramolecular Self-Assembly of Antibiotics

Since their introduction in the 1940s, antibiotics have been heavily applied to treat
infectious diseases. After the “Golden Age” of antibiotics, semisynthetic and chemically
modified antibiotics have been deemed as the bright way to develop new antibiotics [33–37].
However, these innovative compounds cannot address the antibiotic-resistant issues as
bacteria could rapidly acquire tolerance after a period of gene response. Thus, developing
a novel antibacterial strategy based on the existing antibiotics to combat resistance is
greatly needed. Supramolecular self-assembly of antibiotics is a promising strategy to
improve therapeutic efficiency, reduce nonspecific cytotoxicity, and depress drug resistance
to antibiotics. Bhosale and coworkers have summarized the supramolecular self-assembly
of amino-glycoside antibiotics [38], and for readers interested in this aspect, please refer to
the review.

The host–guest complexations between antibiotics and macrocyclic hosts are highly
potential approaches to enhance antibiotics activity. Sinisterra et al. reported that the
complexation of doxycycline (Dox) and β-cyclodextrin (β-CD) showed greater antimi-
crobial activity than free doxycycline (Figure 1) [39]. Isothermal titration calorimetry
(ITC) data indicated that the free doxycycline and the Dox/β-CD complexation bind with
the cell membrane through different interactions. The interaction of free doxycycline
with the cell membrane is an ion-paring and hydrogen bond, while the interaction of
Dox/β-CD complexation with the cell membrane is a much stronger hydrogen bond. The
Dox/β-CD complexation could serve as a local and sustained source to improve treatment
efficacy. Dend et al. also reported the complexation of per-6(4-methoxylbenzyl)-amino-6-
deoxy-β-cyclodextrin (pMBA-βCD) and methicillin (Met) to increase the water solubility
of Met and its antibacterial activities against methicillin-resistant Staphylococcus aureus
(MRSA) [40], which was presumed that the Met/pMBA-βCD complex improved the affin-
ity between the active β-lactam moiety and the narrow active site groove of MRSA PBP2a,
and facilitate the acylation [41,42] (Figure 1). The solubility and antibacterial activity of
ciprofloxacin were also enhanced by Mono-6-deoxy-6-aminoethylamino-β-cyclodextrin
(mET-βCD, Figure 1) [43]. NOESY NMR indicated that the ethylenediamine moiety of
mET-βCD induces stable hydrogen bonding with primary hydroxyls of β CD, leading
to the formation of this oval-shaped cavity, which could encapsulate quinolone and the
cyclopropyl groups of ciprofloxacin. D-mannose and D-glucose-grafted cyclodextrins were
also developed as “Trojan Horse”-like nanocarriers for loading hydrophobic antibiotics
(ciprofloxacin, erythromycin, and rifampicin) and potentiate their activity, as the func-
tionalized sugars on CD are chemoattractant for the bacteria and could promote uptake
(Figure 1) [44].

Kumari et al. also fabricated the host–guest complexation between resorcin[4]arene
and gatifloxacin to improve antibacterial activity [45]. These host–guest complexations
indicated that strategies based on host–guest interactions are highly potential approaches to
constructing novel antimicrobial formulations, which would improve antibacterial activity,
water-solubility, and biocompatibility of traditional antibiotics.

Microbial biofilms showed restricted drug accessibility and antibiotic resistance, and
most cells in the biofilms changed their metabolic mode to a dormant state. All of these fac-
tors result in great challenges in disrupting biofilms [46,47]. Supramolecular self-assembly
of antibiotics is also a potential strategy to disrupt biofilms. Wang and coworkers also de-
veloped host–guest complexation between guanidinium per-functionalized pillar[5]arene
(GP5) and the antibiotic cefazolin sodium to synergistically eradicate Escherichia coli (E. coli)
biofilm [48]. In vitro experiment showed that GP5 could disrupt biofilm, as guanidinium
per-functionalized pillar[5]arene could penetrate through biofilm barriers and destroy
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biofilm-enclosed bacteria. After GP5 formed the host–guest complex with cefazolin sodium,
the host–guest complex penetrated through biofilm due to the high penetrability of pre-
organized multiple guanidiniums on pillar[5]arene skeleton (Figure 2). The GP5 and
cefazolin sodium, therefore, could effectively breach the bacterial membranes and work
synergistically to kill the bacteria within the biofilm matrix.

Encapsulation and delivery of antibiotics through the self-assembly of lipids is a
promising way to enhance the bioavailability of antibiotics [49]. Macrophage membrane
encapsulated antibiotic was construed to selectively enter into the infected macrophages
and efficiently kill intracellular bacteria [50]. The hydrophobic triclosan and hydrophilic
ciprofloxacin were covalently conjugated together, and the obtained amphiphilic pro-
drug self-assembled into nanoparticles. With further encapsulation with macrophage
membranes, the nanoparticles showed similar Toll-like receptor expression and negative
surface charge as their precursor murine macrophage/human monocyte cell lines. Such fea-
tures allowed uptake of the infected macrophages/monocytes through positively charged,
lysozyme-rich membrane scars created during staphylococcal engulfment.

Combined antibiotic administration based on co-assembly is also an effective way to
eliminate resistant infections. Lehr et al. developed a co-assembled nanoparticle of synthe-
sized amphiphilic lipid (squalenyl hydrogen sulfate), hydrophilic antibiotic tobramycin,
and a quorum sensing inhibitor (QS1) to synergistically eradicate Pseudomonas aeruginosa
(P. aeruginosa) biofilm [51].

Wang and coworkers fabricated cascade-targeting poly(amino acid) nanoparticles to
sequentially target macrophages and intracellular bacteria and fulfill on-site antibiotic de-
livery. The mannose-decorated poly(α-N-acryloylphenylalanine)-block-poly(β-N-acryloyl-
D-aminoalanine) could self-assemble into nanoparticles and efficiently load rifampicin due
to abundant noncovalent interactions between the drug and polymer backbone (Figure 3).
The mannose groups from the surface of the nanoparticles promote macrophage-specific
uptake and intracellular accumulation. After exposing the D-aminoalanine moieties in the
acidic phagolysosome, the nanoparticles escape from lysosomes and target intracellular
bacteria through peptidoglycan-specific binding. Subsequently, rifampicin was precisely
released regardless of the states and locations of the intracellular MRSA [52].

Pharmaceuticals 2022, 15, x FOR PEER REVIEW 3 of 22 
 

 

 
Figure 1. Chemical structures of (a) the antibiotics, and (b) the co-assembly materials used for fab-
ricating supramolecular self-assembly of antibiotics. 

Kumari et al. also fabricated the host–guest complexation between resorcin[4]arene 
and gatifloxacin to improve antibacterial activity [45]. These host–guest complexations 
indicated that strategies based on host–guest interactions are highly potential approaches 
to constructing novel antimicrobial formulations, which would improve antibacterial ac-
tivity, water-solubility, and biocompatibility of traditional antibiotics. 

Microbial biofilms showed restricted drug accessibility and antibiotic resistance, and 
most cells in the biofilms changed their metabolic mode to a dormant state. All of these 
factors result in great challenges in disrupting biofilms [46,47]. Supramolecular self-as-
sembly of antibiotics is also a potential strategy to disrupt biofilms. Wang and coworkers 
also developed host–guest complexation between guanidinium per-functionalized pillar 
[5] arene (GP5) and the antibiotic cefazolin sodium to synergistically eradicate Escherichia 
coli (E. coli) biofilm [48]. In vitro experiment showed that GP5 could disrupt biofilm, as 
guanidinium per-functionalized pillar[5]arene could penetrate through biofilm barriers 
and destroy biofilm-enclosed bacteria. After GP5 formed the host–guest complex with 
cefazolin sodium, the host–guest complex penetrated through biofilm due to the high pen-
etrability of preorganized multiple guanidiniums on pillar[5]arene skeleton (Figure 2). 
The GP5 and cefazolin sodium, therefore, could effectively breach the bacterial mem-
branes and work synergistically to kill the bacteria within the biofilm matrix. 

Encapsulation and delivery of antibiotics through the self-assembly of lipids is a 
promising way to enhance the bioavailability of antibiotics [49]. Macrophage membrane 
encapsulated antibiotic was construed to selectively enter into the infected macrophages 
and efficiently kill intracellular bacteria [50]. The hydrophobic triclosan and hydrophilic 
ciprofloxacin were covalently conjugated together, and the obtained amphiphilic prodrug 
self-assembled into nanoparticles. With further encapsulation with macrophage mem-
branes, the nanoparticles showed similar Toll-like receptor expression and negative sur-
face charge as their precursor murine macrophage/human monocyte cell lines. Such fea-
tures allowed uptake of the infected macrophages/monocytes through positively charged, 
lysozyme-rich membrane scars created during staphylococcal engulfment. 

Figure 1. Chemical structures of (a) the antibiotics, and (b) the co-assembly materials used for
fabricating supramolecular self-assembly of antibiotics.

79



Pharmaceuticals 2022, 15, 804Pharmaceuticals 2022, 15, x FOR PEER REVIEW 4 of 22 
 

 

 
Figure 2. Disruption of biofilms by GP5 and GP5⊃CFZ. Reprinted with permission from Ref. [48]. 
Copyright 2021 Wiley-VCH. 

Combined antibiotic administration based on co-assembly is also an effective way to 
eliminate resistant infections. Lehr et al. developed a co-assembled nanoparticle of syn-
thesized amphiphilic lipid (squalenyl hydrogen sulfate), hydrophilic antibiotic tobramy-
cin, and a quorum sensing inhibitor (QS1) to synergistically eradicate Pseudomonas aeru-
ginosa (P. aeruginosa)biofilm [51]. 

Wang and coworkers fabricated cascade-targeting poly(amino acid) nanoparticles to 
sequentially target macrophages and intracellular bacteria and fulfill on-site antibiotic de-
livery. The mannose-decorated poly(α-N-acryloylphenylalanine)-block-poly(β-N-acry-
loyl-D-aminoalanine) could self-assemble into nanoparticles and efficiently load rifam-
picin due to abundant noncovalent interactions between the drug and polymer backbone 
(Figure 3). The mannose groups from the surface of the nanoparticles promote macro-
phage-specific uptake and intracellular accumulation. After exposing the D-aminoalanine 
moieties in the acidic phagolysosome, the nanoparticles escape from lysosomes and target 
intracellular bacteria through peptidoglycan-specific binding. Subsequently, rifampicin 
was precisely released regardless of the states and locations of the intracellular MRSA [52]. 

 

Figure 2. Disruption of biofilms by GP5 and GP5⊃ ⋂
CFZ. Reprinted with permission from Ref. [48].

Copyright 2021 Wiley-VCH.

Pharmaceuticals 2022, 15, x FOR PEER REVIEW 5 of 22 
 

 

 
Figure 3. The cascade-targeting DDS eliminates intracellular MRSA. Reprinted with permission 
from Ref. [52]. Copyright 2022 Wiley-VCH. 

3. Supramolecular Self-Assembly of AMPs 
Antimicrobial peptides (AMPs), a group of functional peptides that display antimi-

crobial activities, are potential therapeutic agents due to their broad-spectrum antibacte-
rial activities and low degrees of antimicrobial resistance [53–55]. As peptides are out-
standing and feasible building blocks for self-assembly, the artificial peptides with self-
assembling capacities have been applied in antibiotic delivery, antibacterial surface de-
fense, bio-sensing of bacteria, and as bacteriostatic agents [56–58]. The self-assembly of 
AMPs could not only enhance antimicrobial efficacy by locally enhancing the antimicro-
bial peptide concentration on the bacterial surface but also promote the biological stability 
of the fragile peptide. 

AMPs are drawing great attention in modern medicine due to their high biological 
activity. Their low stability leads to undesirable bioavailability, as these agents could be 
degraded by proteases. Further, systemic toxicity is also a major issue for some classes of 
AMPs. Recently, Li et al. exploited the host–guest complexion between and pexiganan 
(PXG) to decrease hemolysis and improve the stability of PXG [59]. The two large-sized 
macrocycles showed strong interactions towards PXG, giving association constants in the 
magnitude of 104 and 105 M−1. The host–guest complexation remarkably improves meta-
bolic stability under endogenous proteases conditions and decreases hemolysis of PXG. 

Lin et al. developed a supramolecular trap to boost the low-dose antibacterial activity 
of colistin against E. coli by preventing the interaction between colistin and free LPS [60]. 
The molecular trap was fabricated from a subnanometer gold nanosheet with methyl mo-
tifs (SAuM) and could directly target and capture free LPS by binding to and compressing 
the packing density of lipid A, thus reducing the risk of endotoxin-induced sepsis and 
preventing its interaction with colistin (Figure 4). The binding specificity assay results 
showed that SAuM is a strong competitor of colistin for binding with free LPS. The higher 
driving force of SAuM to bind with LPS is mainly due to the fact that the sheet-like struc-
ture of SAuM can precisely bind the lipid A of LPS to form a steric wall that efficiently 
inhibits colistin binding. This supramolecular trap allows the therapeutic window of col-
istin to be expanded to low-dose concentrations for the treatment of Gram-negative bac-
teria infections while also minimizing the risk of endotoxemia. 

 

Figure 3. The cascade-targeting DDS eliminates intracellular MRSA. Reprinted with permission from
Ref. [52]. Copyright 2022 Wiley-VCH.

3. Supramolecular Self-Assembly of AMPs

Antimicrobial peptides (AMPs), a group of functional peptides that display antimicro-
bial activities, are potential therapeutic agents due to their broad-spectrum antibacterial
activities and low degrees of antimicrobial resistance [53–55]. As peptides are outstanding
and feasible building blocks for self-assembly, the artificial peptides with self-assembling
capacities have been applied in antibiotic delivery, antibacterial surface defense, bio-sensing
of bacteria, and as bacteriostatic agents [56–58]. The self-assembly of AMPs could not only
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enhance antimicrobial efficacy by locally enhancing the antimicrobial peptide concentration
on the bacterial surface but also promote the biological stability of the fragile peptide.

AMPs are drawing great attention in modern medicine due to their high biological
activity. Their low stability leads to undesirable bioavailability, as these agents could be
degraded by proteases. Further, systemic toxicity is also a major issue for some classes
of AMPs. Recently, Li et al. exploited the host–guest complexion between and pex-
iganan (PXG) to decrease hemolysis and improve the stability of PXG [59]. The two
large-sized macrocycles showed strong interactions towards PXG, giving association con-
stants in the magnitude of 104 and 105 M−1. The host–guest complexation remarkably
improves metabolic stability under endogenous proteases conditions and decreases hemol-
ysis of PXG.

Lin et al. developed a supramolecular trap to boost the low-dose antibacterial activity
of colistin against E. coli by preventing the interaction between colistin and free LPS [60].
The molecular trap was fabricated from a subnanometer gold nanosheet with methyl motifs
(SAuM) and could directly target and capture free LPS by binding to and compressing
the packing density of lipid A, thus reducing the risk of endotoxin-induced sepsis and
preventing its interaction with colistin (Figure 4). The binding specificity assay results
showed that SAuM is a strong competitor of colistin for binding with free LPS. The higher
driving force of SAuM to bind with LPS is mainly due to the fact that the sheet-like structure
of SAuM can precisely bind the lipid A of LPS to form a steric wall that efficiently inhibits
colistin binding. This supramolecular trap allows the therapeutic window of colistin to be
expanded to low-dose concentrations for the treatment of Gram-negative bacteria infections
while also minimizing the risk of endotoxemia.
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Tang and coworkers developed a novel peptide-based co-assembled hydrogel to
effectively and specifically capture and kill MRSA bacteria. The supramolecular self-
assembly of 9-fluorenylmethyloxycarbonyl-L-phenylalanin (Fmoc-L-Phe) and amino-acid-
modified conjugated oligomer OTE-D-Phe formed a new and biocompatible low-molecular
weight hydrogel [61]. The hydrogel was composed of a thick and rough fibrous network,
which could spontaneously capture MRSA and E. coli efficiently. The hydrogel exhibited
efficient and specific antibacterial activity against MRSA due to specific interaction with
lipid domains of the MRSA membrane.
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4. Supramolecular Self-Assembly of Cationic Surfactants and Polymers

Cationic surfactants have been extensively applied as antimicrobial agents in vari-
ous fields due to their excellent bactericidal activities [62–64]. The cationic surfactants
exert biological activity mainly by disrupting bacterial membranes via electrostatic and
hydrophobic interaction, which further leads to cell lysis and bacterial death [65,66]. The
cationic surfactants were once supposed to be impervious to resistance. However, after
huge accumulation in the environment over the past decades, bacteria have acquired
surfactant resistance [67–69]. Moreover, it is a great challenge to design highly antibac-
terial surfactants with high selectivity, as the essential factors for antibacterial activity
also predominate their cytotoxicity. Recently, the application of the supramolecular self-
assembly strategy for cationic surfactants has shown encouraging results in improving
their antimicrobial activity, bacterial resistance, selectivity, etc.

Wang and coworkers developed supramolecular antimicrobial agents with switchable
activities, which could reduce the pressure on bacteria and prevent the emergence of
bacterial resistance. The supramolecular antibacterial switches were constructed based on
the host–guest complexation of cucurbit(7)uril (CB[7]) and cationic surfactants (DDBAC,
DDBAB, BCDAC, and DTAC) [70]. The antimicrobial ability was switched off when the
alkyl chain of surfactants was encapsulated by CB[7], which concealed the active sites. The
antimicrobial ability was switched on when the active sites recovered upon the addition of
competitive guest amantadine hydrochloride (AD). As the exposure frequency of bacteria to
active surfactants could be reduced by regulating the antimicrobial switch, the occurrence
of drug resistance was prevented by the antimicrobial switch.

Wang et al. also fabricated the host–guest complexation of biocompatible CDs
and cationic surfactant (tri(dodecyldimethylammonioacetoxy)-diethyltriamine trichloride,
DTAD) to improve the mildness of cationic surfactant [71]. The outstanding antimicrobial
DTAD showed a strong skin irritation effect due to its larger numbers of cationic charges
and multiple hydrophobic chains. The host–guest complexation of DTAD and three types
of CDs (α-, β-, γ-CD) could self-assemble to nanostructure with different morphology,
and the antibacterial activity and mildness of DTAT were all improved by the host–guest
complexation and further self-assembly.

Tang and coworkers fabricated cationic nanoparticles through the co-assembly of
cationic surfactant cetyltrimethylammonium bromide (CTAB) and conjugated polymers
(PFVBT), which could enhance the antibacterial effect and lower the cytotoxicity of CTAB [72].
When mixing CTAB and PFVBT together, the hydrophobic chain of the polymers was
entwined with the hydrophobic part of CTAB to form the nucleus, and the hydrophilic qua-
ternary ammonium groups formed shells on the surface, resulting in the spherical cationic
nanoparticles. Instead of light source requirement, which is vital for the antibacterial
activity of most conjugated polymers and nanoparticles, the cationic nanoparticles showed
efficient and broad-spectrum biocidal activities in the dark. This work provides a new way
to combine cationic surfactant and conjugated polymers together to combat bacteria.

The commonly used antibacterial quaternary ammonium surfactants (QAS) generally
lack long-lasting performances. The frequent usage of these agent cause accumulation in the
environment, which would exert a huge burden on the ecosystem and selective pressure on
bacteria, triggering the emergence of antimicrobial resistance. Supramolecular self-assembly
is a potential strategy to fabricate long-lasting antimicrobial agents. For example, Wang et al.
fabricated long-lasting antimicrobial aggregate by co-assembling QAS and biocompatible gal-
lic acid through multiple synergistic noncovalent interactions, including electrostatic interac-
tion, hydrogen bonding, hydrophobic interaction, and π-π stacking [73]. Three QASs, includ-
ing dodecyltrimethylammonium bromide (DTAB), trimethylene-1,3-bis-(dodecyldimethyl-
ammonium bromide) and methyldodecylbis[3-(dimethyldodecylammonio) propane] ammo-
nium tribromide were chosen to co-assemble with gallic acid (GA) (Figure 5). GA could coun-
terbalance the charge repulsion of the surfactant headgroups after electrostatic binding with
the surfactant, and GA could serve as a linker to adhere surfactant micelles together through
intermolecular hydrogen bonding of the phenolic hydroxyl groups. The parallelly stacked
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micelles formed hexagonal columns, and the hexagonal columns interpenetrated spheres
(HCISs) were finally generated when these hexagonal columns intersperse at different orien-
tations. The strong dehydration of HCISs and their adhesion force to substrates endowed the
HCISs with anti-water washing properties and long-lasting antimicrobial performance.
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Traditional antibiotic abuse has caused a lot of health problems, including antimi-
crobial resistance. In order to tackle these problems, Lei and coworkers investigated two
self-assembling modes between berberine (BBR) and flavonoid glycosides and compared
their antibacterial potency (Figure 1). Based on electrostatic and hydrophobic interactions,
the mixture of BBR and baicalin formed nanoparticles in an aqueous solution, while BBR
and wogonoside generated nanofibers [74]. The nanoparticles exhibited significantly en-
hanced bacteriostatic activity, whereas nanofibers showed a weaker effect than BBR. The
enhanced bacteriostatic activity of nanoparticles is likely attributed to their stronger affinity
to bacteria as hydrophilic glucuronic acid was distributed on the surface of nanoparticles.
Using a similar strategy, they also developed nanoparticles by the self-assembly of BBR and
cinnamic acid to combat MRSA and biofilm [75]. The self-assembly of the nanoparticles
was governed by hydrogen bonds and π-π stacking interactions.

A precise pesticide delivery nanoplatform was fabricated by iron mineralization after
electrostatic self-assembly between sodium lignosulphonate (SL) and dodecyl dimethyl
benzyl ammonium chloride (DDBAC). The nanoplatform was a core–shell structure, which
was excellently stabilized by iron mineralization. The outer layer of the shell was con-
structed by in situ mineralization with iron ions, while the endothecium of the shell was
formed by the electrostatic self-assembly of SL and DDBAC. The nanoplatform was suitable
for encapsulating agrochemicals with hydrophobicity and low volatility. The nanoplatform
showed a specific response to alkalescency and laccase in the alimentary tract of insects and
also improved the photostability and environmental security of agricultural chemicals [76].

Shen et al. designed an electrochemical redox-controlled bacterial inhibition agent [(12-
ferrocenyl) benzalkonium bromide (FBZK)] containing ferrocene quaternary ammonium
salt based on supramolecular self-assembly and disassembly [77]. They demonstrated that
using a redox-active cationic antibiotic to regulate antibacterial activity with an alternating
electric field takes the critical micelle concentration (CMC) as the boundary, inhibition of
antimicrobial activity by redox-induced changes in hydrophilicity and hydrophobicity. At
a concentration over the CMC, self-assembly into micelles led to a decrease in antibacterial
activity; on the contrary, the disassembly of micelles can enhance the bactericidal effect.
When the concentration was below the CMC, REFBZK with a hydrophobic tail penetrated
more easily into the membrane.
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Yang et al. exploited the supramolecular self-assemblies of cationic polyaspartamides
and anionic carboxylatopillar[5]arene (CP[5]A) to target Gram-positive bacteria and mit-
igate antimicrobial resistance (Figure 6) [78]. The cationic polyaspartamides derivatives
were functionalized with quaternary ammonium on the side chains, which contribute to the
insertion of the catiomers into the negatively charged bacterial membranes and promotion
of membranolysis and cell death. The anionic carboxylatopillar[5]arene (CP[5]A) host was
further introduced to complex with the catiomers, which increased the biocompatibility
of catiomers. The host–guest interaction endowed the systems with pH-responsiveness,
as CP[5]A could depart from cationic quaternary ammonium compounds under acid con-
ditions. Therefore, the biocomposite could selectively eliminate Gram-positive bacteria.
In vivo MRSA-infected wound treatment further demonstrated that the system possessed
potential values in practical application.
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Chan-Park and coworkers also developed block copolymer nanoparticles to remove
biofilms of drug-resistant Gram-positive bacteria using nanoscale bacterial debridement [79].
The block copolymer DA95B5, dextran-block–poly((3-5 acrylamidopropyl) trimethylammo-
nium chloride (AMPTMA)-co-butyl methacrylate (BMA)), could self-assemble into core–
shell nanoparticles with a non-fouling dextran shell and a cationic core. The nanoparticles
could diffuse through Gram-positive biofilm and attach to bacterial surfaces. The dextran
corona enhanced the bacterial/nanoparticle interactions to promote bacterial detachment
from the biofilm, which reduced biofilm biomass. The bacterial debridement mechanism is
orthogonal to antibiotic resistance so that it removes biofilms of drug-resistant strains as
effectively as those of drug-sensitive strains.

5. Supramolecular Self-Assembly for Improvement of aPDT

Antibacterial Photodynamic therapy (aPDT) is a promising way to eliminate bacteria
and biofilm infections. In the aPDT process, the reactive oxygen species (ROS) destroy
biomolecules in bacterial cells, leading to cell death [80–82]. The antibacterial efficiency
of aPDT generally is very high, and it also does not induce drug resistance; thus, aPDT
has been applied in antibacterial therapy for body infections. However, more excellent
aPDT systems are still needed to overcome the drawbacks of aPDT. For instance, the
ROS has limited diffusion distances and short lifetimes, and it is inefficient for Gram-
negative bacteria due to its complicated cell membrane. The light employed for activation
of photosensitizer always shows weak tissue penetration, and the dependence of oxygen
for generating ROS also restricts their therapeutic effect. In addition, the reactivity of ROS is
very nonspecific, which causes by-effect and lowers their antibacterial performance [83–87].
Therefore, the supramolecular self-assembly strategy has been employed to improve the
therapeutic performance of aPDT in two ways, including enhancing the generation of ROS
and regulating the interaction between aPDT systems and bacteria.

Due to a strong tendency of π-π stacking in an aqueous solution, the singlet states
of photosensitizer are quenched, leading to low ROS generation efficiency. Host–guest
complexation of photosensitizer by macrocycles is an efficient way to enhance ROS genera-
tion by preventing aggregation of the hydrophobic photosensitizer. For instance, Zhang
and coworkers exploited the host–guest complexation of cucurbit[7]uril (CB[7]) and por-
phyrin derivatives (TPOR) to enhance the antibacterial efficiency [88]. As the naphthalene-
methylpyridinium moiety on TPOR can form stable host–guest complexation with CB[7],
the supramolecular TPOR/(CB[7])4 assembly was obtained when mixing TORP and CB[7].
The TPOR/(CB[7]4 assembly showed different self-assembling behavior, comparing the
self-assembly of TPOR (Figure 7). The TPOR showed more intense fluorescence due to sup-
pression of self-quenching of the excited state, and the 1O2 generation was also enhanced.
Thus, the bacterial inhibition ability was efficiently enhanced by promoting ROS generation.
Furthermore, metal ions, including Zn(II) and Pd(II), were introduced into the porphyrin
core to enhance its ability to produce ROS and improve the efficiency of PDT [89].

Supramolecular assembly strategy is applied to manipulate the absorbance wave-
length of conjugated polythiophene to enhance its aPDT effect under red light irradi-
ation by Xing and coworkers. They fabricated hybrid hydrogels by co-assembling of
tri(ethylene glycol)-functionalized polyisocyanide (PIC) and conformation-sensitive con-
jugated polythiophene, poly(3-(3′-N,N,N-triethylammonium-1′-propyloxy)-4-methyl-2,5-
thiophene chloride) (PMNT) (Figure 8). The PIC polymer could serve as a scaffold to trap
and align the PMNT backbone into a highly ordered conformation, leading to the gener-
ation of a red absorption band. Under red light irradiation, the PMNT/PIC co-assembly
showed much higher ROS production than PMNT in its random conformation, leading to
efficient aPDT towards various pathogens [90].

Designing aggregation-enhanced ROS production systems is also a novel thread
for improving the therapeutic performance of aPDT. Yoon and coworkers developed an
aggregation-enhanced photodynamic therapy system for combating antibiotic-resistant
bacteria [91]. The self-assembly of the 3-{N-(4-boronobenzyl)-N,N-dimethylammonium}
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phenoxy-substituted zinc(II) phthalocyanine (PcN4-BA) generated the novel photosensi-
tizer, and the boronic acid functionalized on the PCN4-BA endow the self-assembly with
bacteria target capacity (Figure 9). The aggregation of PcN4-BA induces large intermolec-
ular interaction, which further increases the density of electronic states and reduces the
energy gap between the excited singlet and triplet states. Furthermore, the enhanced
energy overlap between excited singlet and triplet states promotes ISC, resulting in the
improvement of ROS generation.

Light harvesting from the antenna dye to photosensitizer was also employed to
enhance the therapeutic performance of aPDT by Wang and coworkers [92]. The anionic
polythiophene (PTP) and cationic porphyrin (TPPN) formed PTP/TPPN complex through
electrostatic interactions, and efficient energy transfer from PTP to TPPN occurred upon
white light irradiation, which further promoted ROS generation. After the positive charged
PTP/TPPN complex was absorbed on negatively charged bacteria membranes through
electrostatic interactions, the singlet oxygen effectively killed the bacteria.

Regulation of the antibacterial activity of biotics was also accomplished by a supramolec-
ular antibiotic switch. Wang and coworkers fabricated the supramolecular antibiotic switch
by the host–guest complexation between cucurbit[7]uril (CB[7]) and the cationic pedants
of poly(phenylene vinylene) derivative (PPV) [93]. When the host–guest complexation was
retained, the supramolecular antibiotic switch showed low ROS generation efficiency, as
the encapsulated PPV was prevented from contacting the surrounding oxygen. Further, the
encapsulated PPV also could not bind the bacterial membrane, as the cationic pedants were
complexed by CB[7]. Upon competitive replacement by amantadine, the antibacterial activity
of the PPV was turned on and showed effective aPDT.

Tang and coworkers also regulated the antibacterial photodynamic effect of
oligo(phenylene ethynylene) (OPE) through the supramolecular self-assembly of OPE
and DNA [94]. DNA-OPE hydrogel was formed through the electrostatic interactions
between positively charged OPE and negatively charged DNA. In the gel state, the OPE
showed little biocidal activity towards E.coli, as the OPEs are “adsorbed” by DNA via
electrostatic interactions in the gel. When the DNA was hydrolyzed by DNase, the released
OPE fully exerted its photodynamic effect on the cell.
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A supramolecular self-assembly strategy was also applied to improve the biocom-
patibility and endow the photosensitizer with acid responsiveness. Recently, Zhang and
coworkers fabricated an acid-triggered supramolecular porphyrin photosensitizer to com-
bat bacteria and biofilms. The host–guest complexation of carboxylatopillar[5]arene (CP5)
and quaternary ammonium-functionalized tetrafluorophenyl porphyrin (TFPP-QA) formed
nanoparticles in aqueous solutions, resulting in the supramolecular photosensitizer [95].
The quaternary ammonium compound showed indiscriminate cytotoxicity to both bacte-
rial cells and normal tissue cells, which greatly limited their clinical applications. After
host–guest interactions, the biocompatibility of TFPP-QA was significantly improved. As
the CP5 possess excellent pH-responsiveness, the TFPP-QA could release from the nanopar-
ticles when they reach the acidic inflammatory tissue.

Zhang and coworkers also constructed a pH-responsive supramolecular antibacterial
photosensitizer AgTPyP@P[5] by the host–guest complexation between a water-soluble
photosensitizer silver tetra(N-methyl-4-pyridyl) porphyrin (AgTPyP) and carboxylatopil-
lar[5]arene (P[5]) [96]. The host–guest complexation could further self-assemble to form
nanoparticles. The introduction of P[5] could reduce the toxicity of AgTPyP to normal tis-
sues. In the acidic bacteria-infected inflammation tissue microenvironment, the host–guest
complexation was dissociated and released the AgTPyP. Upon light irradiation, the ROS
produced by AgTPyP could effectively kill bacteria.

Regulating the interaction between aPDT systems and bacteria through supramolecu-
lar self-assembly is also a promising way to enhance the therapeutic performance of aPDT
and reduce side effects. Xu and coworkers exploited the self-assembly of amphiphilic
polymer containing bacteria-target moieties and photosensitizers to combat multi-drug-
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resistant Pseudomonas aeruginosa (MDR-P. aeruginosa, Figure 10) [97]. The α-D-galactose on
the surface of the nano-assembly targeted the P. aeruginosa through carbohydrate–protein
interaction, and the bacteria were efficiently killed by the generated singlet oxygen from
the photosensitizer Rose Bengal.
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Multicharged supramolecular aPDT agent was fabricated by the host−guest complex-
ation between hexa-adamantane-appended ruthenium polypyridyl (Ru2) and polycationic
cyclodextrin (CD-QAS) to enhance the specific intercalation between negatively charged
bacteria membrane and the aPDT agent [98].

6. Supramolecular Self-Assembly for Improvement of PTT

Photothermal therapy (PTT) is an antibacterial method dependent on the light-induced
heat from the photothermal agents. The locally increased temperature (≥41 °C) inactivates
the microbial cell by inducing protein denaturation and aggregation, disruption of cell
membrane integrity, and DNA cross-linking [99–101]. Thus, PTT exhibits no drug resistance
and holds great potential to treat drug resistance. However, the shortcomings of PTT still
need to be overcome. For instance, the light employed for photothermal agents always
shows weak tissue penetration. It also always possesses side effects on normal tissues
and low efficiencies [102,103]. In order to overcome these shortcomings, a supramolecular
self-assembly strategy has been employed to improve the therapeutic performance of PTT
in two ways, including improving the photothermal conversion efficiency and regulating
the interaction between PTT systems and bacteria.

Supramolecular radical anions were fabricated to serve as an in situ generated an-
tibacterial near-infrared photothermal agents. The host–guest complexation of PPDI and
CB[7] was firstly constructed (Figure 11), which could eliminate nonspecific antibacterial
behavior of PPDI thorough preventing the benzyl groups of PPDI from inserting into the
membrane of bacteria [104]. Moreover, the host–guest complexation also could promote
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the stability of PPDI radical anions by preventing them from dimerizing and quenching.
When the host–guest complexation was incubated with bacteria with enough reductive
ability (E. coli), the supramolecular radical anions were in situ generated, which further
generated hyperthermia to induce bacterial cell death under near-infrared light irradiation.
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In order to improve the therapeutic performance and selectivity of PPT, E. coli in-
duced in situ supramolecular polymer was constructed by Xu and coworkers [105]. A
bifunctional monomer containing two viologen moieties as end groups and a rigid and
positively charged 1,4-diazabicyclo[2.2.2]octane unit as the linker (VDV) was designed to
fabricate supramolecular polymer with CB[8]. When incubated with E. coli, the CB[8] and
VDV in situ formed a supramolecular polymer integrated with supramolecular dimers
of viologen cation radicals on the surface of bacteria, as the viologen moieties were re-
duced to viologen cation radicals by E. coli. The photothermal therapeutic performance of
supramolecular dimer of viologen cation radicals was improved by the local enrichment
effect of supramolecular polymers and their adsorption onto the bacteria surface. As the
viologen moieties were only able to be reduced by E. coli, the supramolecular polymer
showed high selective photothermal therapeutic performance toward E. coli.

A NIR-II photothermal antibacterial agent with much deeper tissue penetration and
higher maximum permissible exposure was further fabricated by Lee and coworkers using
a charge–transfer complex (Figure 12) [106]. The charge–transfer complex was made up
of the donor perylene (PER) and acceptor tetracyanoquinodimethane (TCNQ). The PER
with high π-electron donating ability may delocalize electron of TCNA, which would
narrow the energy gap of charge–transfer complex. The small energy gap would extend
the light-absorbing ability in the NIR-II region and promote a high rate of non-radiative
transition. The charge–transfer complex showed an excellent PTT effect on E. coli and
S. aureus under NIR-II laser irradiation.
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Regulating the interaction between PTT agents and bacteria through supramolecu-
lar self-assembly is an effective way to enhance the therapeutic performance of PTT. A
supramolecular carbohydrate-functionalized two-dimensional (2D) surface was fabricated
by Haag and coworkers to selectively capture E. coli and enhance the PTT of the graphene.
The supramolecular carbohydrate-functionalized two-dimensional (2D) surface was con-
structed by host–guest complexation between hepta mannosylated β-CD (ManCD) and
the adamant group on thermally reduced graphene oxide. The host–guest complexation
on the surface of thermally reduced graphene oxide not only increased the intrinsic water
solubility but also endowed the surface with effective E. coli capture capacity through mul-
tivalent interactions. Upon IR laser irradiation, the captured E. coli was killed effectively by
the photo-induced heat from the graphene oxide [107].

7. Supramolecular Self-Assembly for the Improvement Phagocytosis of Macrophage

The phagocytosis of bacteria by macrophages acts as the front line to protect the hu-
man body from bacterial pathogens. The pathogens’ clearance efficiency is always low due
to the relatively slow encounter and insufficient capture of bacteria by macrophages. Wang
and coworkers developed a supramolecular artificial receptor-modified macrophage (SAR-
Macrophage) to enhance the recognition and capture of bacteria in the systemic circulation.
SAR-Macrophage was fabricated by decorating CB[7] on the macrophage surface via in-
serting DSPE-PEG-CB[7] (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene
glycol)-CB[7]) into the surface membrane of the cells (Figure 13). E. coli was decorating
with adamantyl (ADA) groups by the mannose-ADA via specific mannose–FimH interac-
tions. Based on the strong and multipoint host–guest interactions between CB[7] on SAR-
Macrophage and ADA on the E. coli, the SAR-Macrophage could significantly recognize
E. coli and catch and internalize more pathogens. The promoted recognition and capture of
E. coli induced the M1 polarization of macrophages to generate ROS and effectively killed
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the intracellular bacteria. This work provides a supramolecular cell-engineering approach
for potential antibacterial applications [108].
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8. Summary

Antibiotic resistance has caught the attention of researchers from different fields, and
plentiful multidisciplinary studies for combating antibiotic resistance have been reported
in recent years. Supramolecular assembly is tunable, modular, and responsive, as the
formation of assembly is based on noncovalent interactions. Supramolecular self-assembly
provides a promising and versatile strategy to construct new antibacterial agents to com-
bat antibiotic-resistant infections. In this review, we hope we have shown the recent
development of antibacterial agents based on the supramolecular self-assembly strate-
gies, which include the supramolecular self-assembly of antibiotics, antibacterial peptides,
cationic surfactants and polymers, antibacterial photodynamic therapy agents, antibacterial
photothermal therapy agents, as well as supramolecular assembly strategy engineered
macrophage-bacteria interaction for promoting phagocytosis. These new antibacterial
agents showed enhanced antibacterial activity, or the intrinsic shortcomings of the motifs
were improved after supramolecular self-assembly.

The current state of the art for antibacterial agents based on supramolecular self-
assembly strategy exhibits strong potential to treat drug-resistant bacterial infections in
the near future. However, there are still some issues that require to be added to promote
the clinical translation of the novel antibacterial agents. First, the new antibacterial agents
need to possess excellent biocompatibility. Biocompatibility is a basic requirement for
constructing the new antibacterial agents, and the supramolecular self-assembly strategy
also could be considered for the cytotoxicity of the potential reported antibacterial agents.
Second, the stability of the new antibacterial agents needs to be systematically investigated.
The new antibacterial agents exert their enhanced activity through the positive effects
induced by supramolecular self-assembly, but the supramolecular self-assembly may show
instability in the complex biological media. The revelation of the mechanism of the new

92



Pharmaceuticals 2022, 15, 804

antibacterial in the complex biological media will help in developing effective strategies
for future applications. Third, the generation of resistance needs to be carefully evaluated
during the research stage. As the resistance could be developed rapidly, the evaluation of
resistance generation promotes feasibility for clinical tests. Last but not least, more new
antibacterial agents based on supramolecular self-assembly need to be fabricated.
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Abstract: Gold nanoparticles have gained interest in biomedical sciences in the areas of nano-
diagnostics, bio-labeling, drug delivery, and bacterial infection. In this study, we examined, for the
first time, the antibacterial and antibiofilm properties of plasmonic gold nanoprisms against human
pathogenic bacteria using MIC and crystal violet. In addition, the expression level of GroEL/GroES
heat shock proteins was also investigated by western blot. Gold nanoparticles were characterized
by TEM and EDX, which showed equilateral triangular prisms with an average edge length of
150 nm. Antibacterial activity testing showed a great effect of AuNPs against pathogenic bacteria
with MICs values ranging from 50 µg/mL to 100 µg/mL. Nanoparticles demonstrated strong biofilm
inhibition action with a percentage of inhibition ranging from 40.44 to 82.43%. Western blot analysis
revealed that GroEL was an AuNPs-inducible protein with an increase of up to 66.04%, but GroES
was down-regulated with a reduction of up to 46.81%. Accordingly, plasmonic gold nanoprisms,
could be a good candidate for antibiotics substitution in order to treat bacterial infections.

Keywords: plasmonic gold nanoprisms; antibacterial; antibiofilm; GroEL/GroES expression;
pathogenic bacteria

1. Introduction

Pathogenic bacteria are microorganisms that cause infectious diseases. They can
transmit from person to person directly or indirectly through animal and insect vectors, as
well as through polluted water and food. [1]. Antibiotic therapy continues to lose its effec-
tiveness due to the spread of drug resistance in bacterial pathogens. The infections caused
by drug-resistant bacteria result in additional very expensive medical costs [2,3]. Faced
with this critical situation, the development of new antibacterial agents and therapeutic
strategies is urgently necessary.

Most pathogenic bacteria are resistant to antibacterial compounds due to their capacity
to produce biofilm [4]. In addition, the biofilm produced by sessile bacteria is responsible
for several chronic diseases [5]. Biofilms formed by pathogenic bacteria are one of their
major virulence factors that contribute to >80% of human infections [6]. Biofilm is a
complex community composed of nucleic acids, lipids, proteins, and polysaccharides [7].
In biofilms, pathogenic bacteria become more persistent in the host environment and more
resistant to antibiotics [8,9] that is a major medical problem. Thereby, the discovering of
new compounds to combat biofilm is of great importance.

Heat shock proteins (HSPs) are major proteins that may be involved in bacterial
biofilm [10]. These HSPs are implicated in the bacterial response to environmental stresses
and protect pathogens against phagocytic cells [11]. In bacteria, one of the major molecular
chaperones is the GroE machine (GroES and GroEL) [12]. GroEL assists in correct folding
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and assembly of proteins and is involved in diverse cellular processes, including DNA repli-
cation, UV mutagenesis, bacterial growth, RNA transcription, and flagella synthesis [13].
GroEL, together with GroES, translocate protein across membrane barriers. These HSPs act
by preventing protein denaturation and to reactivate partially denatured proteins [14–17].

Nanoparticles have been used successfully in the delivery of therapeutic agents [18].
Due to their physicochemical properties, nanoparticles become more effective against
multidrug-resistant pathogens [19]. AuNPs have gained interest in biomedical sciences
due to their low toxicity to human cells, chemical, and biological stability, shape, surface
properties, catalytic and antibacterial activities, especially in the areas of nano-diagnostics,
bio-labeling, and drug delivery [18]. Safe nanomaterial could be a novel approach to inhibit
and/or eradicate biofilm-related bacterial infections. In addition, the penetrating power of
nanoparticles plays a major role in their action within the biofilm. In addition, the chance of
developing resistance to nanoparticles is lower compared to conventional antibiotics [20].

This work aimed to study the antibacterial and biofilm inhibition properties of plas-
monic gold nanoprisms against human pathogenic bacteria. In addition, the expression
level of heat shock proteins GroEL and GroES was also investigated.

2. Results
2.1. AuNPs Characterization

AuNPs were characterized using TEM (Figure 1a) that shows equilateral triangu-
lar prisms with an average edge length of 150 nm (Figure 1b). At a molar ratio of
PVP/Au = 0.05, the PVP concentration is sufficient to stabilize the gold nanoparticles.
Therefore, the gold nanoparticles nucleate more quickly and form monodisperse triangular
gold nanoprisms. According to the energy dispersive spectrum (EDX) analysis, le Tr-Au
NPs consist of only gold, and the copper element came from a copper grid.

Figure 1. Characterization of AuNPs. (a) TEM image, (b) particle size distribution, and (c) EDX
spectrum of triangular gold nanoprisms. Adapted with permission from [21], Copyright 2014
American Chemical Society.

2.2. Antibacterial Property of AuNPs

The minimal inhibition concentrations (MICs) and the minimal bactericidal concen-
trations (MBCs) were used to evaluate the antibacterial activity of AuNPs against the
investigated bacteria.

The value of MIC was 50 µg/mL for S. Typhimurium and V. cholerae, and was
100 µg/mL for E. coli, E. faecalis, P. aeruginosa, S. aureus, B. cereus, S. sonnei, and N. gonor-
rhoeae. However, the MBC values were 0.4 mg/mL for all the tested bacteria excepted from
S. aureus and S. sonnei, which were 0.8 mg/mL.
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2.3. Biofilm Formation

Bacteria were evaluated for their ability to produce biofilm on polystyrene surfaces
(Table 1). Results showed that almost all of the strains were low-grade positive producers
with OD570 values varied from 0.119 to 0.599. In addition, only S. aureus was a highly
positive producer, while B. cereus and V. cholerae were not able to form biofilms.

Table 1. Antibiofilm activity of AuNPs on polystyrene.

Strains Control OD570 ± SD Biofilm Phenotype AuNPs OD570 ± SD Biofilm Phenotype Inhibition (%)

S. Typhimurium 0.37 ± 0.026 low-grade positive 0.065 ± 0.073 negative 82.43
B. cereus 0.046 ± 0.003 negative - - -

E. coli 0.119 ± 0.042 low-grade positive 0.12 ± 0.062 low-grade positive 0
E. faecalis 0.599 ± 0.067 low-grade positive 0.206 ± 0.032 low-grade positive 65.60
S. sonnei 0.142 ± 0.022 low-grade positive 0.131 ± 0.046 low-grade positive 0
S. aureus 3.22 ± 0.088 highly positive 0.6 ± 0.058 low-grade positive 81.36

N. gonorrhoeae 0.361 ± 0.014 low-grade positive 0.215 ± 0.023 low-grade positive 40.44
P. aeruginosa 0.409 ± 0.076 low-grade positive 0.084 ± 0.016 negative 79.46

V. cholerae 0.032 ± 0.002 negative - - -

2.4. Biofilm Inhibition

Biofilm inhibitory activity of AuNPs was assessed on the strains that showed a biofilm
formation potential on polystyrene surface.

According to Table 1, AuNPs showed great antibiofilm activity. On polystyrene, the
percentage of biofilm inhibition ranged from 40.44 to 82.43%. The greatest antibiofilm
activity was detected from S. Typhimurium, which passed from low-grade positive to
biofilm negative. In addition to S. aureus that changed from highly positive to and low-
grade positive and P. aeruginosa that changed from highly positive to biofilm negative.
Moreover, the two low-grade positive E. faecalis and N. gonorrhoeae have conserved their
initial biofilm phenotype despite the observed inhibition. However, AuNPs did not show
any activity on E. coli and S. sonnei.

2.5. Effect of AuNPs on GroES and GroEL Expression

The expression level of GroES before and after treatment with AuNPs was analyzed
using western blot (Figure 2a). Control cells showed that GroES was expressed in all tested
bacteria with different degrees except for E. coli and V. cholerae. The very high and low
expression levels of this protein were observed in S. typhimurium and S. sonnei, respectively.

Under the AuNPs effect, the analysis by Image-J (Figure 2b) demonstrated that the
quantity of GroES protein was reduced in S. Typhimurium, B. cereus, S. aureus, and N.
gonorrhoeae with percentages of 46.81%, 30.17%, 38.35%, and 28.43%, respectively. However,
the amount of GroES protein was increased in S. sonnei (86.33%) and P. aeruginosa (11.40%).
In addition, this protein remained stable in E. faecalis but was expressed in E. coli and
V. cholerae.

Concerning GroEL (Figure 3a), the results showed that this protein was expressed
with different degrees only in the non-treated S. Typhimurium, B. cereus, E. faecalis, S. aureus,
and N. gonorrhoeae.
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Figure 2. GroES heat shock protein expression under AuNPs effect. (a): Western blot analysis;
(b): Image-J bands quantification; (A): Control; (B): Treated (AuNPs). S. Typhimurium (1), B. cereus
(2), E. coli (3), E. faecalis (4), S. sonnei (5), S. aureus (6), N. gonorrhoeae (7), P. aeruginosa (8), and V. cholerae (9).

Figure 3. GroEl heat shock protein expression under AuNPs effect. (a): Western blot analysis;
(b): Image-J bands quantification; (A): Control; (B): Treated (AuNPs) S. Typhimurium (1), B. cereus (2),
E. coli (3), E. faecalis (4), S. sonnei (5), S. aureus (6), N. gonorrhoeae (7), P. aeruginosa (8), and V. cholerae (9).

After treatment with AuNPs, GroEL was induced in all tested bacteria. Its level of
expression was considerably increased in E. faecalis (66.04%), S. Typhimurium (50.83%), and
B. cereus (23.35%). This Hsp was slightly induced in S. aureus (12.5%) and N. gonorrhoeae
(9.64%). The very high and low expression levels of GroEL were detected in E. coli and
V. cholerae, respectively (Figure 3b).
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3. Discussion

The increased resistance of pathogenic bacteria to antibiotics and the lack of new
antibacterial drugs have prompted researchers to focus their efforts to explore nanotechno-
logical measures against microbial infections for therapeutic applications. AuNPs have
attracted considerable interest because of their promising applications in the development
of novel antibacterial molecules [1]. This study investigates for the first time the effect of
plasmonic gold nanoprisms on biofilm formation and GroEL/GroES proteins expression
in some pathogenic bacteria as well as their antibacterial properties.

The antibacterial activity showed that AuNPs are effective against tested pathogenic
bacteria. The MICs values varied from 50 µg/mL, for S. typhimurium and V. cholerae, to
100 µg/mL for E. coli, E. faecalis, P. aeruginosa, S. aureus, B. cereus, S. sonnei, and N. gonorrhoeae.
Accordingly, Gram-negative and Gram-positive bacteria react in the same way face to
AuNPs. However, the study of Zawrah et al. [22] indicated that AuNPs are less effective
against Gram-positive bacteria due to the nature of the cell wall. Nanoparticles, with a
positive charge, attach with the negatively charged microorganisms by the electrostatic
attraction in the cell wall membrane [23].

AuNPs characterized using TEM appear as equilateral triangular prisms with an
average edge length of 150 nm. Several reports have shown that smaller NPs have higher
antibacterial activity [24–26]. Indeed, smaller particles affect the larger surface area of the
bacteria, enter easily into the bacterial cell and affect the intracellular processes. Thereby
they have more bactericidal activity than larger [27]. However, in this work, the triangular
prisms of gold showed great antimicrobial property, despite their high length, against Gram-
positive and Gram-negative bacteria. This finding corroborates the data of Sohm et al. [28]
showing that larger NPs are more effective and indicating that size alone is not the most
important factor of their toxicity. The effectiveness of gold triangular nanoprisms may
be due to their shape. According to Smitha and Gopchandran [29], the antibacterial
properties of triangular AuNPs have shown better activity against Gram-positive and
Gram-negative bacteria compared to spherical AuNPs, which indicates that the shape
could play a significant role in the potential antibacterial activity of AuNPs.

Biofilm, as a major virulence factor, is responsible for about 80% of human infections,
and the Gram-negative bacterium P. aeruginosa, E. coli, and the Gram-positive S. aureus
are the most frequent [30]. Due to the resistance to antibiotics, the immune system, and
the spread of infection, the treatment of biofilm becomes more complex [31]. Thereby, the
discovering of novel therapeutic molecules, like plasmonic gold nanoprisms, to inhibit
biofilm is of great importance. In this work, almost all of the tested bacteria were low-grade
positive producers on polystyrene surfaces with OD570 values ranging from 0.119 to 0.599.
In addition, only S. aureus was a highly positive producer, while B. cereus and V. cholerae
were not able to form biofilm. AuNPs showed great antibiofilm activity with the percentage
of inhibition ranging from 40.44% for N. gonorrhoeae to 82.43% for S. typhimurium. Thereby,
this nanoparticle could be a good alternative for the treatment of the formation of biofilm by
pathogenic bacteria. Indeed, the penetration ability of AuNPs to get inside the biofilm and
to disperse is of great importance as the biofilm layer provides an impermeable barrier to
many antibiotics. Our results are in agreement with those of Singh et al. [32], who showed
that AuNPs possess a remarkable reduction in the biofilm formation by P. aeruginosa and
E. coli. The highest antibiofilm activity of AuNPs was observed in S. typhimurium and S.
aureus that formed the strongest biofilm among the tested bacteria. However, this result
is in discordance with the report of Ahmed et al. [33], who observed lower disruption
of biofilms in the strong biofilm producer K. pneumoniae compared to the other isolates
suggesting that the thickness and composition of biofilm play a key role in the penetration
of AuNPs. This may be attributed to the shape of AuNPs as equilateral triangular prisms.

Hsps are key elements in the bacterial response to stress and environmental changes
in order to maintain cell homeostasis in addition to their important role in pathogene-
sis [34]. GroEL/GroES play a major role in protein folding even during non-stressed
growth conditions, although their action becomes more important during stress. In this
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work, we investigated the differential expression of GroEL and GroES under the effect of
AuNPs. Firstly, before treatment, GroES was expressed with different levels in all tested
bacteria except for E. coli and V. cholerae, but GroEL was expressed only in S. typhimurium,
B. cereus, E. faecalis, S. aureus, and N. gonorrhoeae which indicates that GroES is more impli-
cated in normal growth bacteria than GroEL. Under AuNPs effect, the amount of GroEL
was considerably increased in all strains indicating that this protein plays an important
role in maintaining the cell in such condition, which is in agreement with the report of
Makumire et al. [35]. Thereby it can be considered as an AuNPs-inducible protein [36].
Concerning GroES, its production was increased only in S. sonnei and P. aeruginosa but was
decreased or remained stable in other strains suggesting that this protein was altered or
downregulated by AuNPs. According to Kustos et al. [37], under stress conditions such as
nanoparticles, protein synthesis is inhibited, and cell division is interrupted. In parallel,
the expression of various proteins increases; these are the so-called stress proteins as GroEL
in this study. Knowing that the GroE machine is involved in protein folding and other
mechanisms, the overexpression of GroEL may have served as compensation for the lack
of GroES expression to maintain cell homeostasis. However, alteration observed in GroES
expression may indicate that the GroE machine was altered, and thereby the protein folding
mechanism of bacteria may be altered, which can explain the high activity of AuNPs.

4. Materials and Methods
4.1. Bacterial Strains

Nine (9) human pathogenic bacteria were tested in this work included: S. typhimurium
(ATCC 1408), E. coli (ATCC 35218), S. sonnei (ATCC 25931), E. faecalis, P. aeruginosa PAO1, S.
aureus (ATCC 25923), B. cereus (ATCC 11778), V. cholerae (ATCC 9459), and N. gonorrhoeae
(ATCC 49226).

4.2. Gold Nanoparticles
4.2.1. Synthesis

To synthesize gold nanoparticles, a triethylene glycol reagent (ACROS Organics, 98%)
was used as a solvent. The precursor of gold was hydrogen tetrachloroaurate (III) trihydrate
(HAuCl4·3H2O; Sigma-Aldrich, St. Louis, MO, USA). In addition, polyvinyl-pyrrolidone
(PVP) (K30, Sigma–Aldrich) was used as a surfactant [21]. For the experiment, 25 mL of
triethylene glycol suspension containing 0.038 mmol of HAuCl4·3H2O and a given quantity
of PVP were heated at 150 ◦C for 30 min under shaking. The molar ratio of PVP to HAuCl4
(R(PVP/Au)) was 0.05. The formed gold particles and the final colloidal solution had a
blue color. The product was centrifuged, washed many times with ethanol/acetone (2:1)
solution, and scattered in ethanol.

4.2.2. Characterization

The morphological analysis of the gold particles was determined by transmission
electron microscopy (TEM) (JEOL-JFC 1600). An elemental analysis was conducted using
energy-dispersive X-ray spectrograph (EDX) attached to the TEM. The selected area electron
diffraction (SAED) was also performed on the microscope. The Perkin-Elmer Lambda
11 UV/VIS spectrophotometer was used to determine the optical absorption spectra of
diluted Au NPs solution.

4.3. Antibacterial Activity of Au NPs: Minimum Inhibitory and Minimum
Bactericidal Concentration

MICs and MBCs were determined three times on 96-well microtiter plates (Nunc,
Roskilde, Denmark) [38]. The bacterial inoculums (0.5 McFarland standards turbidity)
were prepared from 12 h broth cultures. Then, a serial two-fold dilution of the AuNPs was
prepared in 5 mL of nutrient broth with a concentration ranging from 0.012 to 7.2 mg/mL.

The plates were prepared by adding 100 µL from the AuNPs serial dilutions, 95 µL
of nutrient broth, and 5 µL of the bacterial inoculum in each well. The negative control
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comprising 5 µL of the inoculum and 195 µL of nutrient broth without AuNPs was placed
in the last well. The plates at a final volume of 200 µL were then incubated at 37 ◦C for
18–24 h.

The lowest concentration of the AuNPs at which the growth of the cells was inhibited
was interpreted as MIC. However, the lowest concentration of AuNPs, required to kill
≥99.9% of the initial bacterial cells was interpreted as MBC and was determined by
subculturing 20 µL from clear wells of the MIC test on MHA [39].

4.4. Biofilm Formation on Polystyrene

The capacity of bacteria to form biofilm was evaluated by crystal violet assay using
U-bottomed 96-well microtiter plates [40]. Each bacterium was investigated three times,
and sterile TSB was served as control. An automated Multiskan reader (GIO. DE VITA E C,
Rome, Italy) was used to measure the wells’ optical density at 570 nm (OD570). Biofilm
formation was defined as highly positive (OD570 ≥ 1), low-grade positive (0.1 ≤ OD570 < 1),
or negative (OD570 < 0.1).

4.5. Biofilm Inhibition

The capacity of AuNPs to prevent bacterial strains from forming biofilms was investi-
gated. Experimentally, 100 µL of AuNPs mixed in TSB (2% glucose) were placed in each
well of a U-bottomed 96-well microtiter plate, along with 100 µL of bacterial suspensions
(108 CFU/mL). The final AuNPs concentrations were equivalent to the MIC, and the fi-
nal volume per well was 200 µL. The experiments were carried out three times. Crystal
violet was used to measure the formed biofilm after incubation of microplates at 37 ◦C
for 24 h [41]. The inoculum volume and AuNPs were replaced with TSB and sterile water
in the control wells, respectively. The percentage of biofilm inhibition was determined
according to the formula described by Jadhav et al. [42].

% Inhibition = 100 −
(

OD570 sample
OD570 control

× 100
)

(1)

4.6. Western Blot for GroEL and GroES Analysis

Expression of GroEL and GroES under AuNPs conditions were analyzed using West-
ern blot. For experiments, 11µg of whole-cell proteins (control and AuNPs treated bacteria)
were analyzed by SDS-PAGE [43] and blotted onto nitrocellulose membranes (Millipore,
Bedford, MA, USA). The membranes were blocked overnight at 4 ◦C in PBS-5% skimmed
milk, 0.1% Tween 20. The membranes were incubated for 1 h with anti-GroEL (Abcam,
ab90522) and anti-GroES (Abcam, ab69823) polyclonal rabbit-antibodies were diluted
to 1/1000 and 1/5000, respectively. Then, the membranes were incubated with a goat
anti-rabbit IgG peroxidase-conjugated monoclonal antibody (Sigma, St Louis, MO, USA)
diluted at 1/10,000. The bound antibodies were visualized by ECL (GE Healthcare, Upp-
sala, Sweden). Western blots were analyzed with imaging (Image-J 1.50) to determine the
intensity of each band [44].

5. Conclusions

The results developed in this work support the medical application of AuNPs as
a therapeutic molecule for the treatment of infections caused by pathogenic bacteria.
Plasmonic gold nanoprisms showed, for the first time, great antibacterial and antibiofilm
activities against human pathogenic bacteria. In addition to the alteration observed in
GroES expression as a part of GroE machine implicated in the bacterial protein folding
mechanism. Despite their stability and low toxicity, the application of AuNPs needs more
in vitro testing and in vivo clinical trials to establish their safety, efficacity, and possible
adverse effects.
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Abstract: Salmonella enterica serovar Typhimurium (S. typhimurium) is known for its intracellular
survival, evading the robust inflammation and adaptive immune response of the host. The emergence
of decreased ciprofloxacin (CIP) susceptibility (DCS) requires a prolonged antibiotic course with
increased dosage, leading to threatening, adverse effects. Moreover, antibiotic-resistant bacteria can
persist in biofilms, causing serious diseases. Hence, we validated the in vitro and in vivo efficacy of
ciprofloxacin-loaded mesoporous silica nanoparticles (CIP–MSN) using a rat model of salmonella
infection to compare the oral efficacy of 5 mg/kg body weight CIP–MSN and a traditional treatment
regimen with 10 mg/kg CIP postinfection. Our results revealed that mesoporous silica particles can
regulate the release rate of CIP with an MIC of 0.03125 mg/L against DCS S. typhimurium with a
greater than 50% reduction of biofilm formation without significantly affecting the viable cells residing
within the biofilm, and a sub-inhibitory concentration of CIP–MSN significantly reduced invA and
FimA gene expressions. Furthermore, oral supplementation of CIP–MSN had an insignificant effect
on all blood parameter values as well as on liver and kidney function parameters. MPO and NO
activities that are key mediators of oxidative stress were abolished by CIP–MSN supplementation.
Additionally, CIP–MSN supplementation has a promising role in attenuating the elevated secretion
of pro-inflammatory cytokines and chemokines in serum from S. typhimurium-infected rats with a
reduction in pro-apoptotic gene expression, resulting in reduced S. typhimurium-induced hepatic
apoptosis. This counteracted the negative effects of the S. typhimurium challenge, as seen in a corrected
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histopathological picture of both the intestine and liver, along with increased bacterial clearance.
We concluded that, compared with a normal ciprofloxacin treatment regime, MSN particles loaded
with a half-dose of ciprofloxacin exhibited controlled release of the antibiotic, which can prolong the
antibacterial effect.

Keywords: Salmonella typhimurium; ciprofloxacin; drug-loaded nanoparticles; qRT-PCR; histopathological
examination

1. Introduction

Salmonella enterica serovar Typhimurium is a Gram-negative member of the family
Enterobacteriaceae and is considered the second-most common cause of food poisoning
associated with the consumption of contaminated food or water. It causes gastroenteritis,
typhoid, and paratyphoid diseases in humans, and it can infect a wide range of hosts,
including reptiles, birds, and mammals [1]. It is known that this bacterial pathogen is
capable of intracellular survival by replicating inside the host cell in specialized vacuoles
called Salmonella-containing vacuoles (SCVs). This clever mechanism causes persistent
infection by allowing evasion of the robust inflammation and adaptive immune response
of the host [2]. In addition, Salmonella can invade and translocate across the gut–epithelial
barrier and infect the phagocytes, gaining access to the lymphatics and bloodstream, which
allows the bacteria to spread to the liver and spleen [3]. Conventional antibacterial regi-
mens have difficulty treating salmonella infection because of the intracellular survival and
defenses of the bacteria [4]. Moreover, the increased prevalence of antimicrobial resistance
limits the use of traditional antimicrobial agents, such as ampicillin, chloramphenicol,
and trimethoprim-sulfonamide combinations, leading to the emergence of antimicrobial
resistance among bacterial strains isolated from humans [5]. Fluoroquinolones, especially
ciprofloxacin, have become the alternative option for treating salmonella infections [6].
However, the recent emergence of decreased ciprofloxacin susceptibility (DCS) or even
resistance has led to treatment failures [7]. Delivering free antibiotics intracellularly has sev-
eral limitations as a prolonged antibiotic course of 7 d, and the increased dosage required
for treating salmonella infection leads to threatening, adverse effects [8]. Additionally, the
WHO described a growing concern about Salmonella’s ability to form biofilms of fimbriae
components [9], along with alarming antimicrobial resistance that presents a major threat
to human and veterinary medicine [10].

These limitations have highlighted the importance of developing a biocompatible
drug-delivery system with a high-loading capacity that controls drug release, allowing
reduced dosage without compromising efficacy in treating intracellular pathogens [11].
Improvement of the overall pharmacokinetics, reduction of antimicrobial resistance, en-
hancement of the solubility of some antibiotics, and a wider therapeutic index are some
benefits of developing drug-delivery systems [12]. Mesoporous silica nanoparticles show
great promise as a biomedical application [13]. Their fabrication method at low tempera-
tures enables them to carry biologically active agents as a drug-delivery system [14]. In
addition, their unique properties include good biocompatibility, low hemolytic effect, and
low toxicity. The high surface area and highly permeable, porous shell enable high drug-
loading capacity and delayed release of antibacterial agents, which reduce the frequency
of the dosages [15]. As shown in many previous reports, mesoporous silica nanoparticles
(MSNs) as antibiotic delivery systems have been proven to boost the antimicrobial efficacy
and safety profile of ciprofloxacin [16,17]. However, these reported studies were either
conducted to evaluate in vitro antibacterial and cytotoxicity activity [17], or were in vivo
survival assays prior to a murine oral Salmonella typhimurium infection model [16].

The above-mentioned studies provided a new sense of hope to further validate the
in vitro efficacy of ciprofloxacin-loaded mesoporous silica nanoparticles against biofilm
formation and the fold change in the mRNA expression of ivaA and FimA genes. Fur-
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thermore, the in vivo efficacy of a reduced dose of ciprofloxacin-loaded mesoporous silica
nanoparticles compared with a normal ciprofloxacin treatment regime showed good bio-
compatibility and lower cytotoxicity after measuring the hematological profile and the
liver and kidney function parameters. Interaction between the immune system and the
ciprofloxacin-loaded mesoporous silica nanoparticles was evaluated through the antiox-
idant profile, pro-inflammatory cytokines, chemokines, and apoptosis regulator genes.
Additionally, pathological changes and the bacterial clearance effect were evaluated.

2. Results
2.1. Characterization of Mesoporous Silica Nanoparticles (MSNs), Ciprofloxacin Loading,
and Release

Characterization of mesoporous silica nanoparticles with ciprofloxacin (CIP–MSN)
was carried out through transmission electron microscopy (TEM) (Figure 1A,B) at the Na-
tional Center for Radiation Research and Technology (NCRRT), Atomic Energy Authority,
Egypt. The loaded ciprofloxacin amount was increased by increasing the initial 5 mg/mL
concentration of ciprofloxacin until it reached the maximum loading capacity of 1 mg for
every 5 mg of MSN (Figure 1C). The in vitro release of ciprofloxacin from the CIP–MSN was
gradual over 12 h, beginning with a 25% release in the first 2 h, followed by a cumulative
and ongoing release until nearly 90% of the drug was released at 12 h after incubation
(Figure 1D).
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Figure 1. (A,B) Characterization of CIP–MSNs NPs by transmission electron microscopy (TEM);
(C) Ciprofloxacin loading amount in relation to initial drug concentration (mg/mL); (D) percentage
of ciprofloxacin in vitro release from CIP–MSNs over 12 h.
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2.2. In Vitro Antibacterial Activity of CIP–MSN against Decreased CIP Susceptible
Salmonella typhimurium

The antibacterial activity of prepared CIP–MSN was tested against the Salmonella
typhimurium strain with decreased CIP susceptibility and compared with that of MSN and
CIP. The results showed a significant variation in the inhibition zone of CIP–MSNs, along
with both ciprofloxacin and unloaded mesoporous silica nanoparticles. The maximum
antibacterial activity was observed in CIP–MSN with 40.5 ± 0.4 mm diameter of inhibition
zone compared with 3.4± 0.37 and 8.7± 0.2 mm diameter inhibition zones of MSN and CIP,
respectively (Table 1). The Salmonella typhimurium strain with decreased CIP susceptibility
had an MIC for ciprofloxacin of 1.0 mg/L, compared with CIP–MSN. The antibacterial
efficacy was confirmed with an MIC of CIP–MSN of 0.03125 mg/L, while MSN exhibited
no inhibitory effect on visible bacterial growth (Table 1). Furthermore, the MBC value was
two-fold higher than MIC values, indicating their bactericidal effect.

Table 1. Zone of inhibition diameter, MIC, and MBC of ciprofloxacin and MSN particles loaded
with ciprofloxacin evaluated by agar well diffusion, and broth microdilution methods for Salmonella
typhimurium.

Zone of Inhibition (mm) MIC (mg/L) MBC (mg/L)

CIP 8.7 b ± 0.2 1.0 2.0
MSN 3.4 c ± 0.37 ND ND

CIP–MSN 40.5 a ± 0.4 0.03125 0.0625
MIC and MBC are presented in mg/L, and zones of inhibition are presented in mm. CIP–MSN: MSN particles
loaded with ciprofloxacin; CIP: ciprofloxacin; MSN: Mesoporous silica particles; MIC: minimum inhibitory
concentration; MBC: minimum bactericidal concentration; ND: not determined. Breakpoints for Salmonella
typhimurium susceptibility profile according to EUCAST guidelines [18]. a–c Means within the same column
carrying different superscripts are significantly different at p < 0.05.

2.3. Biofilm Inhibition and Transcriptional Modulatory Effect of CIP–MSN

Our results revealed that a sub-MIC concentration of CIP–MSN significantly reduced
biofilm formation to 45% through a CV assay where 58% of cells remained viable upon
performing an antibiofilm assay with the XTT method. This confirmed the effectiveness of
a sub-MIC (1/2 MIC) concentration at inhibiting the extracellular polymeric substances
(EPS) that form the biofilm matrix, with remaining viable cells residing within the biofilm.
However, upon comparison to CIP and MSN, similar patterns were obtained with the CV
and XTT assay, as it showed a nonsignificant reduction in biofilm (89 and 92%, respectively)
(p > 0.05) (Figure 2A).

The modulatory effect of CIP–MSN on the invasion and major fimbrial subunit as-
sociated genes were investigated by reverse transcriptase expression qPCR of invA and
FimA in biofilm S. typhimurium culture (Figure 2B). Both genes were downregulated as
the expression levels of invA and FimA in CIP–MSN-treated S. typhimurium were 0.21-fold
and 0.13-fold, respectively, which were more effective than CIP alone (0.6-fold change for
invA and FimA genes). As expected, the MSN-treated S. typhimurium did not produce a
detectable change in invA and FimA expression compared with untreated S. typhimurium
(p > 0.05).
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Figure 2. CIP–MSN reduces the biofilm formation of S. typhimurium compared with CIP alone, MSN,
and NC(negative control; untreated bacteria). (A) Biofilm formation of tested S. typhimurium in
the presence of CIP–MSN was detected by crystal violet staining and quantified by measuring the
OD590, and cell viability within biofilm was detected by XTT assay and quantified by measuring
the OD490; (B) Relative gene expression of S. typhimurium virulence genes FimA and invA upon
treatment with CIP–MSN were calculated using the ∆∆CT method and expressed as fold change. 16S
rRNA was used as the endogenous control. Each column shows the mean ± SD of three independent
experiments. a–c Means within the same column carrying different superscripts are significantly
different at p < 0.05.

2.4. Hematological, Biochemical, Antioxidant, and Immunological Effect of CIP–MSN on Blood,
and Serum Constituents

Red blood cells (RBCs), hemoglobin concentration (Hb), and packed cell volume (PCV)
were significantly elevated in CIP–MSN compared with the untreated challenged group,
with red blood cells (RBCs) and hemoglobin concentration (Hb) levels nonsignificantly dif-
ferent from NC (Table 2). Moreover, based on the biochemical analysis of the blood serum
constituents, the challenging with S. typhimurium adversely affected the liver and kidney
function parameters, as represented by significantly increased alanine aminotransferase
(ALT), aspartate aminotransferase (AST), urea, and creatinine levels at both 7 and 14 d
postchallenge, while serum AST, ALT, uric acid, and creatinine levels were significantly
reduced in the CIP–MSN-treated group regardless of challenge at both 7 and 14 d postchal-
lenge, and their levels were nonsignificantly different from NC (Table 2). Concerning
oxidative stress mediators, a significant decrease (p < 0.05) in NO and MPO levels at both
time intervals in the group supplemented with CIP–MSN, when compared with the treated
and control groups’ MPO levels, was nonsignificantly different from the negative group
at 14 d postchallenge (Table 2). The results of pro-inflammatory cytokine and chemokine
analysis in the group challenged with S. typhimurium showed a significant increase in
blood serum levels of CXCL10, CXCL11, IFN-γ, IL-6, TNF-α, and CRP at both time points
(Table 2). Meanwhile, supplementation with CIP–MSN caused a significant reduction in
blood serum levels of CXCL10, CXCL11, IFN-γ, IL-6, TNF-α, and CRP at 7 and 14 d when
compared with the treated and control groups. No significant difference was found in
CXCL11, IFN-γ, IL-6, and TNF-α serum levels in the CIP–MSN-treated groups relative to
the unchallenged NC group (Table 2).
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Table 2. Effects of MSN particles loaded with ciprofloxacin compared with ciprofloxacin on hemato-
logical, biochemical, and oxidative stress mediators and the immunological parameters of male rats
(7 and 14 days postchallenge with Salmonella typhimurium).

At 7 Days Postinfection At 14 Days Postinfection

Groups NC PC CIP MSN CIP@
MSN p Value SEM NC PC CIP MSN CIP–

MSN p Value SEM

RBCs 12.5 a 7.96 b 9.17 ab 8.23 b 11.19 a <0.001 0.09 12.63 a 9.66 c 10.30 b 10.20 b 11.60 ab 0.09 12.63 a

Hb 12.9 a 6.3 b 11.2 a 7.10 b 11.56 a <0.001 0.07 12.80 a 8.80 c 11.98 a 10.26 b 12.00 a 0.12 12.80 a

PCV 41.4 a 24.5 c 37.43 b 26.60 c 39.5 ab 0.03 0.14 42.30 a 29.69 c 38.6 ab 37.75 b 39.5 a 0.13 42.30 a

Biochemical biomarkers for tissue injury analysis
ALT

(U/L) 48.3 c 74.7 a 58.7 b 65.63 ab 50.86 c <0.001 0.21 46.7 d 85.1 a 52.36 c 57.99 b 48.36 cd 0.25 48.3 c

AST
(U/L) 25.2 b 42.3 a 27.6 b 26.30 b 25.53 b <0.001 0.19 24.7 c 48.4 a 25.8 c 34.96 b 23.46 c 0.16 25.2 b

Urea
(µmol/L) 32.1 c 52.3 a 38.76 b 50.90 a 35.53 bc <0.001 0.12 31.6 c 59.8 a 32.6 c 41.90 b 32.1 c 0.14 32.1 c

Creatinine
(mg/dL) 1.33 b 2.73 a 1.45 b 1.95 ab 1.41 b <0.001 0.09 1.34 c 3.07 a 1.38 c 2.35 b 1.33 c 0.08 1.33 b

Oxidative stress mediators analysis
NO 153.8 d 532.60 a 246.40 b 480.60 185.36 c 0.027 0.25 150.5 e 559.1 a 202.16 d 140.22 b 177.66 c 0.31 153.8 d

MPO 2.21 e 10.80 a 7.62 c 8.65 b 6.11 d 0.03 0.09 2.16 c 10.08 a 6.76 b 3.57 c 0.10 2.21 c

CRP 1.12 e 54.30 a 24.4 c 50.36 b 16.26 d 0.14 0.14 1.16 e 53.3 a 17.4 c 44.30 b 9.2 d <0.001 0.08
Chemokines and pro-inflammatory cytokines analysis

CXCL10 156.00 e 393.70 a 224.80 c 385.64 b 181.6 d 0.03 0.24 152.6 d 416.3 a 197.9 b 400.02 a 161.83 c 0.02 0.24
CXCL11 108.86 e 238.70 a 161.30 c 220.30 b 130.53 d 0.02 0.29 108.5 d 243.4 a 140.6 b 239.23 a 113.16 c 0.01 0.31
IFN- γ 38.36 e 99.50 a 53.26 c 82.23 b 43.00 d <0.001 0.11 38.7 c 104.4 a 46.4 b 100.23 a 38.36 c 0.03 0.23

IL-6 16.28 c 47.36 a 47.93 a 45.636 a 34.86 b <0.001 0.13 15.86 c 47.56 a 34.56 b 49.36 a 16.59 c <0.001 0.14
TNF-α 11.5 c 23.61 a 16.50 b 20.36 a 16.4 b <0.001 0.10 11.7 c 21.96 a 15.1 b 22.90 a 13.2 c <0.001 0.06

NC (negative control): rats received a control diet without any addition; PC (positive control): rats received
a control diet without any addition and were orally challenged with S. typhimurium; CIP(ciprofloxacin): rats
received a control diet, were orally challenged with S. typhimurium, and received 10 mg/kg CIP orally twice
a day for 3 days; and CIP–MSN (MSN particles loaded with ciprofloxacin): rats received a control diet, were
orally challenged with S. typhimurium, and received 5 mg/kg CIP orally twice a day for 3 days. RBCs: red
blood cells; Hb: hemoglobin concentration; PCV: packed cell volume. ALT: alanine aminotransferase; AST:
aspartate aminotransferase; NO: nitric oxide; MPO: myeloperoxidase; CXCL10: C-X-C motif chemokine ligand 10;
CCL11:CC motif chemokine ligand 11; IFN-γ: interferon gamma; IL-6: interleukin-6; TNF-α: Tumor Necrosis
Factor-alpha; CRP:C-reactive protein. a–e Means in the same row with different letters are significantly different at
(p < 0.05).

2.5. Inhibitory Effect of CIP–MSN on Hepatic Salmonella typhimurium Load

Quantitative, real-time PCR counting of S. typhimurium in the liver and spleen samples
at 7 and 14 d postchallenge revealed significant lowering in the CIP–MSN-treated groups
compared with the PC group (p < 0.05), and the bacterial load decreased steadily over time,
whereas the reduction in log10 copies of S. typhimurium populations was evidenced by 3.2
and 2.9 log10 CFU/g at 7 and 14 d postinfection, respectively, in the liver sample, and 5.3
and 3.7 log10 CFU/g at 7 and 14 d postinfection, respectively, in the spleen sample (Figure 3).
Changes in the log10 values of S. typhimurium CFU/g in MSN- and CIP-supplemented
groups showed no statistically significant differences at 7 d postchallenge, and the bacte-
rial load was significantly reduced in the CIP-treated group at 14 d postchallenge when
compared to the PC group in both hepatic and splenic samples (Figure 3).

2.6. Pro-Inflammatory Cytokines Transcriptional Modulatory Effect of CIP–MSN

The mRNA expressions of pro-inflammatory cytokines interleukin-6 (IL-6), interleukin-
1β (IL-1β), and tumor necrosis factor alpha (TNF-α) were examined at 7 and 14 d postin-
fection (Figure 4). The challenge with S. typhimurium adversely increased the mRNA
expression of pro-inflammatory cytokines at both 7 and 14 d postchallenge (assigned a
value of 1 arbitrary unit). The level of IL-6 and IL-1β expression in the splenic tissue
was significantly lower (p < 0.05) in the group that had received CIP–MSN, as compared
with the other treatment and control groups; the most pronounced downregulation in
the level of IL-6 (about a 0.3-fold reduction) was noticed at 14 d postinfection. Moreover,
dietary supplementation of CIP–MSN decreased the transcriptional levels of TNF-α in a
time-dependent manner compared to the PC group, as it reached about a 0.4-fold reduction
by the end of the experiment (14 d postinfection).
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Figure 3. In vivo evaluation of CIP–MSN treatment on S. typhimurium bacterial load in (A) hep-
atic tissue and (B) splenic tissue at 7and 14 days post-infection (7 and 14 dpi) by real-time PCR
quantification of DNA copies, and represented as log10 of the CFU per gram of tissue. PC (positive
control): rats received a control diet without any addition and were orally challenged with S. ty-
phimurium; MSN(mesoporous silica particles): rats received a control diet, were orally challenged
with S. typhimurium, and received 10 mg/kg MSN orally twice a day for 3 days; CIP(ciprofloxacin):
rats received a control diet, were orally challenged with S. typhimurium, and received 10 mg/kg CIP
orally twice a day for 3 days; and CIP–MSN (MSN particles loaded with ciprofloxacin): rats received
a control diet, were orally challenged with S. typhimurium, and received 5 mg/kg CIP orally twice
a day for 3 days. Data are expressed as means ± SE (error bars). Arrows correspond to significant
decrease (↓*) relative to the PC group (p < 0.05), and NS represents nonsignificant differences relative
to the PC group (p-value > 0.05).
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Figure 4. Relative mRNA expression levels of pro-inflammatory cytokines; interleukin-6 (IL-6),
interleukin-β (IL-β) and tumor necrosis factor alpha (TNF-α) in the splenic tissue of rats treated
with CIP–MSN compared with CIP alone at 7and 14days postinfection with S. typhimurium (7 and
14 dpi).The expression levels were calculated using the 2−∆∆Ct method and expressed as fold change,
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)was used as the endogenous control. PC
(positive control): rats received a control diet without any addition and were orally challenged with
S. typhimurium; MSN(mesoporous silica particles): rats received a control diet, were orally challenged
with S. typhimurium, and received 10 mg/kg MSN orally twice a day for 3 days; CIP(ciprofloxacin):
rats received a control diet, were orally challenged with S. typhimurium, and received 10 mg/kg CIP
orally twice a day for 3 days; and CIP–MSN (MSN particles loaded with ciprofloxacin): rats received
a control diet, were orally challenged with S. typhimurium, and received 5 mg/kg CIP orally twice a
day for 3 days. Each column shows the mean ± SD of three independent experiments. a–c Means
within the same column carrying different superscripts are significantly different at p < 0.05.
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2.7. Modulation of Pro-Apoptoticgenes Expression

The expression levels of six pro-apoptotic genes (COX-2, caspase-3, P450, iNOS, Bcl-2,
and BAX) of the CIP–MSN-treated and control groups at different time points (7 and 14 dpi)
were investigated by qRT-PCR (Figure 5A,B).
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Figure 5. Relative mRNA expression levels of pro-apoptotic genes; Cyclooxygenase-2(COX-2),
caspase-3, Cytochrome P450, inducible nitric oxide synthase (iNOS), B-cell lymphoma-2 (Bcl-2), and
Bcl-2-associated X (BAX)in the splenic tissue of rats treated with CIP–MSN compared with CIP alone
at (A) 7 and (B) 14 days postinfection with S. typhimurium (7 and 14 dpi).The expression levels were
calculated using the -2∆∆CT method and expressed as fold change, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as the endogenous control. PC (positive control): rats received a
control diet without any addition and were orally challenged with S. typhimurium; MSN(mesoporous
silica particles): rats received a control diet, were orally challenged with S. typhimurium, and received
10 mg/kg MSN orally twice a day for 3 days; CIP(ciprofloxacin): rats received a control diet, were
orally challenged with S. typhimurium, and received 10 mg/kg CIP orally twice a day for 3 days;
and CIP–MSN (MSN particles loaded with ciprofloxacin): rats received a control diet, were orally
challenged with S. typhimurium, and received 5 mg/kg CIP orally twice a day for 3 days. Each column
shows the mean ± SD of three independent experiments. a–c Means within the same column carrying
different superscripts are significantly different at p < 0.05.
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Gene expression analysis found significant differences between the CIP–MSN-treated
and control groups. Interestingly, we found that expression of COX-2 was greatly decreased
in the CIP–MSN-treated group at 7 and 14 dpi, with 0.4- and 0.3-fold changes, respectively,
compared with CIP treatment alone. CIP–MSN dietary supplementation downregulated the
expression of caspase-3 significantly at both time intervals, with a cumulative effect (0.7- and
0.4-fold changes at 7 and 14 dpi, respectively). The CIP–MSN-treated group significantly
downregulated expression of P450, and iNOS with no notable difference between the CIP–
MSN- and CIP-treated groups at both time points. The lowest transcriptional expression
of iNOS level was observed in the CIP–MSN-supplemented group at 14 dpi of about 0.3-
fold when compared with the CIP-treated group and the PC group. Bcl-2 expression was
significantly downregulated in the CIP–MSN-treated group compared with control groups,
reaching a 0.4-fold decrease at 14 dpi. Meanwhile, the most downregulation occurred
for the BAX gene, as observed in the CIP–MSN-supplemented group (about a 0.1-fold
reduction) compared to the PC group at both time points.

2.8. Histopathological Evaluation

Histopathological findings of intestinal and liver tissues post-S. typhimurium infection
are presented in Figure 6. In the NC group, intestinal histomorphological structures
showed normal mucosa, submucosa, musculosa, and serosa (Figure 6A). Meanwhile, in
the PC group, the majority of intestinal sections showed enteritis, which was represented
by dilated blood vessels, leukocytic infiltrations, metaplastic changes of the epithelial
lining into goblet cells, and desquamated villous epithelium (Figure 6B). Additionally, the
group treated with CIP alone displayed apparently normal intestinal layers (Figure 6C).
However, goblet cell hyperplasia and denuded epithelium were detected in some examined
sections. In the group treated with CIP–MSN, apparently normal mucosa, submucosa, and
musculosa in most sections of intestine were detected (Figure 6D). Liver sections revealed
normal cytoarchitectures of the hepatic cords, sinusoids, and stromal components in the
NC group (Figure 6E). In the PC group, liver sections revealed unexpected multifocal
necrotic areas that were mostly replaced by macrophages, and lymphocytes with severely
dilated sinusoids accompanied by atrophied hepatic cords were seen within most examined
sections (Figure 6F). In the group treated with CIP alone, liver sections showed some
apparently normal hepatic parenchyma (Figure 6G), and in the group treated with CIP–
MSN, preserved hepatic cords and hepatic vasculatures were more prominent in most liver
tissues (Figure 6H).
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with S. typhimurium. PC (positive control): rats received a control diet without any addition and were
orally challenged with S. typhimurium; MSN(mesoporous silica particles): rats received a control diet,
were orally challenged with S. typhimurium, and received 10 mg/kg MSN orally twice a day for 3
days; CIP(ciprofloxacin): rats received a control diet, were orally challenged with S. typhimurium,
and received 10 mg/kg CIP orally twice a day for 3 days; and CIP–MSN (MSN particles loaded with
ciprofloxacin): rats received a control diet, were orally challenged with S. typhimurium, and received
5 mg/kg CIP orally twice a day for 3 days.

3. Discussion

Salmonella enterica serovar Typhimurium is a common cause of persistent infection
owing to its capacity for intracellular survival, biofilm formation, and evasion of the
robust inflammatory response of the host, causing decreased ciprofloxacin susceptibility.
Thus, an optimal strategy to treat these infections should deliver drugs with prolonged
release from a single dose with good biocompatibility and lower toxicity. Previous reports
demonstrating MSNs as antibiotic-delivery vehicles have been performed in vitro. There
is a previous study reporting the in vivo survival in an assay of a murine oral Salmonella
typhimurium infection model [16]. To the best of our knowledge, there are no previous
reports validating in vitro antivirulence efficacy against biofilm formation; in vivo biosafety
in blood parameters; and biochemical biomarkers of tissue injury or inflammation, pro-
inflammatory cytokines and chemokines accompanied by pro-apoptotic gene expression,
and histopathological effect.

Our results showed that the small particle sizes of the CIP-loaded MSN (CIP–MSN)
play an important role in the internalization into cells, as reported previously, where
submicron-sized particles can be taken up by M-cells and macrophages present in Peyer’s
patches [19]. Accordingly, mesoporous silica particles can regulate the release rate of an
antimicrobial agent [20]. Our in vitro antibacterial activity confirmed that the combination
of mesoporous silica nanoparticles and CIP was responsible for higher antimicrobial ac-
tivity when compared with the drug alone, and Salmonella typhimurium with decreased
ciprofloxacin susceptibility (MIC 1.0 mg/L) was converted to 0.03125 mg/L. This indi-
cated a reduction of antimicrobial resistance; the bacteria reverted to being susceptible to
ciprofloxacin, according to the MIC break point of <0.125 mg/L. (EUCAST guidelines were
applied for category interpretation for the different antibiotics [18] Silica nanoparticles
alone showed no detrimental effects on bacteria [21].

The biofilm formation is a bacterial survival strategy leading to increased resistance
to antibiotics [22]. Moreover, antibiotic-resistant bacteria can persist in biofilms and result
in enhanced tolerance of adverse environmental conditions, causing serious infectious
diseases [23]. To support the in vitro antibacterial enhancement effect of CIP–MSN, nano-
materials were proposed as an interventional strategy for the management of biofilm
formation because of their high surface area-to-volume ratio and unique chemical and
physical properties [24]. Our study reported a greater than 50% reduction in biofilm forma-
tion, with the remaining viable cells residing within the biofilm upon using a subinhibitory
concentration of CIP–MSN, which was in accordance with another study that applied silver
nanoparticle-doped nanoporous silica and reported a 70% reduction in biofilm survival [25].

S. typhimurium has been shown to produce a major fimbrial subunit and invasin A
on the bacterial surface. Both of these vital virulence factors, encoded by the FimA and
invA genes, play roles in mediating bacterial adherence to eukaryotic cells and facilitating
the entry into intestinal epithelial cells, respectively, which are critical steps in successful
colonization and pathogenesis [26]. Herein, the effect of CIP-loaded MSN on the reduction
of biofilm formation was supported by significantly reduced invA gene expressions and
FimA coding a major fimbrial subunit. This indicated the possible effect of this drug-
delivery cargo on decreasing the Salmonella adherence and invasion of host cells and
tissues [27,28].
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The safety of the oral supplementation with a reduced dose of drug-delivery cargo was
estimated through the evaluation of the hematological and biochemical parameters of rats.
The pathophysiological status of the body related to infection and therapy was indicated
by analysis of the hematological profile [29] and biochemical biomarkers for tissue injury
or inflammation [30]. Herein, the administration of this drug-delivery cargo showed an
insignificant effect on all blood parameter values and liver and kidney function parameters,
indicating its good biocompatibility, low hemolytic activity, and lack of cytotoxicity in
the liver and kidney function test. Consistent with a previous study [31], Salmonella
typhimurium infection adversely affected the liver and kidney function parameters, resulting
in a dramatic increase in ALT, AST, uric acid, and creatinine levels in serum, while these
parameters were diminished with a reduced dose in CIP–MSN-treated groups, regardless
of challenge, compared with the normal ciprofloxacin treatment regime.

The enhancing effects on the protective humoral immune response were indicated by
detection of the key mediators of oxidative stress known to eliminate the invading bacterial
pathogens, owing to the bactericidal action of MPO and NO produced from activated
neutrophils and monocytes in the blood [32]. Our data revealed a significant elevation in
oxidative stress mediators in response to S. typhimurium challenging, even after treatment
with ciprofloxacin only, indicating an increased number of neutrophilic granulocytes that
was consistent with a previous study [33]. We also demonstrated that the CIP–MSN had an
insignificant effect on the oxidative stress enzyme activity in the challenged group when
compared with the control positive group and the normal ciprofloxacin treatment regime,
indicating that this drug-delivery model exhibited no harmful effects on the blood serum.
Interestingly, we found that MPO and NO production were reduced in the CIP–MSN-
treated group with a lower dose compared with the normal ciprofloxacin treatment regime
at 7 and 14 d postchallenge, indicating its important role in abrogating the S. typhimurium-
induced stimulation of phagocytes and the subsequent health benefit. Tissue injury and
inflammation in animals are indicated by elevated secretion of pro-inflammatory cytokines
and chemokines by macrophages in the blood serum and liver [34]. Our result showed
that Salmonella typhimurium challenge significantly increased serum level and liver mRNA
expression of pro-inflammatory cytokines and chemokines, which was documented in a
previous study [33], and these elevations were abolished by CIP–MSN supplementation at
a reduced dose compared to the normal ciprofloxacin treatment regime.

Caspases play a very important role in apoptosis, and their activation takes place
upon assembly of an intracellular complex known as inflammasome, which is responsi-
ble for the processing and maturation of pro-inflammatory cytokines, such as IL-1β and
IL-18 [35,36]. Thus, they act in inflammation and innate immune host defense against
microbial pathogens [37]. Previously, Salmonella typhimuriumw as reported to induce
the caspase-dependent death of macrophages upon infection, with the release of pro-
inflammatory cytokines that colonize the Peyer’s patches (PPs) and cross the intestinal
barrier [38]. These reports prompted us to investigate whether the protective effects of a
reduced dose of CIP–MSN supplementation were associated with reduced S. typhimurium-
induced apoptosis in hepatic cells by analyzing the mRNA expression of pro-apoptotic
genes, such as COX-2, caspase-3, cytochrome P450, iNOS, Bcl-2, and BAX. As expected, our
results revealed increased mRNA levels of pro-apoptotic proteins induced by Salmonella
typhimurium, indicating infection and increased apoptosis [39]. Accumulating evidence has
shown that oxidative stress-related apoptosis is involved in pathogen-infection-induced
tissue injury [40]. CIP–MSN administration at half-dose, as compared with the normal
ciprofloxacin treatment regime, significantly decreased apoptosis by inhibiting mRNA
levels of pro-apoptotic proteins. Consistent with this result, a previous study showed
that apoptosis induced by Salmonella typhimurium was abolished by therapy supplementa-
tion [33].

S. typhimurium infection in rats resulted in salmonella-infected phagocytes gaining
access to the lymphatics and bloodstream, allowing the bacteria to spread to the liver
and the spleen [3]. Previous studies confirmed that the combination of mesoporous silica

119



Pharmaceuticals 2022, 15, 357

nanoparticles or silica xerogel and drugs was responsible for effective antibacterial activity
when compared with the drug alone, resulting in a more effective clearance of Salmonella
enteric serovar Typhimurium infection from mouse spleen and liver than the same dose of
free drug [14]. In accordance, our results indicated that CIP–MSN at half-dose can boost
the clearance rate of Salmonella enteric serovar Typhimurium infection in liver and spleen
tissues with a significant log reduction of bacterial load than the higher dose of free drug.
This counteracted the negative effects of the S. typhimurium challenge through a corrected
histopathological picture of both the intestine and liver and increased bacterial clearance.
Post-Salmonella typhimurium infection, the histological pathological architecture of intestinal
tissues showed a diffuse inflammatory cell infiltration and complete desquamated epithelial
tissues. Meanwhile, with administration of CIP, the severity of intestinal inflammation
and liver damage was greatly reduced. Moreover, intestinal and liver tissues that were
nearly restored to normal condition were more prominent in the group supplemented with
CIP–MSN after Salmonella typhimurium infection, indicating its better efficacy in treating
infection. Accordingly, treatment with ciprofloxacin and thymol oils against Shigella flexneri
reduced intestinal infiltration of inflammatory cells in male albino rats and thus reduced
the severity of gastric ulcer [41]. Additionally, administration of ciprofloxacin-loaded gold
nanoparticles decreased the load of Enterococcus faecalis in the liver and kidneys of mice
and consequently reduced the severity of tissue damage [42].

4. Materials and Methods
4.1. Synthesis and Characterization of Mesoporous Silica Nanoparticles (MSNs) and
Ciprofloxacin Loading

The mesoporous nanosilica was prepared as previously described at the National Cen-
ter for Radiation Research and Technology (NCRRT), Atomic Energy Authority, Egypt [43].
The purchased ciprofloxacin (Cipro, Fluka, 98%) was prepared as solution having a con-
centration of 5 mg/mL, and loaded by incubating with 5 mg of MSN particles for 12 h as
previously described [16]. The drug loading capacity was evaluated by measuring the con-
centration of the free drug in the mixture before and after loading using standard calibration
curves obtained by UV–Vis spectroscopy, and calculated by the following equation: loading
capacity = weight of ciprofloxacin in MSN particles/weight of MSN particles. In vitro
release of ciprofloxacin from MSN particles was determined as previously described [16], in
which the dispersed CIP–MSN solution was placed in a dialysis sac, then placed into 50 mL
of PBS solution, and shaken at 37 ◦C. The amount of ciprofloxacin released at different time
intervals was evaluated spectrophotometrically at 275 nm (Nanodrop, ND1000, Thermo
Scientific, Waltham, MA, USA).

4.2. Antibacterial Effect of Ciprofloxacin—Loaded Mesoporous Silica Nanoparticles

The Salmonellaenterica serovar Typhimurium ATCC 14028 strain used in this experi-
ment was previously found to be a multivirulent and multidrug-resistant bacterium [44]
that has decreased CIP susceptibility, with a minimum inhibitory concentration [9] value of
1 mg/L [7]. Stocks were maintained in 20% (v/v) glycerol at −80 ◦C until needed. Bacterial
strains were grown on Tryptone Soya Agar (TSA; Oxoid, UK) overnight at 37 ◦C.

4.2.1. Agar Well Diffusion Assay

The antibacterial activities of CIP–MSN, MSN, and CIP (10 µg/mL concentration)
were evaluated against Salmonella typhimurium, in which bacterial suspension in sterile
saline was prepared to match the optical density of 0.5 MacFarland (1.5 × 108 CFU/mL),
and then were grown in Mueller–Hinton (MH) agar (Oxoid Ltd., Hampshire, UK). Wells
(8 mm) were cut into each inoculated agar plate, and a 100-µL aliquot of each compound
was pipetted into each well. MSN were replaced with sterile water as a negative control
for bacterial growth. The plates were incubated at 37 ◦C for 24 h. After incubation, zones
of growth inhibition were measured, and results were expressed as mean ± standard
deviation (SD) to determine the antimicrobial potency of the screened compound [45].
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4.2.2. Minimum Inhibitory Concentration

The minimum inhibitory concentration was determined using micro broth dilution
methods [46]. The concentration of CIP–MSN, MSN, and CIP were serially diluted two-fold,
from 1 to 512 µg/mL, and were inoculated with the suspension of standardized inoculum,
and then incubated at 37 ◦C for 24 h. MIC were determined as the lowest concentration that
showed no visible growth, while the MBC was determined by culturing 10 µL of each clear
well on the Mueller–Hinton agar plates, and the lowest concentration showing a 99.9%
reduction in the initial inoculum after overnight incubation was determined as the MBC.

4.3. Ciprofloxacin Loaded Mesoporous Silica Nanoparticles Effect on Biofilm Formation

A single colony was inoculated in Mueller–Hinton broth (106 CFU/mL) in microtiter
plates with sub-inhibitory concentrations (1/2× the MIC) of either CIP–MSN, MSN, or CIP,
and antibiotic-free medium was used as a negative control. Then, the biofilm formation was
performed with the protocol developed previously [47]. The crystal violet was added to
measure the extracellular polymeric substances (EPSs) in the biofilm, and the biofilm mass
optical density was measured by a microplate ELISA reader (Huma Reader HS, Wiesbaden,
Germany) at a wavelength of 590 nm [48]. The XTT cell viability assay kit, according to the
manufacturer’s protocol, was employed to measure the viability of cells residing within
the matrix [49]. The change in color due to the viability of cells was measured using a
microplate reader (Huma Reader HS, German) at a wavelength of 490nm. Experiments
were performed in triplicate, and any inferences of nanoparticles in the measurement
was deducted from the absorbance imposed by samples, and then the average value was
reported with ±SD. The biofilm formation and viable cells were tested in triplicate in
independent experiments and interpreted as the ratio of CIP–MSN, MSN, and CIP to the
untreated negative control.

4.4. Expression of Genes Associated Virulence in Biofilm Culture

qRT-PCR was carried out with the biofilm culture grown in the presence of subin-
hibitory concentrations of either CIP–MSN, MSN, or CIP, with the untreated negative
control as described in a previous section. Then, the bacterial suspension was mixed with
RNAprotect Bacteria Reagent (Qiagen, Hilden, Germany) and centrifuged at 5000× g for
10 min. RNA extraction was performed using a QIAamp RNeasy Mini kit (Qiagen, Ger-
many, GmbH) according to the manufacturer’s instructions. Genomic DNA was removed
from the samples by treatment with 1U DNase I, RNase-free (Thermo Scientific) for 60 min
at 37 ◦C. Real-time PCR amplification reaction was prepared in a final volume 25 µL con-
taining 10 µL of the 2x HERA SYBR® Green RT-qPCR Master Mix (Willowfort, UK), 1 µL
of RT Enzyme Mix (20X), 0.5 µL of each primer of 20 pmol concentration, 5 µL of RNase-
and DNase-free water, and 3 µL of RNA template. The primer sequences used for the invA
(invasion protein) and, FimA (major fimbrial subunit) virulence genes in biofilm culture are
shown in Table 1. The 16rRNA gene was used as an internal control for the normalization
of the mRNA expression. The PCR products were analyzed using a Step One Real-Time
PCR System (Applied Biosystems, California, CA, USA). The comparative Ct method was
used to analyze the relative expression of targeted genes, and normalized to the untreated
negative control, which was assigned a value of 1 arbitrary unit [50].

4.5. Experimental Design, and Oral Challenging with Salmonella typhimurium

This study was conducted in accordance with the regulations approved by the Insti-
tutional Animal Care and Use, Faculty of Veterinary Medicine, Zagazig University, and
to confirm the freeing of rats from any Salmonella spp, bacteriological examinations in
accordance with the International Organization for Standardization [51] were conducted
on a total of 75 male rats (housed in a standard housing condition). Rats were randomly
divided into five different experimental groups with three replicates per each group after
one week of adaption.

121



Pharmaceuticals 2022, 15, 357

The experimental treatments were as follows: rats in the first group(negative control,
NC) were fed with basal diets without any addition and administered sterile water; rats
in the second group (positive control, PC) received a control diet without any addition
and were challenged orally with Salmonella typhimurium strain (1 × 106 CFU/mL) [16];
those in third and fourth groups received CIP–MSN or MSN orally 12 hr after Salmonella
typhimurium challenging with 5 mg/kg body weight twice a day for 3 days [16], while the
traditional treatment regimen was used in the last group with 10 mg/kg CIP orally twice a
day for 3 days. The rats were observed for 14 days postinfection.

4.6. Hematological, Biochemical, Oxidative Stress Mediators, and Immunological Measurements

At 7 and 14 d postchallenge, three rats from each treatment were randomly chosen for
aseptic collection of blood samples from the tail vein. The collected blood was divided into
two equal parts: The first part was collected on heparin as an anticoagulant to determine the
blood hematology: red blood cells (RBCs), hemoglobin concentration (Hb), and packed cell
volume (PCV) [52]. The second part was immediately centrifuged at 3500 rpm for 15 min,
and the serum was used for biochemical biomarkers for liver and kidney injury: alanine
aminotransferase (ALT), aspartate aminotransferase (AST),urea, and creatinine, using
commercial kits (Span Diagnostic Ltd., Sachin, India). Evaluation of mediators of oxidative
stress: nitric oxide (NO) and myeloperoxidase (MPO)were analyzed using commercial
kits (Jiancheng Biotechnology Institute, Nanjing, China) [53]. Immunological evaluation
of serum chemokines: C-X-C motif chemokine ligand 10 (CXCL10), CC motif chemokine
ligand 11(CCL11), pro-inflammatory cytokines; interferon gamma (IFN-γ), interleukin-6
(IL-6), and tumor necrosis factor alpha (TNF-α) were analyzed spectrophotometrically
by enzyme-linked immunosorbent assay (ELISA) kits (Cusabio Biotech Co. Ltd., Wuhan,
China),and latex-enhanced nephelometry was used for detection of C-reactive protein
(CRP) [54].

4.7. Quantification of S. typhimurium DNA Copies

Three rats from each experimental group were randomly chosen and slaughtered at 7
and 14 d postchallenge. Liver and spleen tissues were aseptically removed and stored at
−80 ◦C until used; after that, the tissues homogenized, and DNA was extracted according
to the manufacturer’s instructions using a QIAamp DNA Stool Mini Kit (Qiagen GmbH,
Hilden, Germany), and a NanoDrop2000 spectrophotometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) was used for assessing DNA purity and concentrations. Real-time
PCR (RT-PCR) assays were conducted in a Stratagene MX3005P real-time PCR machine
for the quantification of DNA copies using generated standard calibration curves from a
pure S. typhimurium strain, and then interpolating the Ct values of DNA from the liver and
spleen samples into the standard curves, and detecting the log10 of the CFU numbers

4.8. Pro-Inflammatory Cytokines, and Pro-Apoptotic Gene Expression Analysis by Real-Time PCR

Splenic tissues were also aseptically removed from the same three slaughtered rats,
as mentioned in the previous step, and homogenized into RNA later (Sigma, St. Louis,
MO, USA) for analyzing the differential gene expressions and immune-related parameters
by the RT-qPCR assay. Briefly, total RNA was extracted from the spleen according to the
manufacturer’s instructions using Qiagen RNA extraction kits (Cat, No. 74104). Total
RNA purity was measured using a NanoDrop_ND-1000 Spectrophotometer (Nano-Drop
Technologies, Wilmington, DE, USA). The expression levels of pro-inflammatory cytokines
genes: interleukin-6 (IL-6),interleukin-1β (IL-1β),and tumor necrosis factor-alpha (TNF-α),
and pro-apoptotic genes:Cyclooxygenase-2 (COX-2), caspase-3, cytochrome-C, inducible
nitric oxide synthase (iNOS), B-cell lymphoma-2 (Bcl-2), and Bcl-2-associated X (BAX) as
listed in Table 3 were conducted in a Stratagene MX3005P real-time PCR machine using a
one-step QuantiTect SYBR Green RT-PCR Kit (Qiagen GmbH, Hilden, Germany) according
to the manufacturer’s procedures, and normalized using glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as an internal housekeeping gene. The relative gene expression
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data were analyzed using the 2−∆∆Ct method and normalized to the untreated negative
control which was assigned a value of 1 arbitrary unit [50].

Table 3. Primer sequences utilized for rRT-PCR analysis of targeted gene expression.

Target Gene Primer Sequence (5′-3′) Accession No./Reference

iNOS F-ACCTTCCGGGCAGCCTGTGA
R-CAAGGAGGGTGGTGCGGCTG-3′ NM_012611

COX-2 F-GCTCAGCC ATACAGCAAATCC
R-GGGAGTCGGGCAAT CATCAG NM_017232

Caspase-3 F-GCAGCTAACCTCAGAGAGACATTC
R-ACGAGTAAGGTCATTTTTATTCCTGACTT NM_012922

Bcl-2 F-TGCGCTCAGCCCTGTG
R-GGTAGCGACGAGAGAAGTCATC NM_016993

BAX F-CAAGAAGCTGAGCGAGTGTCT
R-CAATCATCCTCTGCAGCTCCATATT NM_017059

Cytochrome C F-TTTGAATTCCTCATTAGTAGCTTTTTTGG
R-CCATCCCTACGCATCCTTTAC NM_012839

IL-1β
F-TGACAGACCCCAAAAGATTAAGG

R-CTCATCTGGACAGCCCAAGTC NM_031512.2

IL-6 F-CCACCAGGAACGAAAGTCAAC
R-TTGCGGAGAGAAACTTCATAGCT NM_012589.2

TNF-α F-CAGCCGATTTGCCATTTCA
R-AGGGCTCTTGATGGCAGAGA L19123.1

β-actin F-CGCAGTTGGTTGGAGCAAA
R-ACAATCAAAGTCCTCAGCCACAT V01217.1

GAPDH F-TGCTGGTGCTGAGTATGTCG-3′

R-TTGAGAGCAATGCCAGCC-3′ NM_017008

invA. F-ACAGTGCTCGTTTACGACCTGAAT
R-AGACGACTGGTACTGATCGATAAT [55]

FimA F-TTGCGAGTCTGATGTTTGTCG 62
R-CACGCTCACCGGAGTAGGAT [55]

16S rRNA. F-AGGCCTTCGGGTTGTAAAGT
R-GTTAGCCGGTGCTTCTTCTG [55]

iNOS: Inducible nitric oxide synthase; COX-2: Cyclo-oxygenase-2; IL: interleukin, TNF-α: tumor necrosis factor-
alpha, TGF-β: transforming growth factor-beta, COX-2: cyclooxygenase-2, Bcl-2: B-cell lymphoma-2, BAX:
Bcl-2-associated X protein, invA: Invasion protein A, FimA: Major fimbrial subunit.

4.9. Histopathologic Evaluation

Immediately after the end of the experiment (at 14 dpi), tissue specimens were collected
from the liver and intestine tissues, control group, CIP–MSN-, MSN-, and CIP-treated rats
(n = 3/group). Collected specimens were fixed for 48 h in 10% formalin solution, followed
by the routine processing of the specimens, as previously described [44,56]. Thin sections
(5 µm) were microtomed and stained with H&E stain and examined under light microscopy.
Tissues were blindly examined and evaluated by an experienced pathologist.

4.10. Statistical Analysis

The data was analyzed by general linear model (GLM) after confirming the homogene-
ity among experimental groups using Levene’s test, and normality using Shapiro–Wilk’s
test was performed. All data were presented as Mean ± SD. Post-hoc Tukey’s tests were
performed to determine if there were significant differences among groups (p < 0.05). All
statistical analysis and graphical outputs were generated by GraphPad Prism software
(Version 8, GraphPad Software Inc.).

5. Conclusions

Based on our data, we conclude that, when compared with a normal ciprofloxacin
treatment regime, MSN particles loaded with ciprofloxacin at half-dose exhibited a con-
trolled release of the antibiotic that aids in prolonging the antibacterial effect, enhancing
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in vitro antivirulence efficacy against biofilm formation with reduced levels of adherence
and invasion protein expression. Another benefit was its insignificant effect on all blood pa-
rameter values, and biochemical biomarkers for tissue injury or inflammation indicated its
good biocompatibility and lower cytotoxicity. Additionally, a lower dose of CIP–MSN sup-
plementation has a promising role in reducing inflammatory response and oxidative stress
by abolishing the elevated secretion of key mediators of oxidative stress, pro-inflammatory
cytokines, and chemokines in the blood serum and liver resulting from S. typhimurium
infection. Additional evidence supporting the protective effects of a reduced dose of
CIP–MSN supplementation established that its association with a reduction in mRNA
expression of pro-apoptotic genes resulted in reduced S. typhimurium-induced hepatic
apoptosis. This counteracted the negative effects of the S. typhimurium challenge through a
corrected histopathological picture of both the intestine and liver and increased bacterial
clearance. Finally, our results indicated that supplementation with CIP–MSN drug-delivery
cargo led to a lower antibiotic dose requirement and might be a preventive strategy to
alleviate Salmonella typhimurium-induced liver injury in humans and animals.
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Abstract: Staphylococcus aureus can cause a wide range of severe infections owing to its multiple
virulence factors in addition to its resistance to multiple antimicrobials; therefore, novel antimicrobials
are needed. Herein, we used Gardenia thailandica leaf extract (GTLE), for the first time for the biogenic
synthesis of silver nanoparticles (AgNPs). The active constituents of GTLE were identified by
HPLC, including chlorogenic acid (1441.03 µg/g) from phenolic acids, and quercetin-3-rutinoside
(2477.37 µg/g) and apigenin-7-glucoside (605.60 µg/g) from flavonoids. In addition, the antioxidant
activity of GTLE was evaluated. The synthesized AgNPs were characterized using ultraviolet-
visible spectroscopy, Fourier-transform infrared spectroscopy, transmission and scanning electron
microscopy (SEM), zeta potential, dynamic light scattering, and X-ray diffraction. The formed AgNPs
had a spherical shape with a particle size range of 11.02–17.92 nm. The antimicrobial activity of AgNPs
was investigated in vitro and in vivo against S. aureus clinical isolates. The minimum inhibitory
concentration (MIC) of AgNPs ranged from 4 to 64 µg/mL. AgNPs significantly decreased the
membrane integrity of 45.8% of the isolates and reduced the membrane potential by flow cytometry.
AgNPs resulted in morphological changes observed by SEM. Furthermore, qRT-PCR was utilized
to examine the effect of AgNPs on the gene expression of the efflux pump genes norA, norB, and
norC. The in vivo examination was performed on wounds infected with S. aureus bacteria in rats.
AgNPs resulted in epidermis regeneration and reduction in the infiltration of inflammatory cells.
Thus, GTLE could be a vital source for the production of AgNPs, which exhibited promising in vivo
and in vitro antibacterial activity against S. aureus bacteria.

Keywords: AgNPs; antioxidant activity; flow cytometry; Gardenia thailandica; HPLC; infected wound;
qRT-PCR

1. Introduction

Nanotechnology is a relatively novel discipline with massive applications, including
those in the medical and pharmacological industries [1]. Recently, there is a growing
interest in the usage of green-synthesized biocompatible silver nanoparticles (AgNPs)
in various applications including antimicrobial products, anti-fungal preparations, drug
delivery, the textile industry, and food packaging. Several chemical and physical methods
for the synthesis of AgNPs have been reported, including sol-gel, chemical reduction,
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physical vapor deposition, thermal decomposition, and microwave irradiation [2,3]. Unfor-
tunately, these techniques have many drawbacks such as the expense, use of high energy
and/or hazardous chemicals, and production of toxic byproducts that are unsafe to the
environment [4,5]. Besides, these toxic chemicals are attached to the end products, which
considerably limits their application [2,6].

To overcome these limitations, it is crucial to find eco-friendly, easy to use, cost effective,
and nontoxic alternative methods for the fabrication of AgNPs [4]. Recently, new methods
based on green synthesis are emerging. These methods use eco-friendly compounds
as reducing agents [1]. Plants and microorganisms are considered nontoxic biological
reproducible resources that are safe for humans and the environment. They may be more
suitable alternatives for the biosynthesis of AgNPs [7]. Plant extract nanoparticles are more
favorable than microorganism-based nanoparticles since they do not require particular
and complex processes such as culture management, isolation, and several purification
steps [8]. In addition, using plants for the synthesis of nanoparticles has other advantages,
such as the use of safer solvents, milder response conditions, more feasibility, and their
various uses in surgical and pharmaceutical applications [3]. Due to the aforementioned
limitations, researchers have developed green methods that employ various plant parts such
as the leaf, peel, flower, fruit, and root. Numerous plant extract compounds (e.g., ascorbic
acids, flavonoids, polyphenols, proteins, and terpenoids) play important roles in metal ion
uptake, precursor salt reduction, and capping agents. Furthermore, several of them have
antibacterial capabilities [9].

Gardenia thailandica Triveng. is a flowering plant native to Thailand. Gardenia species
have a high medicinal potential and a long history of usage in traditional medicine to cure
a variety of ailments such as jaundice, fever, hypertension, and skin ulcers. In addition,
various Gardenia species have been linked to a variety of pharmacological effects, including
anti-inflammatory, anti-viral, anti-cancer, and anti-apoptotic properties [10–13]. One of the
most potential antimicrobials used in nanomedicine are AgNPs. AgNPs can interact with
a microorganism’s cell wall, producing reactive oxygen species that eventually cause cell
death [9]. As a result, we can speculate that using G. thailandica extract will produce AgNPs
with improved antimicrobial activity.

Staphylococcus aureus is a highly virulent pathogenic bacteria that can cause various clin-
ical infections in humans. They are a major cause of infective endocarditis and bacteremia,
in addition to skin and soft tissue, osteoarticular, pleuropulmonary, and device-associated
infections [14]. Besides the various virulence factors they possess, antimicrobial resistance
is widely spreading among these bacteria. Thus, new approaches should be studied to
overcome different infections caused by S. aureus [15]. The green synthesized AgNPs could
be a therapeutic alternative to the currently present antimicrobials.

In this study, we aimed to green synthesize AgNPs from Gardenia thailandica leaf
extract (GTLE). Then, the produced AgNPs were characterized by different techniques.
Furthermore, the antibacterial activity of the synthesized AgNPs was studied both in vitro
and in vivo against S. aureus clinical isolates.

2. Results
2.1. High Performance Liquid Chromatographic Coupled with Diode Array Detector
(HPLC-DAD) Analysis

The identification and quantification of phenolic compounds of GTLE was performed
using the HPLC-DAD. Figure 1 displays the HPLC-DAD chromatogram for the identified
flavonoids and phenolic compounds of GTLE. The abundant phenolic compounds were
chlorogenic acid (1441.03 µg/g), while the major identified flavonoid compound was
quercetin-3-rutinoside (2477.37 µg/g), as shown in Table 1.
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Figure 1. HPLC-DAD of GTLE (320 nm). Chl—chlorogenic acid; syr—syringic acid; van—vanillic
acid; p-co—p-coumaric acid; q-rut—quercetin rutinoside; ros—rosmarinic acid; cin—cinnamic acid;
api—apigenin; lut—luteolin; chr—chrysin.

Table 1. Chemical composition analysis of the phenolic and flavonoid compounds of GTLE
by HPLC-DAD.

No Retention Time (RT) Compound Concentration (µg/g) *

1 3.93 Gallic acid ND
2 6.61 Protocatechuic acid ND

3 9.91 p-hydroxybenzoic
acid ND

4 11.44 Gentisic acid ND
5 12.18 Cateachin ND
6 12.41 Chlorogenic acid 1441.03
7 13.33 Caffeic acid ND
8 16.18 Syringic acid 10.09
9 17.69 Vanillic acid 44.17
10 20.26 Ferulic acid ND
11 21.03 Sinapic acid ND
12 22.26 p-coumaric 26.16

13 22.97 Quercetin-3-
Rutinoside 2477.37

14 27.43 Rosmarinic acid 796.67
15 28.71 Apigenin-7-glucoside 605.60
16 30.04 Cinnamic acid 436.06
17 34.79 luteolin 753.18
18 39.50 Apigenin ND
19 53.34 Kaempferol ND
20 58.42 Chrysin 152.71

* ND stands for none detected.

2.2. Characterization of the Green-Synthesized AgNPs
2.2.1. Physical Observation

After 3 h of preservation in a cool and dark area, the physical appearance of the
AgNO3 solution changed to a dark solution after the addition of GTLE, indicating the
chemical reduction reaction and synthesis of AgNPs.

2.2.2. UV-Vis Spectroscopy

UV-Vis spectroscopy was utilized as the first proof of nanoparticle formation owing to
the selectivity of UV towards the formed nanoparticles. Since AgNPs have a characteristic
optical reflectivity, they interact strongly with specific wavelengths of light. Because of
the collective oscillation of electrons in AgNPs, free electrons produce a surface plasmon
resonance (SPR) absorption band [16]. The absorption of AgNPs is controlled by the
dielectric medium, chemical environment, shape of the particles, and particle size. The UV
measurements of the produced AgNPs had an absorbance at 418 nm (Figure 2).
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Figure 2. UV spectrum of the biosynthesized AgNPs by GTLE compared to GTLE.

2.2.3. Fourier-Transform Infrared (FTIR) Spectroscopy

The identity of the functional chemical groups of the GTLE involved in the reduction
reaction to produce AgNPs was configurated by FTIR spectroscopy measurements. Peaks
at 3417, 2926, 1632 cm−1 represent the functional groups as follows; OH, C aliphatic, and
C=O of phenolic acids and flavonoids, while the polyphenols and aromatic compounds
were represented by the peak at 1453 cm−1. The secondary OH groups of GTLE were
confirmed by the peak at 1080 cm−1 (Figure 3).

Figure 3. FTIR spectrum of the biosynthesized AgNPs by GTLE compared to GTLE.

2.2.4. High-Resolution Transmission Electron Microscope (HR-TEM)

The green-synthesized AgNPs using GTLE as a reducing agent were examined using
HR-TEM, which revealed the formation of spherical shaped AgNPs with a particle size
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range of 11.02–17.92 nm and an average size of 14.24 nm (Figure 4). In addition, the
selected area electron diffraction (SAED) pattern confirmed the crystalline nature of the
formed AgNPs.

Figure 4. HR-TEM micrographs of the biosynthesized AgNPs using GTLE; (A): at 20 nm, (B); at
50 nm, (C): SAED confirmed the crystalline nature of the formed AgNPs.

2.2.5. Zeta Potential and Dynamic Light Scattering (DLS)

We used the zeta potential technique to evaluate the surface charge of the green-
synthesized AgNPs. Herein, AgNPs had a zeta potential value of −6.54 ± 0.6 mV, where
the negative charge highlighted the stability of the formed nanoparticles (Figure 5A).

Figure 5. Zeta potential analysis (A) and DLS (B) of the biosynthesized AgNPs by GTLE.
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Legend shells including the metallic shell of the formed nanoparticles were measured
using the DLS technique; they had a size of 77.4 ± 1.88 nm (Figure 5B).

2.2.6. X-ray Diffraction (XRD)

The intense peaks were noticed at the 2θ scale of 38.26, 44.47, 64.71, and 77.73 corre-
sponding to the (111), (200), (220), and (311) planes for silver, respectively (Figure 6).

Figure 6. X-ray diffraction pattern of the biosynthesized AgNPs using GTLE.

2.2.7. Scanning Electron Microscope (SEM)

SEM is a useful tool for investigating an object’s surface images. It can precisely
illustrate the particle size, shape, and distribution of the tested material. In addition, it can
determine the morphological appearance of the studied object and determine whether its
size is at the micro- or nanoscale. SEM analysis of the biosynthesized AgNPs revealed that
they are spherical in shape with a tendency to aggregate (Figure 7).

Figure 7. SEM of AgNPs biosynthesized using GTLE.
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2.3. Total Content of Flavonoids and Polyphenolics

Total flavonoids were found to have a content of 162.98 mg/g equivalent to quercetin,
while total polyphenols had a content of 287.89 mg/g equivalent to gallic acid. Findings
indicate that G. thailandica possesses high contents of polyphenols and flavonoids.

2.4. Antioxidant Activity

The antioxidant activity of GTLE was investigated in this study using radical scav-
enging and metal-reducing assays. Radical scavenging assays used were 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
tests. GTLE exhibited antioxidant activity by DPPH and ABTS as (IC50 72.91 µg/mL)
and (211.60 mg Trolox equivalents (TE)/mg), respectively. The metal-reducing assay used
was the ferric reducing antioxidant power assay (FRAP) and the activity of GTLE was
70.95 mg TE/mg.

2.5. In Vitro Antibacterial Activity
2.5.1. In Vitro Susceptibility Testing

The green-synthesized AgNPs exhibited antibacterial activity against S. aureus clinical
isolates, as they resulted in clear zones around the AgNPs discs by disc diffusion method.
The broth microdilution method was utilized to identify the MIC values of AgNPs, and
they ranged from 4 to 64 µg/mL. All the following tests were carried out after treatment of
the tested isolates with 0.5 MIC values.

2.5.2. Time Kill Curve

The number of colony-forming units (CFU) per milliliter was reduced by more than
3 log units after incubation of S. aureus cells for 2 h with 4× MIC and 1 h with 8× MIC in
58.34% and 47.92% of the isolates, respectively. A representative example for the reduction
of the CFU/mL is shown in Figure 8.

Figure 8. Time kill plot of (a) 4× MIC and (b) 8× MIC of the green synthesized AgNPs against
S. aureus isolates.

2.5.3. Membrane Integrity and Permeability

We investigated the cell membrane integrity of S. aureus isolates after treatment with
the green synthesized AgNPs (at concentrations equal to 0.5 MIC values) via detection of the
release of the materials (DNA and RNA), which absorb at 260 nm, from the bacterial isolates.
Herein, we found that the membrane integrity significantly decreased (p < 0.05) in 45.8% of
the isolates after treatment with AgNPs. Figure 9a illustrates a representative example.
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Figure 9. Line chart showing (a) the cell membrane integrity and (b) the membrane permeability of
a representative S. aureus isolate before and after treatment with the green-synthesized AgNPs (at
concentrations equal to 0.5 MIC values).

When the bacterial membrane permeability increases, O-nitrophenyl-β-galactopyranoside
(ONPG) enters the bacterial cytoplasm in a large amount. In the cytoplasm, ONPG is bro-
ken down into O-nitrophenol (ONP) by a β-galactosidase enzyme that is present in the
cytoplasm. Thus, the membrane permeability was tracked by monitoring the absorbance at
OD420 (the yellow color of ONP can absorb at 420 nm) with time. The membrane perme-
ability significantly increased (p < 0.05) in 56.25% of S. aureus isolates after treatment with
AgNPs and an illustrative example is revealed in Figure 9b.

2.5.4. Membrane Depolarization

Membrane depolarization was determined in the tested isolates using DiBAC4(3)
(bis-(1,3-dibutylbarbituric acid) trimethine oxonol) fluorescent stain. This is a membrane
potential-sensitive stain that can enter the depolarized cell cytoplasm and bind to the
intracellular proteins exhibiting an enhanced fluorescence. In the current investigation,
we noticed that treatment with AgNPs exhibited a considerable reduction (p < 0.05) in
the membrane potential in 35.42% of S. aureus isolates. A demonstrative example of the
decrease in the membrane potential after AgNPs treatment is presented in Figure 10.

2.5.5. SEM Examination

The ultrastructural and morphological changes of S. aureus cells treated with the green-
synthesized AgNPs were observed by SEM (Figure 11). The electron micrographs obtained
by SEM revealed that the untreated cells had sphere-shaped, intact, smooth surfaces. On
the other hand, the treated cells had a deformed and distorted shape.

2.5.6. Efflux Activity

The efflux activity of the tested S. aureus isolates was assessed by testing the capability
of the cells to pump out ethidium bromide (EtBr) to the surrounding medium by the EtBr
cartwheel method. Herein, we categorized the efflux activity of S. aureus isolates into three
classes; negative, intermediate, and positive efflux activity as presented in Table 2. Eleven
(22.92%) S. aureus isolates exhibited a reduction in their efflux activity when treated with
the green-synthesized AgNPs. The efflux activity of these isolates changed from positive to
either intermediate or negative.

2.5.7. Quantitative Real-Time PCR (qRT-PCR)

qRT-PCR was utilized for more in-depth exploration of the impact of the green-
synthesized AgNPs on the efflux pump activity of the tested isolates. S. aureus bacteria
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(n = 11) that displayed a decline in their efflux pump activity by the EtBr cartwheel method
were selected for this assay. We found that the transcriptional levels of norA, norB, and
norC efflux pump genes decreased in 72.73%, 45.45%, and 18.18% of the tested isolates,
respectively, after treatment with AgNPs. The fold changes mean values of norA, norB, and
norC efflux pump genes ranged from 0.11 to 0.47, respectively, as presented in Figure 12.

Figure 10. Flowcytometric chart (a) dot plot, (b) histogram (fluorescent gap = 67.1%) before treatment,
(c) dot plot, and (d) histogram (fluorescent gap = 35.1%) after treatment of a representative S. aureus
isolate with the green-synthesized AgNPs.

Figure 11. Scanning electron micrograph of a representative S. aureus isolate (a) before treatment and
(b) after treatment with the green-synthesized AgNPs.

2.6. In Vivo Antibacterial Activity

The impact of AgNPs was investigated on macroscopic healing and skin histology
following excisional wound healing as follows.

135



Pharmaceuticals 2022, 15, 194

Table 2. Efflux activity of S. aureus isolates determined using EtBr cartwheel method, before and after
treatment with AgNPs.

EtBr Conc. (mg/L) * Number of Isolates
(Before Treatment)

Number of Isolates
(After Treatment)

≤0.5 5 7
1 10 12

1.5 11 13
2 8 13

2.5 14 3
* Concentration of EtBr at which S. aureus bacteria started to produce fluorescence. The isolates which emit
fluorescence at 0.5 mg/L, 1–2 mg/L, and 2.5 mg/L lack efflux activity, have intermediate efflux activity, and have
positive efflux activity, respectively.

Figure 12. Bar charts showing the transcriptional level fold changes of (a) norA, (b) norB, and (c) norC
genes after treatment with the green-synthesized AgNPs. * represents a significant decrease in the
fold change.
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2.6.1. Macroscopic Healing

The rates of the macroscopic wound healing of the studied groups were inspected on
days 0, 3, and 7, considering the day of the wound creation as day 0. Betadine™ and AgNPs
groups demonstrated full and notable wound healing in comparison with the control group
(Figure 13).

Figure 13. Macroscopic examination of the wound healing of the control, Betadine™, and AgNPs rat
groups over the days 0, 3, and 7 starting from the day of wound creation (day 0).

Betadine™ and AgNPs groups exhibited significant wound healing on day 3 with
wound healing percentages of 90.19 and 92.3, respectively, compared to the control group.
Furthermore, they exhibited full wound healing on day 7 (with wound healing percentages
of 99.02 and 99.23, respectively, in comparison with the control group (Figure 14a).

Figure 14. Wound characters on days 0, 3, and 7 in the different rat groups including (a) wound area,
and (b) quantification of CFU/mL. * represents a significant decrease (p < 0.05).
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In addition, both Betadine™ and AgNPs groups exhibited a significant decrease in
CFU/mL in comparison with the control group (Figure 14b).

2.6.2. Histological Examination

The skin section of the wounds of the control group showed a wide area of epi-
dermal loss and infiltration with inflammatory cells with granulation tissue formation
(Figure 15a,d).

Figure 15. Histological examination of the wounds of rats on the seventh day. The control group
(a,d) showed the presence of a wide area of epidermal loss in addition to ulceration in the wound
gap (black arrow) with adjacent thickening in the epidermis (arrowhead). There was a highly cellular
granulation tissue that is rich in inflammatory cells (black star). The Betadine™ group (b,e) showed
an intact thin epidermal layer with intact keratinocytes and subcellular details (arrow). There was an
intact layer of the dermis with a normal distribution of cellular elements and abundant well-organized
collagen fibers (black star). The AgNPs group (c,f) showed efficient wound healing with complete
epidermal re-epithelialization as well as wound closure (black arrow). There was more abundant
fibroblastic activity with dermal granulation tissue rich in collagen (dashed arrow).

On the other hand, the skin section of the wounds of the Betadine™ group showed en-
hanced epidermal re-epithelialization and wound closure with more abundant fibroblastic
activity and more collagen-rich dermal granulation tissue (Figure 15b,e). The section of the
AgNPs treated group also exhibited complete wound healing with continuous epidermis
and underlying fibrosis and collagenosis (Figure 15c,f).

3. Discussion

The widespread community and hospital-acquired infections caused by S. aureus
isolates are a global consideration. In addition, these pathogenic bacteria are largely
related to resistance to many commercially available antimicrobial agents [17]. Thus, many
researchers have focused their studies on the exploration of new antimicrobial compounds
against various types of pathogenic bacteria such as S. aureus. Natural products such as
plants are showing promising antimicrobial activity with relatively low toxicity, low cost,
and high bioavailability [18–23]. Herein, we used GTLE for the green synthesis of AgNPs.
AgNPs drew our attention owing to their documented versatile activities in the literature,
such as their antimicrobial and anti-inflammatory properties in addition to their wound
healing promotion capability. AgNPs are currently utilized as interesting tools to face
many emerging therapeutic challenges [24]. Despite their advantageous properties, the
synthesis of AgNPs can be a high-cost process and a harmful approach. This is because
of the utilization of chemical compounds and the possible production of certain harmful
by-products [25–27]. Therefore, we decided to rely on the green synthesis of AgNPs to
avoid these drawbacks. Many natural products such as plant extracts can be used in
the green biosynthesis of AgNPs. In this case, the bioactive compounds of plants reduce
silver to form AgNPs. In this way, we avoid the use of chemical reducers with their
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accompanying problems. The fundamental principle of the green methods is to utilize
nontoxic biomolecules for the synthesis of nanoparticles via the reduction of metal ions
in an aqueous solution. Most biomolecules such as DNA, proteins, and enzymes are
quite expensive, easily decomposed, and vulnerable to being contaminated. On the other
hand, many plant extracts are available, affordable, and stable against most environmental
conditions (such as pH, temperature, and salt concentration) [5,28,29].

Nontoxic, environmentally friendly methods were used to synthesize bioinspired
silver nanoparticles from GTLE. The quantification of the flavonoids and phenolic acids of
G. thailandica was evaluated by the HPLC-DAD technique using 20 standard compounds. A
few studies have documented the presence of these types of bioactive compounds in differ-
ent Gardenia species. The HPLC-DAD analysis detected major phenolic compounds that are
reported to possess antitumor, antibacterial, antioxidant, antidiabetic, and antihypercholes-
terolemic activities through different pathways [13]. Six phenolic acids were recognized
(chlorogenic, rosmarinic, cinnamic, vanillic, p-coumaric, and syringic acid). In addition,
four flavonoids were identified (quercetin-3-rutinoside, apigenin-7-glucoside, luteolin, and
chrysin). The results of the HPLC-DAD analysis of G. thailandica revealed the presence of
quercetin-3-rutinoside at a concentration of 2477.37 µg/g as the major flavonoid glycoside,
while chlorogenic acid was the major phenolic acid in the extract at a concentration of
1441.03 µg/g, followed by rosmarinic acid at a concentration of 796.67 µg/g.

The antibacterial activity of the green-synthesized AgNPs was investigated both
in vitro and in vivo. AgNPs exhibited antibacterial activity against S. aureus clinical isolates
with MIC values that ranged from 4 to 64 µg/mL. Many studies have recorded that green-
synthesized AgNPs have antibacterial activity against different pathogenic bacteria [30–33].
The short reproductive time of S. aureus bacteria is one of the principal reasons for the
infectivity of such pathogenic bacteria [30]. Therefore, we investigated the impact of AgNPs
on the time-kill curve of the tested S. aureus isolates and we found that the CFU/mL of
S. aureus isolates was reduced by more than 3 log units after its incubation for 2 h with
4 × MIC and 1 h with 8 × MIC in 58.34% and 47.92% of the isolates, respectively.

As the bacterial cell membrane is an important target for several antimicrobials, we
investigated the impact of the green-synthesized AgNPs on membrane characteristics
including the membrane integrity, permeability, and depolarization. The bacterial cell
membrane is considered to be a barrier with a selective permeability character, and the
loss of this property can lead to cell death [34]. Herein, we investigated the membrane
integrity of the tested bacteria before and after treatment with AgNPs by observing the
leakage of materials absorbing 260 nm over time. We observed that treatment with AgNPs
resulted in a massive reduction (p < 0.05) in the membrane integrity in 45.8% of the isolates.
Many different techniques can be used for the evaluation of membrane permeability. In
the current study, we used the ONPG method, which relies on the concept that when the
bacteria are losing the ability to control their membrane permeability, the penetration of this
compound increases [34]. Our results showed that the membrane permeability of the tested
bacterial cells significantly increased (p < 0.05) in 56.25% of the isolates after treatment
with AgNPs. Owing to the importance of the membrane potential in bacterial viability, we
used DiBAC4, a fluorescent probe that enters the cell and links to the intracellular proteins
when the membrane potential is lost. Here, the green-synthesized AgNPs resulted in a
considerable reduction (p < 0.05) in membrane potential in 35.42% of S. aureus isolates.

SEM is widely utilized in microbiological research to study the different changes that
occur in the ultrastructure and morphology of the bacterial cells when they are treated
with antimicrobial agents [35]. Consequently, we used SEM in this study to explore the cell
surface characters and external cell morphology to gain the benefit of the higher resolution
of SEM when compared to light microscopes. Herein, we noticed that the AgNP-treated
bacterial cells had a deformed and distorted shape in comparison with the non-treated ones.

The function of efflux pump proteins is to transfer harmful substances out of bacterial
cells [26]. Therefore, efflux pumps are an important resistance mechanism to many antibi-
otics. In the current study, 22.92% of S. aureus isolates presented a reduction in their efflux
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activity after treatment with AgNPs. Efflux pumps in S. aureus bacteria are encoded by
norA, norB, and norC genes. For further elucidation of the effect of AgNPs on the efflux
activity of the 11 S. aureus isolates that displayed a decline in their efflux activity by EtBr
cartwheel assay, qRT-PCR was utilized. We noticed that treatment with AgNPs resulted in
a substantial decrease in the expression of norA, norB, and norC genes in 72.73%, 45.45%,
and 18.18% of the tested isolates, respectively. Generally, metal nanoparticles could inhibit
the efflux pump activity of bacteria by two mechanisms. The first possible mechanism is by
direct binding to the efflux pumps’ active site and the second mechanism is by disturbing
the efflux kinetics [36].

The process of wound healing is associated with certain biological events such as
re-epithelialization, fibroplasia in addition to extracellular matrix production. Many natural
agents were found to produce satisfactory results in wound healing when compared to the
chemical compounds, with the advantages of low cost and low toxicity [37]. Consequently,
we used GTLE to synthesize AgNPs and investigated their effect on wound healing in
rats with wounds infected with S. aureus isolates after seven days of treatment. The group
treated with AgNPs exhibited notable wound healing when compared to the other groups.
On the histological level, the AgNP-treated group displayed accelerated wound healing
with complete epidermal re-epithelialization, abundant fibroblastic activity, formation of
collagen-rich dermal granulation tissue, and minimal infiltration of inflammatory cells.

4. Materials and Methods
4.1. Plant Materials and Extract Preparation

Gardenia thailandica Tirveng. leaves were collected from a private garden on the
Egypt Alexandria desert road. Esraa Ammar (Plant Ecology, Botany Department, Faculty
of Science, Tanta University) confirmed the plant’s identification. A voucher sample
(PGA-GT-128-W) was maintained in the Tanta University Department of Pharmacognosy’s
herbarium. The powdered plant (650 g) was extracted with methanol using a maceration
method (3 × 5 L). The extract was concentrated using a rotary evaporator to obtain a
residue (7.89 g).

4.2. Drugs and Chemicals

All the chemicals and solvents used in this study were bought from Sigma-Aldrich
(St. Louis, MO, USA) and were of high analytical quality.

4.3. HPLC-DAD of GTLE

An autosampler and a diode-array detector are included in the Agilent Technologies
1100 series liquid chromatography.

The analytical column was an Eclipse XDB-C18 (150 × 4.6 µm; 5 µm) with a C18 guard
column (Phenomenex, Torrance, CA, USA). Acetonitrile (solvent A) and 2% acetic acid in
water (Solvent B) made up the mobile phase. The flow rate was held constant at 0.8 mL/min
for a total run of 70 min, and the gradient program was as follows: 100% B to 85% B in
30 min, 85% B to 50% B in 20 min, 50% B to 0% B in 5 min, and 0% B to 100% B in 5 min.
The injection volume was 50 µL, and peaks for benzoic acid, cinnamic acid derivatives, and
flavonoids were found simultaneously at 280, 320, and 360 nm, respectively. All samples
were filtered using a 0.45 µm Acrodisc syringe filter (Gelman Laboratory, Michigan, USA)
before injection. The peaks were identified using congruent retention durations and UV
spectra, which were then compared to the standards.

4.4. Green Synthesis of AgNPs

One millimolar of an aqueous solution of silver nitrate (AgNO3) was prepared and
maintained in a cool dark area. For reduction of Ag+ ions, 10 mL of GTLE was added
separately into 90 mL of an aqueous solution of 1 mM AgNO3 and incubated overnight
at room temperature in a dark area. The development of AgNPs was indicated by the
production of a yellowish-brown color. The produced solutions were directly subjected
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to TEM and UV measurements. Centrifugation at 4000 rpm for 30 min was followed by a
series of washing in distilled water and filtration to obtain pure AgNPs. The pure AgNPs
were further characterized by FTIR, HR-TEM, XRD, zeta potential, and SEM [38–41].

4.5. Characterization of AgNPs
4.5.1. UV-Vis Spectroscopy

UV-Vis spectroscopy of the green-synthesized AgNPs was monitored using a UV–Vis
spectrophotometer (Shimadzu, Kyoto, Japan) after dilution with distilled water.

4.5.2. FTIR

The different functional groups of the produced AgNPs were measured by FTIR
spectrometer (Jasco, Tokyo, Japan) in the range of 4000–400 cm−1.

4.5.3. HR-TEM

The morphology of the particles (shape and dimensions) in addition to SAED were
examined by TEM. (JEOL-JEM-1011, Kyoto, Japan) and HR-TEM at 200 kV (JEOL-JEM-2100,
Kyoto, Japan). Three milliliters of the sample were placed on the copper grid for TEM and
HR-TEM examination and allowed to dry at room temperature for 15 min.

4.5.4. Zeta Potential and DLS

Particle size, homogeneity of distribution, and zeta potentials of AgNPs were ex-
amined using a zeta sizer nano ZN (Malvern Panalytical Ltd., England, UK). Before the
measurements, an aliquot of nanoparticles was diluted with ultra-purified water and then
sonicated for 15 min.

4.5.5. XRD

The XRD analysis was performed as a surface chemical analysis tool for the charac-
terization of metal nanoparticles [42]. An XPERT-PRO-PANalytical Powder Diffractome-
ter (PAN-alytical B.V., Almelo, The Netherlands) was used to perform XRD utilizing a
monochromatic radiation source Cu-K α radiation (θ = 1.5406 Å) at 45 kV and 30 mA at
ambient temperature. The silver nano-powder intensity data were gathered over a 2θ range
of 4.01◦–79.99◦.

4.5.6. SEM

The morphology of the biosynthesized AgNPs was observed using SEM (TM1000,
Hitachi, Chiyoda, Japan) as described previously [43].

4.6. Determination of the Total Content of Flavonoids and Polyphenols

The total flavonoid concentration was determined by colorimetric analysis of serial
dilutions of the extract using the aluminum chloride technique and quercetin as a refer-
ence [44]. Using the Folin–Ciocalteu technique and gallic acid as a reference, the total
content of polyphenols was determined [45]. The measured contents were expressed as
mg/g equivalent of the corresponding standard for each method.

4.7. Antioxidant Activity of GTLE
4.7.1. The DPPH Radical Scavenging Capacity

The DPPH radical scavenging capacity of GTLE was evaluated according to the
method of Boly et al. [46]. The decrease in DPPH color intensity was measured at 540 nm
using the following equation:

Percentage inhibition =

= (Average absorbance of blank−average absorbance of the test)
Average absorbance of blank × 100

The value of IC50 was calculated as previously described [47].
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4.7.2. The ABTS Radical Scavenging Capacity

The assay was performed as previously reported [48]. Using the linear regression equa-
tion taken from the calibration curve, the results are presented as µM Trolox equivalents
(TE)/ mg samples (linear dose-inhibition curve of Trolox).

4.7.3. FRAP Assay

The ferric reducing ability assay was conducted according to the method of Benzi et al. [49].
The result is expressed as µM TE/mg sample using the linear regression equation derived
from the calibration curve (linear dose-response curve of Trolox).

4.8. In Vitro Antibacterial Activity
4.8.1. Bacterial Isolates

A total of 48 S. aureus clinical isolates were acquired from Tanta University Hospital. S.
aureus isolates were microscopically examined and were biochemically identified as previ-
ously described [50]. Staphylococcus aureus (ATCC 29231) was utilized as a reference strain.

4.8.2. Susceptibility Testing
Disk Diffusion Method

The antimicrobial activity of AgNPs against S. aureus clinical isolates was performed using
the Kirby–Bauer disk diffusion method [51]. Mueller–Hinton agar (MHA) (Merck, Germany)
plates were inoculated with the bacterial isolates using sterile swabs. Sterile discs were
thoroughly saturated with vancomycin and sterile water as positive and negative controls,
respectively. In addition, a third disc was saturated with the green-synthesized AgNPs was
added. Then, the disks were located on the MHA plates and incubated for 24 h at 37 ◦C.
The formed inhibition zones were observed indicating antibacterial activity.

Minimum Inhibitory Concentration (MIC) Determination

The MIC values of the green-synthesized AgNPs were determined in a 96-well mi-
crodilution plate using the broth microdilution method [52]. The green-synthesized AgNP
solution (500 µg/mL) was twofold diluted with each bacterial inoculum in 100 µL of MHB
(106 CFU/mL). Each microtitration plate had a negative control (MHB only) and positive
control (MHB containing bacteria). Each well of the microtitration plate was loaded with
30 µL of the resazurin solution and then the plates were incubated at 37 ◦C for 24 h. The
variations in the color were detected.

4.8.3. Time Kill Curve

This was performed as previously reported [53]. Briefly, the green-synthesized AgNPs
solution was diluted by MHB containing the bacterial suspensions to obtain a final concen-
tration of 0× MIC, 0.5× MIC, 1× MIC, 2× MIC, 4× MIC, and 8× MIC for each bacterial
isolate. The obtained cultures were then incubated in a shaking incubator at 37 ◦C. Aliquots
of the cultures (100 µL) were distributed on the surface of MHA plates at 0, 0.25, 0.5, 1, 2,
and 4 h. After incubation at 37 ◦C for 24 h, the colonies detected on the MHA plates were
quantified in CFU/mL.

4.8.4. Membrane Integrity and Permeability
Membrane Integrity Assay

The effect of the green-synthesized AgNPs on the integrity of the cell membrane of
the tested isolates was studied by monitoring the release of materials that have absorbance
at 260 nm (A260) [54]. In brief, the optical density (OD) of the overnight bacterial cultures
in nutrient broth was adjusted to be 0.4 at 630 nm. Then, the bacterial suspensions were
centrifuged at 11,000× g for 10 min and the obtained pellets were resuspended in 0.5% NaCl
solution and their absorbance was adjusted to 0.7 at 420 nm. The membrane integrity was
assessed by checking the discharge of materials that have absorbance at 260 nm from the
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bacterial cytoplasm to the surrounding media over time using a UV/Vis spectrophotometer
(SHIMADZU, Kyoto, Japan).

Membrane Permeability Assay

Membrane permeability was explored by quantifying the exit of a β-galactosidase
enzyme from the bacterial cytoplasm using the substrate of the enzyme (ONPG) [55]. Briefly,
2% lactose was added to the overnight bacterial suspension in nutrient broth. This mixture
was then centrifuged, and the obtained pellet was thoroughly rinsed using phosphate-
buffered saline (PBS) and resuspended in NaCl solution (0.5%). Finally, each bacterial
suspension (1.6 mL) was supplemented with 150 µL of ONPG solution (34 mM). The
produced ONP was detected over time using an ELISA reader (Sunrise Tecan, Männedorf,
Switzerland) to monitor the increase in absorbance at 420.

4.8.5. Membrane Depolarization

This test was carried out using DiBAC4(3), a fluorescent stain used for staining the
tested bacterial cells (both treated and untreated with the green-synthesized AgNPs) [56].
A FACSVerse flow cytometer (BD Biosciences, Franklin Lakes, New Jersey, USA) was used
to analyze the staining of the cells.

4.8.6. SEM

The morphological changes of the AgNPs treated S. aureus isolates in comparison with
the non-treated ones were inspected by SEM (Hitachi, Chiyoda, Japan) as described by
McDowell and Trump [57].

4.8.7. Efflux Activity

Efflux activity was tested by the EtBr cartwheel method [58] before and after treatment
with AgNPs (at 0.5 MIC values) using the reference strain as a negative control. In brief,
bacterial suspensions were inoculated as redial lines onto tryptic soy agar (TSA) plates
using swabs and were incubated at 37 ◦C for 18 h. The TSA plates were supplied with EtBr
(with concentrations that ranged from 0.5 to 2.5 mg/L). After incubation, the lowest EtBr
concentrations that led to fluorescence production by the bacterial isolates were recorded
by UV-Vis spectrophotometer (SHIMADZU, Kyoto, Japan). S. aureus isolates were then
classified according to the recorded EtBr minimum concentrations as follows: isolates
with no efflux activity are those that emitted fluorescence at an EtBr concentration of
0.5 mg/L, isolates with intermediate efflux activity are that emitted fluorescence at an EtBr
concentration of 1–2.0 mg/L, and isolates with positive efflux activity are those that emitted
fluorescence at an EtBr concentration of 2.5 mg/L.

4.8.8. qRT-PCR

We used qRT-PCR for detection of the expression levels of the genes encoding efflux
pumps (norA, norB, and norC) in S. aureus isolates after treatment with AgNPs. In brief,
total RNA was extracted from the pellets of overnight cultures of S. aureus isolates using the
Purelink™ RNA Mini Kit (Thermo Scientific, Waltham, USA) according to the instructions
of the manufacturer. The extracted RNA was then converted into cDNA by power™ cDNA
synthesis kit (iNtRON Biotechnology, Seoul, Korea) as described by the manufacturer.
Rotor-Gene Q 5plex (Qiagen, Hilden, Germany) was used for performing qRT-PCR for
the calculation of the efflux pump gene expression fold changes. The sequences of the
utilized primers in addition to the sequence of the housekeeping gene (16S rRNA) primer
are presented in Table S1 [59,60]. The levels of the relative expression of the tested genes
were quantified by the 2−∆∆Ct method, considering the gene expression levels in the isolates
before treatment to be 1 [61]. The statistically significant fold changes were those with two
or more-fold changes (either increasing or decreasing) [62].
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4.9. In Vivo Antibacterial Activity
4.9.1. Animals

We obtained 30 white albino male rats (190–210 g and 8 weeks old) from the animal
house at the Faculty of Veterinary Medicine, Cairo University. All rats were kept in an
environment with a constant temperature of 25 ± 2 ◦C and a pathogen-free atmosphere
with a 12-h light/dark cycle. They were permitted free access to a standard pellet diet in
addition to filtered water. The rats were given one week for acclimatization before being
utilized in the research. The in vivo experiment performed in the current study followed
the standards of the use of the laboratory animals authorized by the Faculty of Pharmacy
Research Ethical Committee (Tanta University, Al Gharbiyah, Egypt) with approval number
TP/RE/11-21-P-001.

4.9.2. Wound Model

The 30 rats were distributed into three groups, randomly, each with 10 rats. The groups
were as follows: the control group (0.9% normal saline), Betadine™ ointment (Mundi
pharma as standard drug) group, and AgNP group. The rats were anesthetized using
diethyl ether; then a small area was carefully shaved on their backs. After that, full-thickness
excisional wounds were created and infected with S. aureus bacteria (106 CFU/mL). For
7 days, the groups were administered the drugs topically on the surface of the wound [63].

4.9.3. Macroscopic Wound Healing

The day of the wound creation was considered as day 0, and the wound healing
process was observed for 7 days starting from day 0. The wound images were taken on
days 0, 3, and 7 using a digital camera. Wound areas (cm2) were calculated on days 0,
3, and 7 for evaluation of the healing efficacy using a ruler beside the wounds [64]. The
percentage of the wound healing was calculated using the following equation [65]:

Percentage o f wound healing =
wound area at day 0 − wound area at n th day

wound area at day 0
× 100

where n represents day 3 and day 7.
In addition, on days 3 and 7 post-wounding, wound tissues were excised and homog-

enized in PBS (10 mL), 10-fold serially diluted in MHB, and plated onto mannitol salt agar
plates for CFU quantification after overnight incubation at 37 ◦C [66,67].

4.9.4. Histological Examination

The entire wound was isolated for histological examination at the end of the experi-
ment, with a margin of about 5 mm of the surrounding intact skin. The skin sections were
fixed using 10% formalin solution (pH 7.4) overnight. Then, they were processed using a
series of alcohol and xylene grades. Following that, the tissues were inserted in paraffin
wax at 65 ◦C. The blocks of tissues were cut into sections of 5 µm thickness, stained with
hematoxylin and eosin (H&E), and finally viewed using a light microscope [63].

4.10. Statistical Analysis

All tests were accomplished in triplicate and the obtained results are presented as
mean ± standard deviation (SD). Prism 8® software (GraphPad, Inc., San Diego, CA, USA)
was utilized to assess the statistical significance at p < 0.05.

5. Conclusions

According to our results, GTLE includes phenolic compounds. These substances
have the ability to form and stabilize AgNPs. In conclusion, the green-synthesized AgNPs
by GTLE exhibited good antibacterial activity both in vitro and in vivo against S. aureus
clinical isolates. They significantly decreased (p < 0.05) the membrane integrity of 45.8%
of the isolates. In addition, they reduced the membrane potential of 35.42% of isolates
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by flow cytometry. AgNPs also resulted in morphological and ultrastructural changes
in the tested isolates, as revealed by SEM. Furthermore, they resulted in a significant
reduction in efflux activity in 41.67% of the tested isolates. For more in-depth study of the
impact of AgNPs on efflux activity, qRT-PCR was utilized to examine the relative gene
expression of the efflux pump genes (norA, norB, and norC). The in vivo examination was
performed on wounds infected with S. aureus bacteria in rats. The group treated with
AgNPs was characterized by epidermis regeneration and reduction in the infiltration of the
inflammatory cells. Therefore, the green-synthesized AgNPs by GTLE could be a future
alternative to chemical compounds and antimicrobials that are currently used to induce
healing of wounds, especially infected ones.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph15020194/s1, Table S1. The sequences of the primers used in
qRT-PCR.
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Abstract: Methods of large-scale controllable production of uniform monodispersed spherical
nanoparticles have been one of the research directions of scientists in recent years. In this paper, we
report an azeotropic distillation-induced evaporation self-assembly method as a universal method,
and monodispersed hydrophobic ordered mesoporous silica nanospheres (MHSs) were successfully
synthesized by this method, using triethoxymethylsilane (MTES) as the silica precursor and hex-
adecyl trimethyl ammonium bromide (CTAB) as the template. SEM and TEM images showed good
monodispersity, sphericity, and uniform diameter. Meanwhile, SAXS and N2 adsorption–desorption
measurements demonstrated a highly ordered lamellar mesostructure with a large pore volume. The
model drug, curcumin was successfully encapsulated in MHSs for drug delivery testing, and their
adsorption capacity was 3.45 mg g−1, which greatly improved the stability of curcumin. The release
time when net release rate of curcumin reached 50% was extended to 6 days.

Keywords: drug delivery; curcumin; azeotropic distillation; self-assembly; hydrophobic; mesoporous
silica nanospheres

1. Introduction

In recent decades, drug delivery controlled by carrier systems has been demonstrated
to have successful applications in the diagnosis and treatment of various diseases [1–3].
Mesostructured spherical nanoparticles are promising intracellular delivery systems for
anticancer, immunomodulatory drugs and cell activity modulators, etc. [4,5]. The cellular
uptake of nanoparticles by living cells is strongly size-dependent [6]. Small nanoparticle
size (≈50 nm) is most efficient for the intracellular delivery [1,7]. The development of a
suitable nanostructured carrier system with good biocompatibility and selective delivery
of drugs to target cells is the central problem of nanomedicine. Curcumin is a natural
bioactive substance, which has been of great interest to researchers due to its wide range
of biological activities and pleiotropic therapeutic potential such as antioxidant, anti-
inflammatory [8–12], antibacterial, antifungal, antiviral, antiprotozoal, and antiparasitic
activities [11,13–15], but its application has been strictly limited because of its poor solubility
in water, short half-life, low bioavailability, and pharmacokinetic profile.

Compared to general organic carriers such as liposomes [16], micelles [17], PLGA [18],
cyclodextrin [19], viruses, etc., mesoporous silica nanoparticles have the significant ad-
vantage of sustained release profile [20,21], good biocompatibility, and large drug loading
capacity, which is largely depending on their tunable surface chemistry and particle size,
uniform pore size, high surface area. Therefore, mesoporous silica nanoparticles have
attracted great research attention as cargos for delivery and controlled release of vari-
ous drugs. Tang and co-workers found that mesoporous silica nanospheres modified
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by hydrophobic groups showed enhanced hydrothermal stability and delayed release of
hydrophobic drug [22]. Highly monodispersed mesoporous silica nanospheres are needed
to control the delivery rate [23]. While the method of large-scale controllable production
of uniform monodispersed spherical nanoparticles has been one of the research direc-
tions of scientists in recent years. Brinker and his co-workers succeeded in fabricating
mesoporous silica nanospheres by developed aerosol-assisted evaporation-induced self-
assembly (EISA) progress [24]. The monodispersed spherical silica nanoparticles can be
obtained after a few seconds of EISA progress, which greatly improves the production
efficiency. Various templates (CTAB, Brij-56, Brij-58, P123) have been used to control the
pore size and mesostructures of silica [25]. Then, they synthesized protocells by fusion
of lipid bilayers to the mesoporous silica nanospheres, and this structure was prominent
for drug delivery [1,3,5,26–29]. However, mesoporous silica nanospheres made using a
commercial atomizer (Model 3076, TSI, Inc., St Paul, MN, USA) have a wide size distri-
bution (~50–1000 nm), requiring separation. Although the electrospray aerosol generator
(Model 3480, TSI, Inc., St Paul, MN, USA) can produce high concentrations of monodisperse
submicron particles with diameters ranging from 2 nm to 100 nm [30], its yield is too low
(Liquid flow rate: 50 to 100 nL min−1). Large-scale controllable production of MHSs with
uniform particle size by aerosol-induced EISA is still a challenge.

Here, we report a facile synthesis method based on azeotropic distillation-induced
self-assembly to prepare MHSs with good monodispersity and controllable uniform size.
This method is easy to operate, and can solve the deficiencies in the synthesis of MHSs by
aerosol-assisted EISA, such as wide size distribution, small specific surface area and pore
volume. In addition, it can be used for the synthesis of many functional nanomaterials,
and can be effectively applied to large-scale industrial production. In this report, the water,
ethanol, benzene and CTAB form a stable reverse microemulsion under stirring and MTES
has enough time to be hydrolyzed after adding to the system. The rising temperature
causes the solvent to evaporate as an azeotrope, then the water phase and benzene will
be condensed, the water phase can be separated by a water separator, and the benzene
can reflux back to the reaction system. Each MHS can be formed from one single aqueous
droplet in the microemulsion after evaporation and removal of water. The usual aerosol-
assisted EISA is not able to synthesis of hydrophobic ordered porous silica with MTES, due
to the fast evaporation and hydrolysis rate which cannot match with slow self-assembly
rate of MTES. As a result, the relatively slow evaporation rate of azeotropic distillation is
necessary for continuous self-assembly of MTES into highly ordered porous structures.

2. Results
2.1. Characterization of MHS Samples

Field emission scanning electron microscopy (FESEM) and transmission electron mi-
croscopy (TEM) images of the washed and dried MHS samples are shown in Figure 1. The
MHS samples are uniform in size and spherical in shape (Figure 1a,b,d), and their particle
size could be adjusted by the amount of CTAB/MTES mole ratio (Table 1). The particle size
of MHS-1 was about 30 nm, while the particle size of MHS-2 is about 132 nm, because of the
CTAB/MTES mole ratio of MHS-2 is lower. From the HRTEM image of MHS-1 (Figure 1c),
CTAB produces particles exhibiting a highly ordered lamellar mesostructure.

To determine the pore ordering of the synthesized MHS samples, Small Angle X-ray
Scattering (SAXS) analysis was performed from 0.8◦ to 12◦ (Figure 2). MHS-1 and MHS-2
showed sharp peaks at a low angle (2θ = 3.41◦) and two weak peaks at higher angles
(2 θ= 6.81◦ and 10.18◦) corresponding to the (100), (200), and (300) planes, respectively.
The SAXS curve of MHS-1 shows that the washed and dried particles have an ordered
lamellar structure. Compared to MHS-1, due to the decrease of CTAB/MTES mole ratio, it
is difficult for silica-surfactant liquid-crystalline mesophase to grow in an orderly fashion in
the process of self-assembly induced by azeotropic distillation, which leads the structural
order of MHS-2 to decrease.
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Figure 1. (a,b) FESEM images of MHS-1 sample (original magnification = 20,000×), (c) HRTEM
image of MHS-1 sample, (d) TEM image of MHS-2 sample.

Table 1. Physicochemical characteristics of MHS samples a.

Sample C/M MR MD (nm) PV (cm3 g−1) SABET (m2 g−1) PD (nm)

MHS-1 2.75 30 1.208 477.002 4.3110
MHS-2 0.183 132 0.654 257.452 12.4022

a C/M MR: CTAB/MTES mole ratio, MD: Mean diameter, PV: Pore volume, SABET: BET surface area, PD:
Pore diameter.
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Figure 3 shows the N2 adsorption–desorption isotherms and the pore size distribution
curve for washed and dried MHS-1 and MHS-2 samples. The samples were outgassed
at 250 ◦C for 10 h before measurements. The MHS-1 (Figure 3a) exhibited a typical type
IV isotherm with a H4 hysteresis loop, giving a large pore volume (1.208 cm3 g−1) and
a narrow pore size distribution (centered at 4.3110 nm) (Table 1). In Figure 3b, MHS-2
showed a type III isotherm with a H3 hysteresis loop, indicating that the pore size is
non-uniform, and compared with MHS-1, its pore volume (0.654 cm3 g−1) and the surface
area (257.452 m2 g−1) drastically decreased (Table 1). This was attributed to the fact that
the CTAB/MTES mole ratio decreased, and the structural order of MHS-2 decreased.
This is consistent with the results of SAXS analysis. All results mentioned above further
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demonstrate that MHS-1 with a smaller size, uniform pore size and higher specific area is
more suitable for hydrophobic drug storage and release.
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1 sample and (b) MHS-2 sample.

The surface properties of washed MHS-1 and MHS-2 samples with different heat
treatment temperatures were measured by the contact angle test in Figure 4. Tablets of
MHSs were prepared using a cylindrical stainless-steel die with a diameter of 1 cm. A
pressure of 15 bar was applied for 10 min using a manual hydraulic press. The contact angle
results of washed MHS-1 and MHS-2 dried at 60 ◦C were 121.2◦ and 120.5◦ (Figure 4a,c),
which showed that the silica has good hydrophobic property. The contact angle of the
particles increased to 126.3◦ and 129.9◦ (Figure 4b,d) after increasing drying temperature
to 300 ◦C, indicating that the free water and hydroxyl groups on the surface of MHS
samples decreased with the increase of temperature. The thermal, chemical and physical
properties of MHS-1 and MHS-2 were measured at different atmosphere by simultaneous
thermogravimetry and differential scanning calorimetry (TG-DSC) in N2 (Figure 5a,c) or air
(Figure 5b,d) at a constant heating rate of 10 ◦C min−1 in the temperature range between
30 ◦C and 800 ◦C. Compared with the data under N2 conditions, one strong exothermic
peak appeared at 420 ◦C under air conditions, suggesting oxidation of methyl groups by
oxygen. This result demonstrated a high thermal stability for MHSs. The mesopores were
covered by lipophilic-CH3 groups, enabling curcumin molecules to easily enter and stay in
the pores.
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2.2. Adsorption and Release Experiment of Curcumin

After loading with curcumin, MHS-1 and MHS-2 were accordingly marked as MHSAC-
1 and MHSAC-2, respectively. Figure 6 showed the FTIR spectra of MHS-1, MHSAC-1,
MHS-2, MHSAC-2 and curcumin samples. The FTIR peaks in the ranges of 1026–1125 cm−1,
772–801 cm−1 and 434–441 cm−1 correspond to the asymmetric, symmetric stretching
and bending modes of the Si-O-Si [31], respectively (I and III in Figure 6). A sharp peak
appearing at 2974 cm−1 can be assigned to -CH3 group and an absorption peak at 1275 cm−1

belongs to Si–CH3 stretching vibrations [31]. The FTIR peaks at 3468 cm−1 belong to OH
groups of Si-OH on the surface of the MHS samples. In the FTIR spectra for curcumin (V
in Figure 6), a sharp peak at 3511 cm−1 is assigned to the phenolic O-H stretching with
a broad band at a range from 3100–3400 cm−1, which is due to the -OH group (in enol
form). The strong peak at 1627 cm−1 is associated with mixed C=O and C=C species of
curcumin. Another strong band at 1603 cm−1 is attributed to the symmetric aromatic ring
stretching vibrations C=C ring. The 1509 cm−1 peak is assigned to the C=O, and the C-O-C
stretching peak of ether at 1027 cm−1 [32]. After curcumin was adsorbed, a new absorption
band belonging to the heptadiene-dione chromophore group of curcumin appeared in the
range of 1429–1627 cm−1 (II and IV in Figure 6). Other FTIR peaks belonging to MHS
samples had no obvious shift. These results suggested that curcumin molecule had been
adsorbed to hydrophobic silica [33]. It was also found that the absorption band intensity at
1429–1627 cm−1 of MHSAC-1 sample was much stronger than that of MHSAC-2 sample as
a result of more curcumin loaded in MHSAC-1. All these results demonstrate that curcumin
was successfully encapsulated in the as-synthesized MHS-1 samples.

Curcumin was encapsulated in hydrophobic mesopores by repeated heating and
cooling of curcumin solution (Vwater:Vethanol = 1:1) and MHS samples [34]. The remaining
curcumin solutions after removal of MHSAC-1 and MHSAC-2, were accordingly marked
as C-1 and C-2, respectively. Figure 7a shows the UV-vis spectra of 3.94 mg L−1 curcumin
solution, C-1 and C-2. A sharp absorption peak of curcumin in a mixed solution of water
and ethanol (Vwater:Vethanol = 1:1) appeared at 432 nm. A series of curcumin solutions with
different concentration were prepared, and their absorbance at 432 nm was measured to
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obtain the standard curve of curcumin solution (Figure 7b). After curcumin was adsorbed,
the intensity of the absorption peaks for C-1 and C-2 decreased as a result of attachment of
curcumin to the MHS-1 and MHS-2. C-1 exhibited a much lower absorption peak than C-2,
indicating that higher adsorption capacity of MHS-1 due to larger specific area and pore
volume under the same conditions. After calculation, the curcumin adsorption capacity of
MHS-1 was 3.45 mg g−1, while it was only 0.91 mg g−1 for MHS-2. It was proved that a
mesoporous carrier with a high specific surface area, large pore volume, and appropriate
pore size (larger than the kinetic diameter of the drug) would be beneficial for improving
the adsorption capacity.
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As shown in Figure 8a, the in vitro sustained release process of curcumin was inves-
tigated by means of UV-vis spectroscopy. Curcumin was released from MHSAC-1 for
21 days in phosphate-buffered saline (PBS, water, pH = 7.4). Figure 8b shows the in vitro
release kinetics of curcumin from MHSAC-1 samples in PBS (water, pH = 7.4), which was
calculated according to the standard curve of curcumin in Figure 7b. As shown, 70.6%
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of absorbed curcumin released slowly from MHSAC-1 samples in PBS, which lasted for
21 days. On about the sixth day, the net release rate of curcumin just reached 50% and
then then rate of release became slow. It was important to extend the release time for
practical controlled release. These results proved that the MHS nanospheres with a small
size, larger specific area and pore volume (MHSAC-1) displayed a sustained release of
curcumin and have great application potential in the study on the controllable slow release
of hydrophobic drugs.
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3. Discussion

Usually, because the atomization process is uncontrollable, the diameter distribution
of aerosol droplets obtained by commercial atomizers (such as Model 3076, TSI, Inc., St Paul,
MN, USA) is wide. Therefore, it is difficult to achieve uniformity of as-synthesized particle
size. Some scholars have added a microwave radiation zone at the back end of commercial
atomizers to cause aerosol droplets to break up due to overheating under microwave
radiation. Due to the surface tension of droplets, it will make the aerosol droplets in the
carrier gas maintain the maximum total contact area and minimize the Gibbs free energy,
so that the particle size of the droplets entering the drying zone tends to be uniform.

The self-assembly induced by azeotropic distillation is designed based on this principle.
On the one hand, it has some similarities with aerosol-assisted self-assembly, beginning
with a homogeneous solution of soluble silica and surfactant prepared in ethanol/water
solvent with c0 << critical micelle concentration (cmc). CTAB as a stabilizer [35] can disperse
the water phase into small droplets with uniform size in the oil phase. Additionally, due
to the surface tension of the droplets, this stirred and heated system tends to maintain
the maximum total contact area, which can cause the Gibbs free energy to be the lowest.
The hydrolysis of MTES in the droplets is controlled, which limits the excessive growth
of silica particles. With the slow separation of the water phase in the azeotrope and the
reflux of benzene, the evaporation of the solvent creates a radial gradient of surfactant
concentration from surface of each droplet to inside that steepens in time [36]. As the
surfactant on the droplet surface first reaches the critical micelle concentration (cmc) [24],
the ordered silica-surfactant liquid-crystalline mesophase grows radially inward from the
surface. Finally, as the solvent continues to decrease, the silica-surfactant mesophase dries
and shrinks to a sphere. For all the nanoparticles that can be synthesized by aerosol-assisted
self-assembly, the self-assembly induced by azeotropic distillation can be applied, and the
uniformity of particles can be ensured.

On the other hand, it is also different from aerosol-assisted self-assembly. Azeotropic
distillation can adjust the evaporation rate of azeotrope by controlling the temperature of
the system. In a typical synthesis, it takes about 0.5 h to get 0.5 mL of condensed azeotrope,
and all ethanol and water in the system can be separated for as long as several hours (It
only takes a few seconds for ethanol and water to evaporate in the process of aerosol-
assisted self-assembly). This ensures that there is sufficient time for ordered self-assembly
of MTES and CTAB liquid crystal mesophase. Therefore, this method can also be used
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to synthesize some nanoparticles with special morphology, such as cube shape [37] and
rod shape. Of course, the self-assembly process induced by azeotropic distillation also has
some shortcomings. The system is an inverse microemulsion system which depends on
stirring to achieve uniform dispersion. Stirring speeds that are too violent or too slow may
lead to irregular morphology of the final particles.

The MHSs prepared by self-assembly induced by azeotropic distillation show a good
ability to control the sustained release of hydrophobic drugs. The release time at which the
net release rate of curcumin reached 50% was extended to 6 days, which was much slower
than curcumin-conjugated silica nanoparticles (7 h) [33], L- methionine encapsulated by
hollow mesoporous silica nanoparticles (50 min) [34], and curcumin loaded by mesoporous
silica nanoparticles (functionalized by 3-aminopropyltriethoxyorthosilane) (50 h) [38].
These results prove that this material can also be expected to be used in the encapsulation
of other fat-soluble drugs, such as taxol, methotrexate, doxorubicin, etc.

4. Materials and Methods
4.1. Reagents and Instruments

All reagent-grade chemicals were used as received without further purification, and
ultra nanopure distilled water (18.25 MΩ·cm) was used in all experiments. Curcumin,
triethoxymethylsilane (MTES) and hexadecyl trimethyl ammonium bromide (CTAB) were
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).
Ethanol, isopropyl alcohol, and benzene were bought from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China).

X-ray powder diffraction (XRD) patterns were recorded on a Rigaku Ultima IV powder
diffractometer with a Cu Kα radiation source (λ = 1.5406 Å, 40 kV, 100 mA). Field emission
scanning electron microscopy (FESEM, SIGMA Zeiss, Germany) and transmission electron
microscopy (TEM, FEI Tecnai 30, 300 kV, Philips) were applied for characterization of the
morphology of the samples. Fourier transform infrared spectroscopy (FTIR) were measured
with a Tensor-II spectrometer (Bruker Co., Germany) by averaging 64 scans with a spatial
resolution of 4 cm−1. UV-vis absorption spectra were measured by Shimadzu UV-3600
UV-Vis-NIR spectrophotometer. The contact angles were measured by the XG-CAMA static
contact angle tester. Thermal behavior of the samples was analyzed by thermogravimetry
and differential scanning calorimetry (TG/DSC) (NETZSCH STA 409 PC, Germany). Labsys
Evo simultaneous thermal analyzer was used to test the thermal stability of mesoporous
hydrophobic silica. BET-surface area was measured by N2 adsorption–desorption at liquid
nitrogen temperature using an Autosorb-iQ2-MP (Quantachrome) gas sorption system.
Specific surface areas were calculated using the Brunauer–Emmett–Teller (BET) model, and
the pore size distributions were evaluated from the adsorption branches of the nitrogen
isotherms using the Barrett–Joyner–Halenda (BJH) model.

4.2. Synthesis of MHS Samples

MHS samples were synthesized by azeotropic distillation-induced self-assembly, as
defined in Scheme 1. In a typical synthesis, MHS-1 was prepared as follows: 1 g CTAB was
dissolved in a solution of 7.5 mL deionized water, 18.5 mL ethanol and 74 mL benzene.
The mixture was poured into a 250 mL three-necked flask mounted with a Dean-Stark
trap followed by stirring at room temperature for 30 min to form a reverse microemulsion.
Then 0.2 mL MTES was added into the above solution, which was kept at 45 ◦C for 2 h.
With the hydrolysis of MTES molecules and formation of silanols, silica species became
more hydrophilic and enriched in the aqueous droplets as a result of phase equilibrium.
With constant hydrolysis of MTES and the enhanced hydrophilic of silica precursors, silica
species continuously diffused from the benzene phase into water–ethanol droplets due to
decreased solubility. Evaporation of water and ethanol from the droplets by azeotropic
distillation at 64.9 ◦C (azeotrope composition: ethanol 18.5%, benzene 74% and water 7.5%)
increased the concentrations of the silica species and CTAB, which led to self-assembly of the
micelles into liquid crystalline mesophase. Meanwhile, hydrophilic inorganic precursors
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were also condensed into ordered porous silica with the liquid crystal as templates. The
solution was then heated to 115 ◦C to remove the solvent. Subsequently, the samples were
cooled to room temperature, collected and washed with a solution (deionized water and
isopropyl alcohol, the volume ratio of 1: 1) to remove the CTAB, and further dried at 60 ◦C
for 6 h. The preparation process for MHS-2 is the same as for MHS-1 except for adding
3 mL MTES instead of 0.2 mL MTES.
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4.3. Adsorption and Release Experiment of Curcumin

MHSAC-1 was prepared as follows: 0.1 g MHS-1 was dissolved in 100 mL 3.94 mg L−1

curcumin solution (Vwater:Vethanol = 1:1), followed by repeated heating and cooling several
times until the color of the solution did not change. The samples were collected by cen-
trifugation at 13000 rpm for 10 min and dried at 60 ◦C for 1 h. The preparation process
for MHSAC-2 is the same as for MHSAC-1. The in vitro release kinetics of curcumin from
MHSAC was as follows: Sixteen MHSAC samples of 0.01 g each were dissolved in 10 mL
phosphate-buffered saline (PBS, water, pH 7.4). Then these samples were stirred at 100 rpm
with a magnetic stirrer at 37 ◦C. After a period of time, the solution was centrifuged at
7000 rpm for 3 min to separate curcumin from the bottom of phosphate-buffered saline. The
separated curcumin was dissolved in 10 mL mixed solution (Vwater:Vethanol = 1:1, pH 7.0)
then the UV-vis absorption spectra were recorded.

5. Conclusions

In summary, ordered mesoporous hydrophobic silica nanoparticles (MHSs) with a
uniform size were successfully one-step synthesized by an azeotropic distillation-assisted
method with MTES as precursor and CTAB as an ordered mesoporous template. The
obtained MHSs exhibited high monodispersity, good sphericity, and large pore volume,
with a highly ordered lamellar mesostructure, while the particle size can also be adjusted.
This method solved the deficiencies in the synthesis of MHSs by aerosol-assisted EISA,
such as wide size distribution, and small specific surface area and pore volume. Curcumin
was successfully encapsulated in MHSs, and their adsorption capacity was 3.45 mg g−1,
greatly improving the stability of curcumin. The release time after which net release rate
of curcumin reached 50% was extended to 6 days. Curcumin can be released slowly from
MHSs, guaranteeing that curcumin has enough time to reach and inhibit cancer cells,
bacteria, fungus, etc. MHSs also have great application potential in the study on the
encapsulation of other hydrophobic drugs for drug delivery such as taxol, methotrexate,
doxorubicin, etc.
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Abstract: With the merits of excellent efficacy, safety, and facile implementation, antibacterial photody-
namic therapy (APDT) represents a promising means for treating bacterial infections. However, APDT
shows an unsatisfactory efficacy in combating antibiotic-resistant Gram-negative bacteria due to
their specific cell wall structure. In this work, we report a perfluorocarbon nanoemulsion (Ce6@FDC)
used as a multifunctional nanocargo of photosensitizer and oxygen for sensitizing antibiotic-resistant
Gram-negative bacteria to APDT. Ce6@FDC was fabricated via ultrasonic emulsification with good
colloidal stability, efficient Ce6 and oxygen delivery, and excellent photodynamic activity. Mean-
while, Ce6@FDC could strongly bind with Gram-negative Acinetobacter baumannii (A. baumannii) and
Escherichia coli (E. coli) via electrostatic interaction, thus leading to notable photodynamic bactericidal
potency upon irradiation. In addition, oxygenated Ce6@FDC also exhibited a remarkable efficacy
in eradicating Gram-negative bacteria biofilm, averaging five log units lower than the Ce6 group
under identical conditions. Taken together, we demonstrate that photodynamic perfluorocarbon
nanoemulsion with oxygen-delivery ability could effectively kill planktonic bacteria and remove
biofilm, representing a novel strategy in fighting against antibiotic-resistant Gram-negative bacteria.

Keywords: photodynamic therapy; antibiotic-resistant; oxygen-delivery; Gram-negative bacteria;
sensitization

1. Introduction

Antibiotics play an important role in the treatment of various pathogenic microbial
infections. However, due to the abuse of antibiotics, the spread of antibiotic-resistant
bacterial strains has arisen as one of the most worrying threats to public health in recent
years, such as E. coli, Staphylococcus aureus, Pseudomonas aeruginosa, and A. baumannii,
etc. [1–3]. These antibiotic-resistant bacteria could invalidate the primary treatment of
traditional antibiotics through precise mutations, efflux pump expression, or up-regulation
of defense-associated enzymes, and so on [4,5]. Although several dozen antibiotics are
now in the R&D pipeline, most are modifications of existing antibiotic classes, for which
progress is time-consuming and capital-demanding. Moreover, it is just a matter of time
for microorganisms to develop resistance to these newly discovered antimicrobial agents,
deriving from their single mode of action. Thus, the speed of new antibiotics development
is far slower than that of multidrug-resistant bacterial evolution [6–8]. In addition, the
formation of biofilm composed by Gram-negative bacteria and extracellular polymeric
substances further results in high antibiotic resistance by restricting antibiotic penetration
and inducing antibiotic inactivation [9,10]. Therefore, there is a pressing need to develop
novel and effective therapies for combating bacterial infections and reducing the burden
of antibacterial resistance via mechanisms different from those of traditional antibiotics in
addition to the ongoing research to discover new antibiotics.
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Antibacterial photodynamic therapy (APDT) is a promising alternative to antibiotic
therapy because it induces few side effects, realizing precise treatment with outstanding
biocompatibility [11,12]. APDT uses light at appropriate wavelengths to excite photosen-
sitizers (PSs) to generate cytotoxic reactive oxygen species (ROS), predominantly singlet
oxygen (1O2), to kill microbial pathogens. The generated 1O2 can damage membrane lipids,
proteins, and cellular DNA, which involves a variety of cell death mechanisms. Further-
more, bacteria can hardly develop resistance to APDT due to it causing irreparable damage
to multiple targets in accordance with the positioning of PSs in bacteria, which means it
has a highly effective bactericidal effect and eliminates bacteria completely before they can
gain anti-oxidative damage mechanisms [11]. However, it has been reported that there is a
basic distinction in the susceptibility to PDT for Gram-positive and Gram-negative bacteria
because of their inherent cell wall structural differences. PSs can relatively easily penetrate
through the cytoplasmic membrane of a Gram-positive bacterial cell by a relatively porous
layer of peptidoglycan and lipoteichoic acid and thus effectively kill the bacteria upon light
irradiation, whereas the outer membrane of Gram-negative bacteria forms a physically
and functionally defensive barrier to numerous drug molecules, which greatly hampers
the efficiency of APDT [13–15]. Worse still is the anoxic environment resulting from the
insufficient O2 supply, which is necessary in mediating the generation of cytotoxic ROS
during APDT, further limiting the therapeutic effect of the oxygen-dependent PDT on
Gram-negative bacteria.

Theoretically, the sensitivity of Gram-negative bacteria to PDT can be immensely
improved via supplementing oxygen during the photodynamic process and relieving
the anoxic or hypoxic environment. Recently, great efforts have been made to find a
way out of this dilemma and to achieve a highly efficient APDT outcome for Gram-
negative bacteria using organic or inorganic nanomaterials with oxygen- or 1O2-generation
functionalities [16,17]. For instance, transition metal oxides, especially nanostructured
MnO2, can react with endogenous hydrogen peroxide (H2O2) and H+ to generate oxygen,
which could relieve hypoxia circumstances. Nevertheless, the use of metal ions might raise
potential concerns over toxicity [18–20]. Perfluorochemicals (PFCs), a kind of inert organic
compound, have been extensively explored as blood substitutes for tissue oxygenation,
owing to their high affinity to oxygen and excellent biocompatibility [21–24]. Thus, it is
rational to hypothesize that photodynamic nanomedicine with oxygenation ability using
PFCs might be preferable for the sensitizing of antibiotic-resistant Gram-negative bacteria
to conventional APDT.

Inspired by the success of the oxygen-delivery strategy for the empowering of an-
tibiotics and APDT [16,25], in this work, we propose an oxygen-affordable photodynamic
nanomedicine (denoted Ce6@FDC) for the sensitizing of Gram-negative bacteria to APDT,
especially clinically related drug-resistant strains (Figure 1). Among PFCs, perfluorodecalin
(FDC), with its preeminent oxygen dissolving capacity and stability, was used here. Thus,
Ce6@FDC, with the merits of low cost and ease of fabrication, is designed for oxygen
delivery to increase the productivity of 1O2 for mitigating or overcoming the inertia of
Gram-negative bacteria to APDT. With a suitably positively charged surface and high
oxygen-carrying capacity, Ce6@FDC is able to effectively associate with bacteria and release
oxygen, thereby empowering the efficacy of APDT. We systemically evaluated the oxygen-
delivery behavior and photodynamic effect of Ce6@FDC. Following that, the antibacterial
potency of Ce6@FDC + O2 on antibiotic-resistant A. baumannii and E. coli was investigated.
By designing a late-model oxygen-delivery system, the sensitivity of Gram-negative bacte-
ria to APDT could be enhanced comprehensively, which provides a strategic reference for
the development of new antimicrobial agents.
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Figure 1. Schematic illustration for the fabrication process of Ce6@FDC nanoemulsion and its oxygen
delivery for enhanced photodynamic antibacterial efficiency.

2. Results and Discussion
2.1. Preparation of Ce6@FDC

The Ce6@FDC nanoemulsion was fabricated through the conventional thin film hy-
dration approach [26]. Various doses of Ce6 were added into the nanoemulsion and
then the loading behavior of Ce6 in the nanoemulsion was investigated by a fluores-
cence spectrophotometer. As shown in Figure 2A,B, LC and EE was gradually elevated,
which was proportional to the fed amounts of Ce6. The LC and EE reached 20.7% and
97.6% at 0.8 mg mL−1, respectively. The zeta potential of the Ce6@FDC nanoemulsion was
35.4 ± 1.2 mV at 2 mg mL−1 of CTAB, displaying a good colloidal stability (Figure 2C). For
maximizing oxygen loading, the impact of the FDC content on the hydrodynamic size of
Ce6@FDC was also investigated. It was found that the size was gradually increased while
increasing the FDC content, even up to 10%. The hydrodynamic diameter of the obtained
Ce6@FDC was 113.5 ± 6.7 nm at 10% v/v of FDC with good colloidal stability (Figure 2D).

Compared with the blank FDC nanoemulsion, Ce6@FDC appeared to be dark greenish
following Ce6 loading (Figure 3A). A TEM image clearly indicated the uniform spherical
nanoemulsion formation. The average diameter of Ce6@FDC calculated from the TEM
image was 87.5 ± 0.6 nm, which was slightly smaller than that from DLS measurement
(Figure 3B). This might be attributed to shrinking of Ce6@FDC in a vacuum environment.
As shown in Figure 3C, Ce6@FDC exhibited intense absorption in the visible and NIR
regions with characteristic peaks at 400 nm and 660 nm originating from Ce6. Collectively,
we have successfully fabricated Ce6@FDC for oxygen-affordable APDT.
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Figure 2. Formulation optimization of Ce6@FDC nanoemulsion. (A) Drug encapsulation efficiency
and (B) loading capacity of Ce6@FDC with increasing feeding content of Ce6. (C) Zeta potentials of
Ce6@FDC at different CTAB concentrations. (D) Hydrodynamic diameters of Ce6@FDC at different
FDC concentrations. Data are shown as means ± S.D. (n = 3).
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Figure 3. Characterization of Ce6@FDC nanoemulsion. (A) Photograph of FDC (left) and Ce6@FDC
(right). (B) TEM image of Ce6@FDC. Scaler bar: 100 nm. (C) UV/Visible absorption spectra of Ce6,
FDC, and Ce6@FDC.

2.2. Oxygen Loading and Releasing Behavior of Ce6@FDC

Owing to a strong oxygen-dissolving ability, FDC can be used as an excellent candidate
for oxygen delivery to hypoxic biofilms. The oxygen content of Ce6@FDC + O2 was
5.3 ± 0.7 mg mL−1 and 14.5 ± 0.5 mg mL−1 at 1% and 10% of FDC, respectively (Figure 4A),
showing a positive correlation between its oxygen-loading capacity and the FDC content.
Meanwhile, we found that the lipid content has no significant impact on the oxygen-
loading capacity of the Ce6 nanoemulsion, which is approximately 3 mg mL−1 regardless
of the lipid content, which was much lower than that of Ce6@FDC. This is likely due to the
marginal oxygen-loading capacity of lipids. The oxygen-release behaviors of preoxygenated
Ce6 nanoemulsion (Ce6 + O2) and preoxygenated PBS (PBS + O2) were similar when they
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were added into the deoxygenated DI water. In contrast, the preoxygenated Ce6@FDC
(Ce6@FDC + O2) exhibited notable oxygen release and the concentration of dissolved
oxygen rapidly rose to 10.2 ± 0.5 mg mL−1 within 20 s in identical conditions (Figure 4B).
Therefore, Ce6@FDC could serve as a preeminent nanocarrier to load and release oxygen
in hypoxia regions, which can probably enhance the photodynamic effect for pathogen
killing.
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Ce6 + O2 or Ce6@FDC + O2 in PBS. Data are shown as means ± S.D. (n = 3), * p < 0.05.

2.3. Enhanced Singlet Oxygen Generation

Next, the 1O2-generation capacity of Ce6@FDC + O2 was investigated using DPBF as
a 1O2 probe upon light irradiation (50 mW cm−2). The bare 1O2 production of PBS and Ce6
in deoxygenated conditions again verified the oxygen-dependence of PDT (Figure 5A,B).
Meanwhile, we observed notable decay of DPBF absorption at 410 nm in the Ce6 + O2
and Ce6@FDC + O2 groups, implying their effective 1O2-producing ability upon laser
irradiation. However, Ce6@FDC + O2 exhibited significantly higher DPBF consumption
rates than those of Ce6 + O2 and Ce6@FDC (Figure 5C–E). After irradiation for 60 s, the
1O2-generation percentage of Ce6@FDC + O2 achieved 80.0% vs. 21.1% in the case of
Ce6 + O2 (Figure 5F). It suggested that Ce6@FDC + O2 would efficiently enhance the
photosensitizing ability of Ce6 by oxygen affording, which is consistent with the results of
previous oxygen-carrying PDTs [20,21,27].

2.4. Facilitated Bacteria Association of Ce6@FDC

To investigate the interaction between bacteria and Ce6@FDC, flow cytometry analysis
was performed for A. baumannii after treatment with PBS, free Ce6, and Ce6@FDC. As
shown in Figure 6A, free Ce6 was scarcely taken up or adsorbed by A. baumannii, exhibiting
no difference with the PBS group. In contrast, Ce6@FDC displayed notably improved
association with A. baumannii. Quantitative analysis revealed that the fluorescence intensity
of Ce6@FDC-treated A. baumannii was 3.3 folds higher than those treated with free Ce6
(Figure 6B). Not surprisingly, E. coli showed a similar association profile with Ce6@FDC
as A. baumannii (data not shown). Zeta potential analysis revealed that free-Ce6-treated
bacteria remained negative (−12.4 mV for E. coli; −13.2 mV for A. baumannii), as did the
PBS-treated groups. However, the values of E. coli and A. baumannii treated with Ce6@FDC
were remarkably increased to 23.7 mV and 25.63 mV, respectively, displaying a positive
charge surface of bacteria (Figure 6C). These results clearly demonstrated that Ce6@FDC
could strongly bind with bacteria and alter their surface properties and potently deliver
Ce6 and oxygen, which is greatly advantageous for efficient PDT against antibiotic-resistant
Gram-negative bacteria.
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Figure 5. Light-triggered 1O2-generation of Ce6@FDC + O2 nanoemulsion. PBS (A), Ce6 (B),
Ce6 + O2 (C), Ce6@FDC (D), and Ce6@FDC + O2 (E) were irradiated with 660 nm light at
50 mW cm−2 for 3 min in the presence of DPBF (100 µM) and their UV/vis spectra were moni-
tored. (F) 1O2-generation percentage according to the absorbance reduction at 410 nm.
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Figure 6. Enhanced bacterial association of Ce6@FDC nanoemulsion. (A) Flow cytometry analysis of
A. baumannii treated with free Ce6 or Ce6@FDC (10 µg mL−1 of Ce6) for 30 min. (B) Corresponding
fluorescence intensities of A. baumannii that received the indicated treatments. (C) Zeta potentials of
E. coli and A. baumannii treated with PBS, free Ce6, or FDC@Ce6. Data are shown as means ± S.D.
(n = 5), * p < 0.05, compared with free Ce6 group.

2.5. Photodynamic Bactericidal Performance against Antibiotic-Resistant Gram-Negative Bacteria

We next evaluated the photodynamic bactericidal effect of Ce6@FDC + O2 using the
conventional spread plate method. The number of viable bacteria gradually reduced with
increasing the concentration of nanoemulsion in each group, displaying a dose-dependent
manner both in A. baumannii and E. coli. Almost no colonies were found on the agar plate
when A. baumannii and E. coli were treated with Ce6@FDC + O2 (60 µg mL−1 of Ce6) plus
light irradiation (100 mW cm−2 for 30 min), which was not observed in the Ce6 + O2 or
Ce6@FDC groups under identical conditions (Figure 7A,B). For quantitative evaluation,
a log of survived bacteria was calculated according to the CFU values and shown in
Figure 7C,D. When A. baumannii was treated with Ce6@FDC + O2 (60 µg mL−1 of Ce6) plus
light, the reduction in the log unit was 4.8, notably higher than 2.7 in the Ce6@FDC plus
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light group. Meanwhile, the analogical bactericidal effect for E. coli post treatments was
also observed. Moreover, we observed that both the A. baumannii and E. coli treated with
Ce6@FDC plus light appeared to have multiple lesions and holes, implying severe damage
of the bacterial wall by oxygen-affording APDT (Figure S1, Supplementary Materials). The
results demonstrated that Ce6@FDC + O2 exhibited potent photodynamic antibacterial
efficacy in combating Gram-negative bacteria via oxygen-affording and enhanced bacteria
association.
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Figure 7. In vitro photodynamic antibacterial activity against Gram-negative strains. Photographs
of plate samples of A. baumannii (A) and E. coli (B) incubated with Ce6, Ce6 + O2, Ce6@FDC, and
Ce6@FDC + O2 at serial concentrations and then irradiated with a 660 nm laser (100 mW cm−2,
20 min). Survived numbers of A. baumannii (C) and E. coli (D) that received various treatments as
indicated. Data are shown as mean ± S.D. (n = 3), * p < 0.05 compared to Ce6 + O2 and Ce6@FDC
groups.

2.6. Potent Biofilm Ablation Ability In Vitro

Encouraged by the excellent oxygen-loading capacity and photodynamic antibacterial
ability of Ce6@FDC + O2, it is very interesting to know whether its antibiofilm performance
can be enhanced. Under light irradiation, Ce6- or Ce6 + O2-treated biofilms appeared to be
purple both in the A. baumannii and E. coli biofilms without notable differences, whereas
the color of the Ce6@FDC + O2-treated ones was obviously lighter. Furthermore, we found
that the structure of the biofilm in the Ce6@FDC + O2 group was severely damaged, likely
due to oxygen release from the nanoemulsion (Figure 8A,B). The treated biofilms were
dispersed and the survived bacteria within the biofilm were quantitated by CFU counting.
The log was calculated according to the CFU values and shown in Figure 8C,D. With light
irradiation, a negligible antibiofilm performance of Ce6, Ce6 + O2, and Ce6@FDC was
found at concentrations of Ce6 from 5 to 60 µg mL−1. Comparatively, Ce6@FDC + O2
showed markedly dose-dependent antibiofilm profiles and these were much stronger
than for the other groups under identical conditions. When treated with Ce6@FDC + O2
(60 µg mL−1 of Ce6) plus light, the log value of bacteria dropped to 2.3 and 2.1 for
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A. baumannii and E. coli biofilms, respectively, averaging five log units lower than the
values for the Ce6@FDC plus light group. Taken together, Ce6@FDC + O2 could release
oxygen after efficient association with bacteria in the biofilm, leading to the sensitization of
antibiotic-resistant Gram-negative bacteria biofilm to APDT.
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Figure 8. In vitro photodynamic biofilm eradiation by Ce6@FDC + O2 nanoemulsion. Crystal violet-
stained A. baumannii (A) and E. coli (B) biofilms having received the indicated treatment for 30 min
followed by irradiation (660 nm, 100 mW cm−2 for 20 min). Corresponding log values of viable
A. baumannii (C) and E. coli (D) cells in biofilm residues by colony forming unit counting. Data are
shown as means ± S.D. (n = 3), * p < 0.05 compared to Ce6 + O2 and Ce6@FDC groups.

3. Materials and Methods
3.1. Materials

Chlorin e6 (Ce6) was purchased from Frontier Scientific Inc. (West Logan, UT, USA).
1,3-diphenylisobenzofuran (DPBF) was obtained from Sigma-Aldrich (St. Louis, MO,
USA). Perfluorodecalin (FDC), lecithin, and cholesterol were purchased from Aladdin
(Shanghai, China). Yeast extract, tryptone, agar, and crystal violet (CV) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Distilled water (DW)
used in the experiments was made from a Milli-Q Direct 16 Water Purification System
(Millipore Corporation, Bedford, MA, USA) with resistivity higher than 18.2 MΩ cm−1.
Other chemicals were supplied by Sinopharm Chemical Reagent Co., Ltd., China, and used
as received. E. coli was purchased from Guangdong Microbial Culture Collection Center
(Guangzhou, China) and A. baumannii was kindly supplied by Dr. Yishan Zheng at The
Second Hospital of Nanjing.

3.2. Preparation of Ce6@FDC Nanoemulsion

Ce6@FDC nanoemulsion was fabricated by ultrasonic emulsification according to
previous literature [16,21]. In brief, Ce6 was dissolved in methanol and lipid (lecithin:
cholesterol = 4:1, w/w) was dissolved in chloroform at concentrations of 0.8 mg mL−1 and
2.5 mg mL−1, respectively, and then mixed at different mass ratios. The resultant mixture
was stirred for 10 min at room temperature and the remaining solvent was completely
removed by rotary evaporation. Following that, 5 mL of hexadecyltrimethylammonium
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bromide (CTAB, 0.02% w/w in DW) and FDC (500 µL) were added to the mixture in
sequence during sonication. Free Ce6 was removed by gel filtration using a dextran gel
column (PD midi Trap G-25, GE Healthcare, UK). Purified Ce6@FDC nanoemulsion was
obtained and stored at 4 ◦C for further use. Ce6 emulsion and FDC emulsion were prepared
without FDC or Ce6, respectively. Finally, oxygenated Ce6@FDC, designated Ce6@FDC +
O2, was obtained by oxygen bubbling for 20 min.

3.3. Characterization

The morphology and size of Ce6@FDC nanoemulsion were observed using transmis-
sion electron microscopy (TEM) using a JSM-2100 electron microscope (JEOL, Japan) after
staining with 1% phosphotungstic acid. The hydrodynamic diameters were analyzed by
dynamic light scattering (DLS, Malvern Instruments, Malvern, UK) with a 10 mW He−Ne
laser at 25 ◦C, and zeta potential values were determined by laser doppler microelec-
trophoresis at an angle of 22 ◦C using a Nano ZS90 Zetasizer (Malvern Instruments, UK).
UV/vis absorption spectrum was acquired via microplate spectrophotometer (Multiskan
GO, Thermo Fisher Scientific, Waltham, MA, USA). Fluorescence spectrophotometer (F7000,
Hitachi, Japan) was used to acquire the fluorescence spectra. The content of Ce6 encapsu-
lated in Ce6@FDC was calculated by absorbance at 660 nm according to the established
calibration curve. The loading capacity (LC) and encapsulation efficiency (EE) of Ce6@FDC
were calculated by the following equations: LC (%) = ((weight of loaded drug) /(total
weight of emulsion)) × 100.; EE (%) = ((weight of loaded drug)/(weight of initially added
drug)) × 100.

3.4. Oxygen Loading and Releasing of Ce6@FDC

For quantification of the oxygen-loading capacity, preoxygenated Ce6 and Ce6@FDC
were added into deoxygenated phosphate buffered saline (PBS, 0.15 M, pH 7.4), and then
the dissolved oxygen concentration of each sample was measured by portable dissolved
oxygen meter at the time of oxygen equilibrium (~180 s, REX, JPF-605B, China). Meanwhile,
to explore the oxygen-release behavior, Ce6 or Ce6@FDC saturated with oxygen was added
into the deoxygenated PBS. The oxygen-release behavior was recorded by oxygen meter
in real time. The oxygen releasing profile of oxygen-saturated PBS was measured as a
negative control.

3.5. Light-Triggered 1O2-Generation Ability of Ce6@FDC + O2

Light-triggered 1O2-generation potency of Ce6@FDC + O2 nanoemulsion was quan-
titated using 1,3-diphenylisobenzofuran (DPBF) as probe [11]. For that, Ce6, Ce6 + O2,
Ce6@FDC, or Ce6@FDC + O2 (5 µg mL−1 of Ce6) was mixed with deoxygenated dimethyl
formamide (DMF) containing DPBF (100 µM) and irradiated with a 660 nm continuous
wave diode laser beam (50 mW cm−2, Rayan Tech., Changchun, China) for 3 min. The gener-
ated 1O2 was detected with DPBF every 20 s by quantitating the reduction of its absorption
at 410 nm via microplate spectrophotometer. DMF containing DPBF and deoxygenated
PBS was used as a negative control.

3.6. Bacterial Association of Ce6@FDC

The interaction between Ce6@FDC nanoemulsion and bacteria was evaluated by flow
cytometry. Briefly, E. coli or A. baumannii were cultured in Luria−Bertani (LB) broth medium
at 37 ◦C with shaking overnight and harvested at the exponential growth phase. After being
washed with PBS three times, bacteria were resuspended in PBS at 1 × 108 CFU mL−1.
Following that, bacteria suspension was treated with Ce6 or Ce6@FDC (10 µg mL−1,
equivalent to Ce6) at 37 ◦C for 30 min and washed with cold PBS for semiquantitative
analysis by NovoCyte 2060R flow cytometry and ACEA NovoExpress software (ACEA
Biosciences inc., San Diego, CA, USA). Meanwhile, the zeta potential of bacteria treated as
above was measured by Zetasizer.
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3.7. In Vitro Photodynamic Antibacterial Activity

The photodynamic bactericidal activity of Ce6@FDC + O2 nanoemulsion against two
Gram-negative strains, E. coli and A. baumannii, was evaluated by colony counting method.
In short, bacteria (108 CFU mL−1) were incubated with Ce6, Ce6 + O2, Ce6@FDC, or
Ce6@FDC + O2 (concentration of Ce6 ranging from 0 to 60 µg mL−1) at 37 ◦C for 30 min in
dark and then exposed to 660 nm laser at an intensity of 100 mW cm−2 for 20 min. Finally,
100 µL of bacteria suspension was diluted several times and spread onto LB agar plate
and grown at 37 ◦C overnight. PBS was set as the negative control. All experiments were
independently performed in triplicate.

The morphology of Ce6@FDC + O2-treated bacteria was observed by field emis-
sion scanning electron microscopy (FESEM). In brief, A. baumannii or E. coli suspension
(108 CFU mL−1) was incubated with Ce6@FDC + O2 (20 µg mL−1 of Ce6) and irradiated
as indicated above. Then bacteria were fixed with 2.5% glutaric dialdehyde for 2 h. After
washing with PBS, samples were dehydrated by graded ethanol (30%, 50%, 70%, 80%, 90%,
and 100% for 10 min each). The fixed bacteria were coated with gold and imaged with
FESEM (JEOL, Osaka, Japan).

3.8. In Vitro Ablation Capacity of Bacterial Biofilm

The performance of biofilm ablation was assessed via crystal violet (CV) staining
assay and plate counting assay. For biofilm construction, 10 µL of E. coli or A. baumannii
(108 CFU mL−1) were added to culture dishes supplemented with 1 mL of fresh LB + 1%
sucrose solid medium in 24-well plates and incubated at 37 ◦C under static conditions for
24 h to form fresh biofilms [28]. Then, the formed biofilms were gently washed with PBS
and treated with Ce6, Ce6 + O2, Ce6@FDC, or Ce6@FDC + O2 (concentration of Ce6 ranging
from 0 to 60 µg mL−1) at 37 ◦C for 30 min followed by irradiation (660 nm, 100 mW cm−2)
for 20 min. Biofilms subjected to PBS treatment as above were used as negative control.
The viable bacteria in the biofilms were detached into sterile PBS via vortexing. Obtained
bacteria suspension was diluted and spread onto LB agar plates and then incubated at
37 ◦C for 12 h. The CFU on different plates were imaged and counted.

Meanwhile, CV staining assay was carried out for quantitative analysis of the abla-
tion effect of Ce6@FDC + O2 nanoemulsion on E. coli or A. baumannii biofilm. Biofilms
subjected to various treatments as above were washed with cold PBS and subsequently
stained with CV at 37 ◦C for 30 min. The stained residual biofilms were photographed
and resuspended with acetic acid (33%, w/v), and then the absorbance of supernatant
was measured at 595 nm for quantitative analysis. All experiments were independently
performed in triplicate.

3.9. Statistics Analysis

ANOVA was used to analyze all data with a Student−Newman−Keuls test for post
hoc pairwise comparisons. All statistical analyses were performed using the GraphPad
Prism software (version 8, Prism Software, Beijing, China). Differences with p-values < 0.05
were considered statistically significant.

4. Conclusions

In summary, we have successfully fabricated a photodynamic perfluorocarbon na-
noemulsion, Ce6@FDC, which can simultaneously deliver photosensitizer and oxygen for
the sensitization of antibiotic-resistant Gram-negative bacteria to APDT. Beyond the supe-
rior colloidal stability, Ce6@FDC also exhibits remarkable oxygen loading and releasing
potency in an aqueous environment and excellent light-triggered singlet oxygen genera-
tion. Furthermore, we also demonstrated that Ce6@FDC could strongly bind with bacteria
and alter their surface properties due to its positively charged surface, resulting in great
bactericidal activity in combating antibiotic-resistant A. baumannii and E. coli compared
with free Ce6. Ce6@FDC with oxygen loading also displayed a notable performance in the
photodynamic eradication of Gram-negative bacteria biofilm. Therefore, Ce6@FDC, as a
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novel bactericidal agent enabling efficient delivery of Ce6 and oxygen, and enhanced APDT
provide a new strategy for killing antibiotic-resistant Gram-negative bacteria. In future,
the formulation of such a nanoemulsion needs to be further optimized for maximizing
the safety and pathogen targetability, and its in vivo therapeutical efficacy is also yet to be
investigated.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ph15020156/s1, Figure S1. Field emission scanning electron microscopy images of bacteria
after being treated with PBS or Ce6@FDC + O2 plus light (660 nm, 100 mW, 20 min). Red arrows
indicate lesions and holes on bacterial wall. Scale bar: 1 µm.
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Vică, M.L.; Ungur, R.; Matei, H.V.;

Fit,, N.I. In Vitro Antibacterial

Susceptibility of Different Pathogens

to Thirty Nano-Polyoxometalates.

Pharmaceuticals 2022, 15, 33.

https://doi.org/10.3390/ph15010033

Academic Editor: Fu-Gen Wu

Received: 29 October 2021

Accepted: 24 December 2021

Published: 27 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

pharmaceuticals

Article

In Vitro Antibacterial Susceptibility of Different Pathogens to
Thirty Nano-Polyoxometalates
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Abstract: Due to their unique properties, nano-polyoxometalates (POMs) can be alternative chemother-
apeutic agents instrumental in designing new antibiotics. In this research, we synthesized and
characterized “smart” nanocompounds and validated their antibacterial effects in order to formulate
and implement potential new drugs. We characterized thirty POMs in terms of antibacterial activity–
structure relationship. The antibacterial effects of these compounds are directly dependent upon
their structure and the type of bacterial strain tested. We identified three POMs that presented sound
antibacterial activity against S. aureus, B. cereus, E. coli, S. enteritidis and P. aeruginosa strains. A newly
synthesized compound K6[(VO)SiMo2W9O39]·11H2O (POM 7) presented antibacterial activity only
against S. aureus (ATCC 6538P). Twelve POMs exerted antibacterial effects against both Gram-positive
and Gram-negative strains. Only one POM (a cluster derivatized with organometallic fragments)
exhibited a stronger effect compared to amoxicillin. New studies in terms of selectivity and specificity
are required to clarify these extremely important aspects needed to be considered in drug design.

Keywords: nano-polyoxometalates; UV; FTIR and NMR spectroscopy; drug designs; antibacterial
activity; Gram-positive bacteria; Gram-negative bacteria

1. Introduction

Polyoxometalates (POMs) are a class of anionic polynuclear metal-oxo compounds
of early transition metals synthesized by the “all in one pot” method [1,2], based on self-
assembling mechanisms [3,4], or by two-stage methods involving ligand synthesis followed
by cluster formation. They have multiple applications in fields such as catalysis [5,6], mag-
netism [7–10], electrochemistry [3,11–13], materials science [1,5,7,12–14], biology [15,16]
and medicine [16–18] (presenting antidiabetic [19–22], antitumor [23,24], antiviral [25–27],
or antibacterial [28–31] activities), due to their particular properties: high negative charge,
redox behavior, shape, size, high solubility in water, etc. [12,14,16,18].

Metals (M) most often used in the synthesis of this class of compounds are vanadium (V),
molybdenum (Mo) and tungsten (W), less frequent compounds involving tantalum (Ta)
and niobium (Nb). POMs can be divided into two major classes: isopolyanions with the
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general formula [MmOy]p− and heteropolyanions with the general formula [XxMmOy]q−,
the latter category including heteroatoms (X) such as Si, P, Ge, Sb, As, Bi [1,2,7,14,16].
These compounds self-assemble into complete (saturated) archetypal structures such as the
Anderson-Evans, Keggin or Wells-Dawson ones, or incomplete structures presenting 1–3
lacunes that could be occupied by identical or different metal ions [1,7,12,16,18]. Several
parameters need to be strictly controlled during the syntheses. The process is influenced
by temperature, pH, reducing agents, reactant concentrations, heteroatom nature and
concentration, type of metal oxide anion involved, presence/absence of mixed addenda
atoms and of additional ligands [1,3,12]. In order to design new biocompatible compounds
with medical applications, POMs need to be derivatized/functionalized as these inorganic
nanocompounds are not highly compatible with living organisms. This must be the goal of
future research [14,16,18]. For over two decades POMs have been intensively studied for
their antibacterial activity against both Gram-positive and Gram-negative reference strains,
bacterial strains resistant to various antibiotics-including those in the β-lactam class (such
as penicillins and cephalosporins) [16,18,28–31]. The finding of new natural [32–34] or
chemically synthesized compounds [16,18,22,30] with antibacterial activity is a continuous
challenge. As alternative chemotherapeutic agents, POMs have shown high antibacterial
activity, being instrumental in creating new drugs to combat the antibiotic resistance of the
bacteria.

Here we characterize the antibacterial activity of thirty nanoPOMs we synthesized in
relation to their chemical structure. They include several Keggin-type nanocompounds pre-
senting saturated (with/without mixed addenda atoms), mono-/tri-lacunary (with/without
mixed addenda atoms, either or not sandwich type) structures, as well as one mono-
lacunary Wells-Dawson polyoxometalate with mixed addenda atoms and also six clus-
ters. The synthesized POMs were characterized using elemental and thermal analysis,
UV and FTIR spectroscopy, while their potential antibacterial activity was evaluated
against five bacterial species, two Gram-positive bacteria: Staphylococcus aureus (ATCC
6538P), Bacillus cereus (ATCC 14579) and three Gram-negative bacteria: Escherichia coli
(ATCC 10536), Salmonella enteritidis (ATCC 13076), Pseudomonas aeruginosa (ATCC 27853),
compared to amoxicillin (25 µg; Oxoid Ltd., Basingstoke, UK), a broad-spectrum antibiotic.

2. Results
2.1. Chemistry of Polyoxometalates

All thirty POMs we synthesized and characterized are presented in Table 1. One com-
pound, a mono-lacunary Keggin with mixed addenda atoms, with a new formula proposed
here, K6[(VO)SiMo2W9O39]·11H2O (POM 7), was first synthesized by us according to the
methodology described in the Supplementary Material 1. Its characterization can be seen
there.

The results of the chemical elemental analysis, thermal analysis, along with UV and
FTIR spectroscopy data (in the Supplementary Material 2), are illustrated in Table 2.

Table 1. The structure of all the synthesized polyoxometalates.

POM No. Chemical Formula of POMs Structure Types of POMs

1. Na4[FeIII(H2O)PMo11O39]·18H2O mono-lacunary Keggin
2. Na9[Fe3(H2O)3(PMo9O34)2] tri-lacunary Keggin/sandwich type
3. Na8[SiW11O39]·12H2O mono-lacunary Keggin
4. Na11[Fe3(H2O)3(SiW9O34)2]·25H2O tri-lacunary Keggin/sandwich type
5. K3[(VO)3PMo9O34]·14H2O tri-lacunary Keggin
6. Na6[PMo9

VIV3
VO40]·16H2O Keggin with mixed addenda atoms

7. K6[(VO)SiMo2W9O39]·11H2O mono-lacunary Keggin with mixed addenda atoms
8. K10[(VO)4(PW9O34)2]·26H2O tri-lacunary Keggin/sandwich type
9. K10[(VO)4(AsW9O34)2]·21H2O tri-lacunary pseudo-Keggin/sandwich type

10. K11H[(VO)3(SbIIIW9O33)2]·27H2O tri-lacunary pseudo-Keggin/sandwich type
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Table 1. Cont.

POM No. Chemical Formula of POMs Structure Types of POMs

11. Na12[Sb2W22O74(OH)2]·38H2O cluster
12. H4[SiW12O40]·14H2O saturated Keggin
13. H3[PW12O40]·12H2O saturated Keggin
14. H3[PMo12O40]·13H2O saturated Keggin
15. Na9[SbW9O33]·19,5H2O tri-lacunary pseudo-Keggin

16a. Na10[SiW9O34]·24H2O tri-lacunary Keggin
16b. Na10[SiW9O34]·24H2O–recryst. tri-lacunary Keggin
17. Na27[NaAs4W40O140]·42H2O cluster
18. Na8H[PW9O34]·20H2O tri-lacunary Keggin
19. (NBu4)27[NaAs4Mo40O140] ·12H2O cluster
20. (Bu3Sn)18[NaSb9W21O86] cluster
21. K6[Co(H2O)SiMo2W9O39]·14H2O mono-lacunary Keggin with mixed addenda atoms
22. K10[Co(H2O)Si2MoW16O61]·18H2O mono-lacunary Wells-Dawson with mixed addenda atoms

23a. Na5[FeIII(H2O)SiW11O39]·24H2O mono-lacunary Keggin
23b. Na5[FeIII(H2O)SiW11O39]·24H2O–recryst. mono-lacunary Keggin
24a. Na5[FeIII(H2O)GeW11O39]·26H2O mono-lacunary Keggin
24b. Na5[FeIII(H2O)GeW11O39]·26H2O–recryst. mono-lacunary Keggin
25. Na10[Mn4(H2O)2(AsW9O34)2]·27H2O tri-lacunary pseudo-Keggin/sandwich type
26. Na12[Co3(H2O)3(BiW9O33)2]·37H2O tri-lacunary pseudo-Keggin/sandwich type
27. Na14[Mn3(H2O)3(SiW9O34)2]·28H2O tri-lacunary Keggin/sandwich type
28. (NH4)4(NBu4)5[Na(BuSn)3Sb9W21O86]·17H2O cluster
29. K27[NaAs4W40O140]·52H2O cluster
30. K6[SiVIVW11O40]·12H2O mono-lacunary Keggin

Table 2. Physico-chemical data of polyoxometalates.

POM
No.

Elemental Analysis
and TG Data

(Found (Calcd.))

UV (H2O) Data
(nm/cm−1): ν2(M=Ot)

and ν1(M-Oc,e-M)

FTIR Spectral Data (νmax (cm−1) and Their
Contribution in the POMs’ Structure)

1.

M = 2200.38;
Na (4.20 (4.18));
Fe (2.58 (2.54));
P (1.39 (1.41));

Mo (47.98 (47.96));
H2O (15.62 (15.55)).

ν2 = 210/47,619
and

ν1 = 228/43,859.

1128 (w, νas(P-Oi)); 1049 (sh, νas(P-Oi)); 924 (vs, sh,
νas(Mo=Ot)); 887 (vs, νas(Mo-Oc-Mo)); 847 (s, sp

νas(Mo-Oe-Mo)); 658 (s, br, νas(Mo-Oe-Mo)); 621 (s, br,
δ(P-Oi)); 577 (s, br, δ(P-Oi)); 546 (m, sh, δ(Mo-O-Mo)); 486

(m, ν(Fe-O)).

2.

M = 3737.68;
Na (5.57 (5.54));
Fe (4.50 (4.48));
P (1.63 (1.66));

Mo (46.24 (46.20));
H2O (13.10 (13.01)).

ν2 = 219/45,662
and

ν1 = 271/36,900.

1180–1044 (s, sp, νas(P-Oi)); 997 (vs, sp, νas(Mo=Ot));
978 (vs, sp, νas(Mo-Oc-Mo)); 775 (m, b νas(Mo-Oe-Mo));

667 (w, νas(Mo-Ob-Mo)/sandwich);
514 (m, sp, δ(Mo-O-Mo)).

3.

M = 3074.40;
Na (6.04 (5.98));
Si (0.88 (0.91));

W (63.58 (65.78));
H2O (7.10 (7.03)).

ν2 = 206/48,544
and

ν1 = 258/38,759.

3446 (vs, br, νas(O-H)); 1635 (w, δ(O-H)); 1005 (vw, sh,
νas(Si-Oi)); 962 (s, sp, νas(W=Ot)); 910 (vs, sp, νas(W-Oc-W));

798 (vs, br, νas(W-Oe-W));
517 (vs, br, δ(W-Oc,e-W)).

4.

M = 5378.10;
Na (4.72 (4.70));
Fe (3.15 (3.12));
Si (1.02 (1.04));

W (61.58 (61.53));
H2O (9.41 (9.38)).

ν2 = 200/50,000
and

ν1 = 257/38,911.

1190–1063 (w, sp, νas(Si-Oi)); 964 (vs, sp, νas(W=Ot)); 910
(vs, sp, νas(W-Oc-W)); 879 (m, sh, νas(W-Oc-W)); 787 (vs,

vbr, νas(W-Oe-W)); 708 (m, sh, ν(W-Ob-W)/sandwich); 542
(vw, br, δ( W-Oc,e-W)); 499 (m, sp, ν(Fe-O)); 403 (m, sp,

ν(Fe-O)).
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Table 2. Cont.

POM
No.

Elemental Analysis
and TG Data

(Found (Calcd.))

UV (H2O) Data
(nm/cm−1): ν2(M=Ot)

and ν1(M-Oc,e-M)

FTIR Spectral Data (νmax (cm−1) and Their
Contribution in the POMs’ Structure)

5.

M = 2008.74;
K (5.87 (5.84));
V (7.64 (7.61));
P (1.51 (1.54));

Mo (43.05 (42.99));
H2O (12.62 (12.56)).

ν2 = 218/45,871
and

ν1 = 305/32,787.

1180–1088 (s, sp, νas(P-Oi)); 989 (vs, sp, νas(V=Ot)); 941 (vs,
sp, νas(Mo=Ot)); 879 (s, br, νas(Mo-Oc-Mo)); 796 (m, br,
νas(Mo-Oe-Mo)); 726 (m, νas(Mo-Oe-Mo)); 625 (s, sp,

δ(M-O-M)); 513 (w, sp, δ(Mo-Oc,e-Mo)).

6.

M = 2113.42;
Na (6.56 (6.53));
P (1.45 (1.47));

Mo (40.92 (40.86));
V (7.26 (7.23));

H2O (13.70 (13.64)).

ν2 = 221/45,249
and

ν1 = 305/32,786.

1190–1063 (vs, sp, νas(P-Oi)); 989 (m, sh, νas(V=Ot)); 962 (vs,
sp, νas(Mo=Ot)); 866 (vs, br, νas(V-Oc-V)+ νas(Mo-Oc-Mo));

785 (vs, vbr, νas(V-Oe-V)+ νas(Mo-Oe-Mo)); 619 (vs, sp,
δ(P-Oi);

519 (vw, br, δ(V-Oc,e-V) + δ(Mo-Oc,e-Mo).

7.

M = 2998.20;
K (7.84 (7.82));
V (1.73 (1.70));
Si (0.91 (0.94));

Mo (6.44 (6.40));
W (55.26 (55.19));
H2O (6.62 (6.61)).

ν2 = 199/50,251
and

ν1 = 258/38,759.

1109 (w, νas(Si-Oi)); 968 (s, νas(W=Ot) + νas(Mo=Ot)); 906
(vs, νas(W-Oc-W) + νas(Mo-Oc-Mo)); 783 (vs, νas(W-Oe-W)
+ (Mo-Oe-Mo)); 669 (m, νas(W-Oe-W)+ νas(Mo-Oe-Mo)).

8.

M = 5586.17;
K (7.03 (6.99));
V (3.68 (3.65));
P (1.08 (1.11));

W (59.28 (59.24));
H2O (8.45 (8.38)).

ν2 = 201/49,751
and

ν1 = 248/40,323.

3437 (vs, br, νas(O-H)); 1624 (m, sp, δ(O-H)); 1186 (vs, sp,
νas(P-Oi)); 1103 (vs, sp, νas(P-Oi)); 987 (sh, νas(W=Ot)); 968

(vs, br, νas(W=Ot)); 891 (s, br, νas(W-Oc-W)); 850 (sh,
νas(W-Oc-W)); 791 (vs, vbr, νas(W-Oe-W)); 719 (s, sp,

ν(V-Ob-W)); 619 (vs, sp, νs(P-Oi)); 514 (m, br, δ(W-O-W));
463 (m, br, δ(W-O-W)).

9.

M = 5583.99;
K (7.05 (7.00));
V (3.66 (3.65));
As (2.65 (2.68));

W (59.29 (59.26));
H2O (6.81 (6.78)).

ν2 = 201/49,751
and

ν1 = 256/39,062.

3419 (vs, br, νas(O-H)); 1626 (m, sp, δ(O-H)); 1045 (sh,
νas(As-Oi)); 931 (vs, br, νas(W=Ot)); 874 (s, sp,

νas(W-Oc-W)); 831 (m, νas(W-Oc-W)); 796 (m, sp,
νas(W-Oe-W)); 712 (s, sh, ν(V-Ob-W)/sandwich); 621 (m, br,

δ(W-O-W)); 553 (m, br, δ(W-O-W)).

10.

M = 5726.92;
K (7.55 (7.51));
V (2.70 (2.67));
Sb (4.22 (4.25));

W (57.83 (57.78));
H2O (8.55 (8.49)).

ν2 = 202/49,505
and

ν1 = 251/39,841.

3423 (vs, br, νas(O-H)); 1697 (m, δ(H-O-H)); 1667 (m, br,
δ(H-O-H)); 995 (m, sp, νas(V=Ot)); 930 (m, sp, νas(W=Ot));
857 (s, sp, νas(W-Oc-W)); 833 (vs, νas(W-Oc-W)); 743 (m, sp,
νas(Sb-Oi)); 697 (s, νas(W-Oe-W)); 553 (m, br, δ(W-Oc,e-W)).

11.

M = 6466.43;
Na (4.31 (4.27));
Sb (3.75 (3.77));

W (62.59 (62.55));
H2O (10.65 (10.59)).

ν2 = 200/50,000
and

ν1 = 255/39,216.

3332 (vs, br, νas(O-H)); 1619 (m, sp,
δ(H-O-H)); 1385 (s, sp νas(NO3

−)); 943 (vs, sp, νas(W=Ot));
887 (vs, νas(W-Oc-W)); 864 (s, sh νas(Sb-Oi)); 837 (vs,
νas(W-Oc-W)); 800 (s, sh νas(W-Oe-W)); 771 (vs, br,

νas(W-Oe-W)); 673 (s, br, νas(W-Ob-W) +δ(O-Sb-O)); 507 (w,
br, δ(W-Oc,e-W)).

12.

M = 3130.39;
Si (0.88 (0.90));

W (70.52 (70.47));
H2O (8.11 (8.06)).

ν2 = 207/48,309
and

ν1 = 263/38,023.

1020 (m, sh, νas(Si-Oi)); 982 (s, νas(W=Ot)); 926 (vs, sp,
νs(Si-Oi)); 883 (m, sp, νas(W-Oc-W)); 787 (vs, br,

νas(W-Oe-W)); 538 (m, δ(W-O-W)).

13.

M = 3096.24;
P (0.98 (1.00));

W (71.28 (71.25));
H2O (7.00 (6.98)).

ν2 = 201/49,751
and

ν1 = 248/40,323.

1080 (vs, sp, νas(P-Oi); 984 (vs, νas(W=Ot)); 889 (vs, sp,
νas(W-Oc-W)); 808 (vs, sp, νas(W-Oe-W)); 596 (w, sp,

δ(W-Oc-W)); 525 (m, δ(W-Oe-W)).

176



Pharmaceuticals 2022, 15, 33

Table 2. Cont.

POM
No.

Elemental Analysis
and TG Data

(Found (Calcd.))

UV (H2O) Data
(nm/cm−1): ν2(M=Ot)

and ν1(M-Oc,e-M)

FTIR Spectral Data (νmax (cm−1) and Their
Contribution in the POMs’ Structure)

14.

M = 2059.45;
P (1.48 (1.50));

Mo (55.93 (55.90));
H2O (11.40 (11.37)).

ν2 = 193/51,550
and

ν1 = 270/37,000.

1065 (vs, sp, νas(P-Oi); 962 (vs, sp, νas(Mo=Ot)); 870 (s, vbr,
νas(Mo-Oc-Mo)); 787 (vs, br, νas(Mo-Oe-Mo)); 595 (w,

δ(Mo-O-Mo)); 509 (vw, δ(Mo-O-Mo)).

15.

M = 2862.51;
Na (7.26 (7.23));
Sb (4.22 (4.25));

W (57.87 (57.80));
H2O (12.33 (12.27)).

ν2 = 207/48,309
and

ν1 = 238/42,017.

920 (vs, sp, νas(W=Ot)); 890 (vs, sp, νas(W-Oc-W)); 767 (s,
νas(W-Oe-W)); 743 (s, sp, νas(Sb-Oi); 715 (s, νas(W-Oe-W));

505 (w, br, δ(W-O-W)).

16a.

M = 2888.89;
Na (7.98 (7.96));
Si (0.96 (0.97));

W (57.29 (57.27));
H2O (15.01 (14.97)).

ν2 = 208/48,077
and

ν1 = 265/37,736.

1635 (m, δ(O-H)); 987 (m, sp, νas(W=Ot)); 937 (s, νas(Si-Oi));
878 (vs, νas(W-Oc-W)); 844 (vs, νas(W-Oc-W)); 810 (vs,

νas(W-Oe-W)); 723 (s, νas(W-Oe-W)); 618 (s, νs(Si-Oi)); 528
(m, δ(W-O-W)).

16b.

M = 2888.89;
Na (7.98 (7.96));
Si (0.96 (0.97));

W (57.29 (57.27));
H2O (14.91 (14.97)).

ν2 = 208/48,077
and

ν1 = 265/37,736.

1635 (m, δ(O-H)); 987 (m, sp, νas(W=Ot)); 937 (s, νas(Si-Oi));
878 (vs, νas(W-Oc-W)); 844 (vs, νas(W-Oc-W)); 810 (vs,

νas(W-Oe-W)); 723 (s, νas(W-Oe-W)); 618 (s, νs(Si-Oi)); 528
(m, δ(W-O-W)).

17.

M = 11293.56;
Na (5.73 (5.70));
As (2.63 (2.65));

W (65.15 (65.11));
H2O (6.75 (6.70)).

ν2 = 200/50,000
and

ν1 = 243/41,152.

951 (vs, sp, νas(W=Ot)); 876 (vs, b νas(As-Oi)+νas(W-Oc-W));
793 (vs, sp νas(W-Oc-W)); 710 (vs, b νas(W-Oe-W)); 634 (s, b

νs(As-Oi)); 577 (m, b, δ(W-O-W)).

18.

M = 2774.75;
Na (6.65 (6.63));
P (1.10 (1.12));

W (59.68 (59.63));
H2O (13.05 (12.99)).

ν2 = 208/48,077
and

ν1 = 245/40,816.

1054 (s, sp, νas(P-Oi); 1014 (w, νas(P-Oi); 937 (vs, sp,
νas(W=Ot)); 881 (vs, sp, νas(W-Oc-W)); 741 (vs, b,

νas(W-Oe-W)); 503 (vw, b, δ(W-O-W)).

19.

M = 13162.90;
Na (0.20 (0.17));
C (39.46 (39.42));
H (7.66 (7.63));
N (2.88 (2.87));
As (2.26 (2.28));

Mo (29.21 (29.15));
H2O (1.67 (1.64)).

ν2 = 209/47,847
and

ν1 = 228/43,859.

3446 (vs, br, νas(O-H)); > 2800 (vs, br, νas(C-H)); 1483 (vs, br,
νas(C-N)); 1617 (w, b, δ(H-O)); 943 (vs, sh, νas(Mo=Ot)); 924

(vs, sp, νas(Mo=Ot)); 904 (vs, sp,
νas(As-Oi)+νas(Mo-Oc-Mo)); 879 (s, sh, νas(Mo-Oc-Mo));

854 (vs, νas(Mo-Oc-Mo)); 806 (vs, b, νas(Mo-Oe-Mo));
764 (vs, sh, νas(Mo-Oe-Mo)); 735 (vs, sh, νas(Mo-Oe-Mo));

706 (vs, b, νas(Mo-Oe-Mo)); 663 (s, νs(As-Oi));
584 (m, δ(Mo-O-Mo)); 557 (w, b, δ(Mo-O-Mo));

517 (w, b, δ(Mo-O-Mo)).

20.

M = 11576.37;
Na (0.22 (0.20));
C (22.44 (22.41));
H (4.25 (4.23));

Sn (18.48 (18.46));
Sb (9.45 (9.47));

W (33.39 (33.35)).

ν2 = 200/50,000
and

ν1 = 254/39,370.

949 (vs, sp, νas(W=Ot)); 862 (s, b, νas(Sb-Oi) +
νas(W-Oc-W)); 796 (s, νas(W-Oe-W)); 739 (vs, νas(W-Oe-W));
749 (vs, νas(W-Oe-W)); 657 (s, δ(Sb-Oi)); 577 (w, νas(Sb-Oi));
505 (w, ν(C-Sn-O)); 493 (w, δ(Sb-O)); the presence of bands
due to the stretching and deformation vibrations of the C-H
and C-C bonds of the butyl groups in the ranges 1000–1300,
1700–1950 and >2800 cm−1 is also observed in the spectrum.

21.

M = 3062.25;
K (7.70 (7.66));

Co (1.94 (1.92));
Si (0.90 (0.92));

Mo (6.30 (6.27));
W (54.08 (54.03));
H2O (8.87 (8.82)).

ν2 = 203/49,261
and

ν1 = 253/39,526.

995 (s, sp, νas(Si-Oi); 953 (vs, sp, νas(Mo=Ot)); 901 (vs, sp,
νas(W=Ot)); 798 (vs, b, νas(Mo-Oc-Mo)+νas(W-Oc-W)); 739

(vs, b, νas(Mo-Oe-Mo)+νas(W-Oe-W)); 704 (s, vb,
νas(Mo-Oe-Mo)+νas(W-Oe-W)); 538 (m, sh, δ(W-O-W)); 524

(m, b, δ(W-O-W)) + δ(Mo-O-Mo)); 482 (m, sh δ(W-O)).
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Table 2. Cont.

POM
No.

Elemental Analysis
and TG Data

(Found (Calcd.))

UV (H2O) Data
(nm/cm−1): ν2(M=Ot)

and ν1(M-Oc,e-M)

FTIR Spectral Data (νmax (cm−1) and Their
Contribution in the POMs’ Structure)

22.

M = 4861.72;
K (8.08 (8.04));

Co (1.24 (1.21));
Si (1.14 (1.16));

Mo (1.98 (1.97));
W (60.53 (60.50));
H2O (7.10 (7.04)).

ν2 = 203/49,261
and

ν1 = 253/39,526.

995 (sh, sp, νas(Si-Oi)); 952 (vs, sp, νas(Mo=Ot)); 901 (vs, b
νas(W=Ot)); 798 (s, b νas(W-Oc-W) + νas(Mo-Oc-Mo)); 739

(vs, b νas(W-Oc-W)); 704 (s, νas(W-Oe-W)); 525 (s, b,
δ(W-O-W) + δ(Mo-O-Mo));); 482 (sh, b νs(W-Oc-Co) +

νs(Mo-Oc-Co)).

23a.

M = 3295.48;
Na (3.50 (3.49));
Fe (1.70 (1.69));
Si (0.82 (0.85));

W (61.38 (61.36));
H2O (13.68 (13.67)).

ν2 = 200/50,000
and

ν1 = 259/38,610.

1088 (m, νas(Si-Oi); 1005 (sh, νas(Si-Oi); 964 (s, νas(W=Ot));
910 (vs, b, νs(Si-Oi)+νas(W-Oc-W)); 876 (sh, νas(W-Oc-W));
787 (vs, b, νas(W-Oe-W)); 704 (sh, νas(W-Oe-W)); 538 (m,
δ(W-Oc-W)); 519 (m, b, δ(W-Oe-W)); 418 (m, sh, ν(Fe-O)).

23b.

M = 3295.48;
Na (3.50 (3.49));
Fe (1.70 (1.69));
Si (0.82 (0.85));

W (61.38 (61.36));
H2O (13.58 (13.67)).

ν2 = 200/50,000
and

ν1 = 259/38,610.

1088 (m, νas(Si-Oi); 1005 (sh, νas(Si-Oi); 964 (s, νas(W=Ot));
910 (vs, b, νs(Si-Oi)+νas(W-Oc-W)); 876 (sh, νas(W-Oc-W));
787 (vs, b, νas(W-Oe-W)); 704 (sh, νas(W-Oe-W)); 538 (m,
δ(W-Oc-W)); 519 (m, b, δ(W-Oe-W)); 418 (m, sh, ν(Fe-O)).

24a.

M = 3376.06;
Na (3.42 (3.40));
Fe (1.67 (1.65));
Ge (2.12 (2.15));

W (59.92 (59.90));
H2O (14.42 (14.41)).

ν2 = 202/49,505
and

ν1 = 255/39,216.

982 (vs, sp νas(W=Ot)); 903 (vs, sh, νas(W-Oc-W)); 876 (vs, b,
νas(W-Oc-W)); 814 (s, sh, νas(Ge-O) + νas(W-Oe-W)); 771

(vs, b, νas(Ge-Oi) + νas(W-Oe-W)); 525 (w, b, δ(W-Oc,e-W)).

24b.

M = 3376.06;
Na (3.42 (3.40));
Fe (1.67 (1.65));
Ge (2.12 (2.15));

W (59.92 (59.90));
H2O (14.38 (14.41)).

ν2 = 202/49,505
and

ν1 = 255/39,216

982 (vs, sp νas(W=Ot)); 903 (vs, sh, νas(W-Oc-W)); 876 (vs, b,
νas(W-Oc-W)); 814 (s, sh, νas(Ge-O) + νas(W-Oe-W)); 771

(vs, b, νas(Ge-Oi) + νas(W-Oe-W)); 525 (w, b, δ(W-Oc,e-W))

25.

M = 5519.02;
Na (4.18 (4.17));
Mn (3.99 (3.98));
As (2.68 (2.72));

W (59.98 (59.96));
H2O (9.51 (9.47)).

ν2 = 201/49,751
and

ν1 = 248/40,323.

3421 (vs, b, νas(O-H)); 1624 (vs, sp, δ(H-O-H)); 957 (vs, sp,
νas(W=Ot)); 877 (vs, b νas(As-Oi)+νas(W-Oc-W)); 839 (s, sp,

νas(W-Oc-W)); 768 (vs, νas(W-Oe-W)); 712 (s,
νas(W-Oe-W)+νas(W-Ob-W)/sandwich); <514 (m, b,

δ(W-O-W)).

26.

M = 5956.33;
Na (4.66 (4.63));
Co (2.98 (2.97));
Bi (7.00 (7.02));

W (55.60 (55.56));
H2O (12.15 (12.10)).

ν2 = 194/51,500
and

ν1 = 256/38,991.

946 (s, νas(W=Ot)); 867 (vs, vb, νas(W-Oc-W)); 839 (s, sp,
νas(Bi-Oi)); 795 (vs, νas(W-Oe-W)); 740 (s, b, νas(W-Oe-W));

740 (s, b, νas(W-Ob-W)); 508 (w, δ(W-O-W)).

27.

M = 5498.39;
Na (5.88 (5.85));
Mn (3.05 (3.00));
Si (1.00 (1.02));

W (60.25 (60.18));
H2O (10.12 (10.16)).

ν2 = 213/46,948
and

ν1 = 256/39,066.

1631 (m, δ(H2O)); 1568 (m, δ(H2O)); 987 (m, νas(W=Ot)); 940
(s, νas(Si-Oi));

893 (vs, νas(W-Oc-W)); 807 (vs, νas(W-Oe-W)); 722 (s,
νas(W-Oe-W)); 682 (s, νs(Si-Oi-W)); 519 (vw, δ(W-Oc,e-W));

350 (s, ν(Mn-Oc,e-W)).
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POM
No.

Elemental Analysis
and TG Data

(Found (Calcd.))

UV (H2O) Data
(nm/cm−1): ν2(M=Ot)

and ν1(M-Oc,e-M)

FTIR Spectral Data (νmax (cm−1) and Their
Contribution in the POMs’ Structure)

28.

M = 8473.62;
C (13.06 (13.04));
H (3.10 (3.06));
N (1.54 (1.49));

Na (0.28 (0.27));
Sb (12.94 (12.93));
Sn (4.35 (4.20));

W (45.61 (45.56));
H2O (3.64 (3.61)).

ν2 = 191/52,356
and

ν1 = 275/36,363.

3485 (s, νas(hydrogen bond from lattice water)); 3373 (vs,
νas(hydrogen bond from lattice water)); 3171 (m, b, ν(N-H)

from NH4
+); 1648 (m, δ(O-H)); 1621 (sh, δ(O-H)); 1404 (s,

δ(N-H) from NH4
+); 1293 (m, νas(C-N) from NBu4); 958 (s,

νas(W=Ot)); 927 (m, νas(W=Ot)); 881 (s, νas(W-Oc-W)); 871
(s, νas(W-Oc-W)); 851 (s, νas(W-Oc-W));

800 (vs, νas(W-Oe-W)); 766 (vs, νas(W-Oe-W)); 701(sh,
νas(C-N) from NBu4); 681 (s, νas(Sb-Oi) + νas(Sn-O) +

ν(C-Sn-O)); 613 (m, νas(Sb-Oi) + νas(Sn-O) + ν(C-Sn-O));
549 (s, νas(Sb-Oi) + νas(Sn-O) + ν(C-Sn-O)); 489 (m,

νas(Sn-C) + δ(W-O-W)); 431 (w, δ(Sb-O)); 418 (m, νas(Sn-C)).

29.

M = 11908.64;
K (8.90 (8.86));

Na (0.21 (0.19));
As (2.50 (2.52));

W (61.81 (61.75));
H2O (7.92 (7.87)).

ν2 = 201/49,751
and

ν1 = 254/39,370.

966 (vs, sp, νas(W=Ot)); 883 (vs, b, νas(As-Oi)+(W-Oc-W));
783 (vs, b, νas(W-Oe-W));

733 (s, sh, νas(W-Oe-W)); 671 (vs, b, νas(As-Oi)); 553 (m, b,
δ(W-O-W)).

30.

M = 3192.02;
K (7.38 (7.35));
Si (0.86 (0.88));
V (1.62 (1.60));

W (63.39 (63.35));
H2O (6.62 (6.77)).

ν2 = 198/50,505
and

ν1 = 257/38,910.

1054 (w, sp, νas(Si-Oi)); 1000 (w, sp, νs(Si-Oi)); 965 (s, sp, νas
(W=Ot)); 989 (m, sp, νas (V=O)); 884 (vs, νas(W-Oc-W)); 805

(vs, νas (W-Oe-W)); 741 (vs, vb, νas (W-Oe-W)); 661 (m,
δ(Oi-Si-Oi)); 518 (w, δ(W-Oc,e-W)).

2.2. Antimicrobial Activity of Polyoxometalates

To compare the antimicrobial activity of all synthesized POMs versus amoxicillin, we
measured the diameters of the inhibition zones (Halo Zone in mm) employing the disk
diffusion method. Results are presented in Table 3.

Of the thirty POMs whose antibacterial activity was tested with the disk diffusion
method, nine nanocompounds exhibited no effects against the five bacterial strains: POMs
3, 5, 6, 9, 10, 12, 16a, 16b, 21 and 22.

Table 3. POM antibacterial activity as measured by the disk diffusion method.

POM No.
Effect of POMs on Microorganisms (Halo Zone Test/mm)

S. aureus B. cereus S. enteritidis E. coli P. aeruginosa

1. 12 ± 0.50
R 1

7 ± 0.30
7 ± 0.22 2

6 ± 0.24
R

R 9 ± 0.22
R

2. R 12 ± 0.30
12 ± 0.44 R R R

3. R R R R R

4. 8 ± 0.23
R

7 ± 0.45
R R R R

5. R R R R R

6. R R R R R

7. 15 ± 0.50
13 ± 0.50 R R R R

8. 10 ± 0.50
R

10 ± 0.20
R R R R
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9. R R R R R

10. R R R R R

11. 11 ± 0.55
R R 10 ± 0.20

R R R

12. R R R R R

13. 8 ± 0.12
12 ± 0.5

8 ± 0.22
7 ± 0.25

10 ± 0.50
10 ± 0.22

10 ± 0.50
12 ± 0.25

R

14. 8 ± 0.22
7 ± 0.25

R 12 ± 0.25
6 ± 0.32

12 ± 0.35
8 ± 0.25

12 ± 0.50
8 ± 0.42

15. 32 ± 0.22
18 ± 0.50

23 ± 0.25
12 ± 0.50

26 ± 0.25
12 ± 0.50 R R

16a. 3 R R R R R

16b. 4 R R R R R

17. R 10 ± 0.25
R

18 ± 0.25
10 ± 0.50 R R

18. R R 8 ± 0.22
R R R

19. 20 ± 0.50
12 ± 0.30

14 ± 0.50
8 ± 0.65

25 ± 0.23
19 ± 0.18

R
R

R
R

20. 30 ± 0.10
13 ± 0.25

24 ± 0.15
14 ± 0.22

22 ± 0.10
10 ± 0.22

12 ± 0.25
8 ± 0.25

12 ± 0.22
18 ± 0.25

21. R R R R R

22. R R R R R

23a. 3 14 ± 0.25
13 ± 0.25 R R R R

23b. 4 14 ± 0.22
13 ± 0.12 R R R R

24a. 3 12 ± 0.15
10 ± 0.25 R R R R

24b. 4 10 ± 0.25
R R R R R

25. 13 ± 0.25
16 ± 0.55 R R R R

26. 18 ± 0.55
16 ± 0.10

20 ± 0.55
12 ± 0.15

18 ± 0.55
15 ± 0.15

16 ± 0.25
14 ± 0.22

15 ± 0.25
22 ± 0.50

27. 14 ± 0.50
10 ± 0.35

14 ± 0.37
10 ± 0.22

R R R

28. 40 ± 0.50
20 ± 0.22

30 ± 0.50
12 ± 0.55

30 ± 0.52
23 ± 0.23

20 ± 0.23
16 ± 0.27

16 ± 0.45
8 ± 0.56

29 12 ± 0.50
12 ± 0.22

R 18 ± 0.50
R

R R

30 18 ± 0.55
11 ± 0.25

6 ± 0.51
6 ± 0.45

12 ± 0.56
7 ± 0.52

14 ± 0.57
8 ± 0.45 R

+ive C 5 19 ± 0.52 12 ± 0.37 18 ± 0.33 18 ± 0.26 R

−ive C 6 R R R R R
1 R = resistant; 2 the retest values of the halo zone test (from the same solution, 6 months after the initial preparation)
are written in the second row for each POM; 3 only POMs 16, 23 and 24 required recrystallizations: POM (number)
a = original POM, 4 POM (number) b = recrystallized POM; 5 +ive C = positive control (Amoxicillin, 25 µg);
6 −ive C = negative control (0.15 M NaCl solution).
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POMs which initially presented no activity against one strain, or another were not
retested after 6 months against the respective bacterial strains. POMs 20, 26 and 28 were
the only ones to present sound antibacterial activity against all five bacterial strains tested
by the disk diffusion method, but only the latter constantly exhibited a stronger effect
compared to amoxicillin. The antibacterial activity of POM 28 against all bacterial strains is
illustrated in Figure 1.
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Figure 1. Antibacterial effects (assessed by the disk diffusion method) of various POMs (in
black Arabic numerals) against (A). Staphylococcus aureus ATCC 6538P (abbreviated as Sa in
panel F); (B). Bacillus cereus ATCC 14,579 (abbreviated as Bc in panel F); (C). Salmonella enteritidis
ATCC 13,076 (abbreviated as Se in panel F); (D). Escherichia coli ATCC 10,536 (abbreviated
as Ec in panel F); (E). Pseudomonas aeruginosa ATCC 27,853 (abbreviated as Pa in panel F);
(F). Diameters of the inhibition zone (mm, values marked in white) of POM 28 (blue line),
(NH4)4(NBu4)5[Na(BuSn)3Sb9W21O86]·17H2O compared to Amoxicillin (red line); Sa1, Bc1, Se1,
Ec1, Pa1–initial testing; Sa2, Bc2, Se2, Ec2, Pa2–retesting after 6 months. The values of the Halo Zone
Test (mm) are highlighted in white on the right side of panel F.

The sensitivity of several Gram-positive and Gram-negative bacterial strains to the
twenty-one POMs that exhibited antibacterial effects (via the disk diffusion method) was
established by determining their minimum inhibitory concentration (MIC), our results
being presented in Table 4 and in the Supplementary Material 2.

We also determined the sensitivity of several Gram-positive and Gram-negative bac-
terial strains to the twenty-one POMs that exerted antibacterial effects, their minimum
bactericidal concentration (MBC) being presented in Table 5. In terms of the MBC, POMs
that demonstrated antibacterial effects (via the disk diffusion method) were selectively
tested against those bacterial strains on which they exerted bactericidal action.
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Table 4. Minimum inhibitory concentration of active POMs.

POM No.
Minimum Inhibitory Concentration (mg/L)

S. aureus B. cereus S. enteritidis E. coli P. aeruginosa

1. 0.625 1.25 1.25 - 0.625
2. - 1.25 - - -
4. 0.625 1.25 - - -
7. 1.25 - - - -
8. 1.25 1.25 - - -
11. 0.039 - 0.156 - -
13. 1.25 2.5 0.312 0.078 -
14. 0.156 - 0.312 0.156 0.312
15. 1.25 0.312 0.625 - -
17. - 0.625 1.25 - -
18. - - 1.25 - -
19. 0.156 0.625 0.312 - -
20. 0.039 0.039 0.156 0.156 0.625

23a. 0.078 - - - -
23b. 0.625 - - - -
24a. 0.078 - - - -
24b. 0.625 - - - -
25. 0.156 - - - -
26. 0.312 0.078 0.156 0.312 0.625
27. 0.156 0.156 - - -
28. 0.625 0.0048 0.019 0.078 0.039
29. 0.625 - 0.625 - -
30. 0.078 0.312 0.312 0.156 -

Table 5. Minimum bactericidal concentration of active POMs.

POM no.
Minimum Bactericidal Concentration (mg/L)

S. aureus B. cereus S. enteritidis E. coli P. aeruginosa

1. 1.25 2.5 - - -
2. - - - - -
4. 2.5 2.5 - - -
7. 1.25 - - - -
8. 2.5 2.5 - - -
11. 1.25 - 1.25 - -
13. 0.625 - 1.25 1.25 -
14. 0.625 - 1.25 1.25 0.625
15. 2.5 0.625 0.625 - -
17. - 1.25 2.5 - -
18. - - 2.5 - -
19. 1.25 1.25 0.625 - -
20. 1.25 0.625 2.5 1.25 2.5

23a. 1.25 - - - -
23b. 1.25 - - - -
24a. 1.25 - - - -
24b. 1.25 - - - -
25. 2.5 - - - -
26. 2.5 0.625 1.25 1.25 1.25
27. 1.25 0.625 - - -
28. 0.625 0.312 0.625 1.25 0.625
29. 2.5 - 0.625 - -
30. 0.625 0.625 0.312 1.25 -
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3. Discussion
3.1. Chemistry of Polyoxometalates

The synthesis of polyoxometalates is a complex process involving molecular reor-
ganization, the reaction mechanisms leading to the formation of new compounds being
rather difficult to establish [14,26]. However, several synthesis possibilities are already well
documented, such as the indirect synthesis replacing one polyoxoanion with another, or
the “all in one pot” synthesis. All parameters need to be strictly controlled, including pH
and temperature (essential in triggering the self-assembling mechanisms), the POMs com-
position and organic/inorganic nature of the solvent(s) or the presence of reducing agents,
ionic strength, reflux, hydrothermal or ambient conditions, the type and concentration of
oxoanions, the presence/absence and concentration of certain heteroatoms or addenda
atoms [26]. For example, the pH of an aqueous solution of POMs needs to be increased
(for V) or decreased (for W or Mo) during the more efficient “all in one pot” synthesis in
order to increase the nuclearity of the oxoanion fragments [1,3,14,16,26,35]. Incorporation
of heteroatoms, lacunary fragments, organic/organo-metallic fragments, transition-metal
cations, or ligands significantly contributes to controllable structural changes in POMs’ size,
shape and architecture, explaining their chemical variability [12,13,22,30].

The results of the chemical elemental analysis data are in agreement with the pro-
posed chemical formula (see Table 1), and with the theoretical compositions (see Table 2).

POMs’ thermogravimetric analysis revealed the presence of two types of water
molecules: coordinated water molecules (in our nanocompounds 1, 2, 4, 11, 21–27) and
crystalization water molecules (in a specific number for each POM). The latter are elimi-
nated first, in the second stage the removal of the coordinated water molecules paralleling
the POMs’ decomposition [12,16]. POM 20 (a butyltin salt cluster) presented neither type,
while in POM 2 only coordinated water molecules were observed.

UV electronic spectra of all POMs (in 5 × 10−5 M aqueous solutions) exhibited two
characteristic charge-transfer bands of high intensity [22,30] in the region of interest for
polyoxoanions. Their contributions (as shown in Table 2) were attributed to specific POM
bonds. The very small spectral displacements of the more intense bands, centered at
ν2 ~ 200 ± 10 nm, corresponding to the pπ(Ot)→dπ(M) transition, were attributed to the
M=Ot double bonds, explaining the non-involvement of terminal oxygen atoms in the
coordination structure for saturated/lacunary Keggin or pseudo-Keggin compounds, as well
as their involvement in the coordination structure of all clusters (e.g., in MO6 octahedra).
The broader spectral band displacements, generally centered at ν1~250 ± 20 nm (except
for POM 1 and POM 19–at 228 nm, POM 5 and POM 6–at 305 nm), corresponding to
the charge transfer transition pπ(Oc,e)→dπ*(M), were attributed to the tri-centric bonds
M-Oc,e-M (bridge oxygen atoms connecting MO6 octahedra via their corners–Oc, and via
their edges–Oe, respectively). They also explain the involvement of different oxygen atoms
in coordination, as well as the spatial arrangement in each POM structure (lacunary/non-
lacunary Keggin/pseudo-Keggin compounds, sandwich type or clusters). The second band
was generally shifted towards lower energy levels in all cluster structures compared to
their ligands because distortion of the MO6 octahedra due to an intensified inequivalence
in these bonds decreases their original spatial symmetry. Our results are similar to other
literature data [22,26,30].

The recorded FTIR vibrational spectra of POM salts fixed in KBr pellets as potassium
salts for the (VO)2+ ions, and as sodium, butyltin, ammonium or tetrabutyl-ammonium
salts for other POMs, exhibited characteristic bands for their structures [3,14,16,21,22,30].
For each POM, FTIR data were recorded for the 4000–400 cm−1 domain, and the poly-
oxoanion fingerprint region was found to be 1200–400 cm−1 [12,36–39]. Their contributions
were assigned to specific POM bonds in correlation with their structures, as shown in
Table 2. FTIR spectra similarities were observed between POMs of the same class, the
shifting and splitting variations in our studied nanocompounds being explained by the
influence exerted by addenda atoms, various heteroatoms or transitional metal cations
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coordination via different oxygen atoms. Our results are in agreement with literature
data [14,16,22,30,35–39].

3.2. POM Pharmacology and Antimicrobial Activity

We found that the initial antibacterial effect of compounds 28, 15, 20, 19 against
S. aureus was higher than that of amoxicillin. However, another test from the same solutions
six months later revealed a drastic decrease of the antibacterial effect, only compound 28
maintaining a stronger activity than that of amoxicillin, although its effect was halved.

This proves that the antibacterial effect of such compounds dissolved in saline buffer
(0.15 M NaCl) is severely decreasing in time. Of the other POMs whose activity was
lower than that of amoxicillin, compounds 13, 25, and 29 maintained or increased their
antibacterial effect over the 6 months interval.

The initial antimicrobial activity upon B. cereus was stronger (in compounds 28, 20,
15, 26, 27 and 19, in descending order) or equal (POM 2) to that of amoxicillin. After six
months, only POM 20 exerted a greater effect than the reference, POMs 28, 26, 15 and 2
presenting a similar influence. Compounds 1, 13 and 30 maintained their initially lower
than the reference antibacterial activity after the follow-up interval, while POMs 4, 8, 17
completely lost their action.

Concerning Gram-negative bacteria, we found that POMs 28, 15, 19, 20 initially
exhibited stronger antimicrobial activity against S. enteritidis than amoxicillin. Retesting 6
months later evidenced compounds 28 and 19 as stronger than amoxicillin in respect of
their antimicrobial activity. In contrast, compound 29 completely lost its action.

The only POM that initially exerted higher antibacterial activity than amoxicillin
against E. coli was compound 28, but its effect fell below the reference level after six
months. The compounds that maintained their antibacterial activity against E. coli after
the six months interval were POMs 26, 30, 14, 20, 13, however to a much lesser extent than
amoxicillin.

We found that five compounds, 28, 26, 14, 20 and 1 (listed in descending order of their
antibacterial effects), were the most effective upon P. aeruginosa, a bacterium resistant to
amoxicillin. Six months after preparing the POMs solutions, compound 28 maintained its
activity (even if its effect was halved), compounds 26 and 20 exhibited greater antibacterial
effect than in the initial stage, while compound 14 diminished its activity and compound 1
completely lost its action.

POMs 26 and 20 presented higher activity than amoxicillin upon all tested strains
except for E. coli. Compounds 19 and 15 exerted a better antibacterial action than amoxicillin
against strains of S. aureus, B. cereus and S. enteritidis, but E. coli and P. aeruginosa were
found to be resistant to their action. In one-on-one comparisons, compound 2 presented
similar activity to amoxicillin against B. cereus, as did compound 30 against S. aureus and
compound 17 against S. enteritidis. Presumably higher concentrations of these compounds,
closer to amoxicillin levels, would enhance their antibacterial action. Only nine POMs
of the thirty tested presented no antibacterial activity in concentrations of 5 µg/well, i.e.,
compounds 3, 12, 16a, 16b, 21 and 22 (with Si as heteroatom), compounds 5, 6 (with P as
heteroatom in their structures), and 9 and 10 (with As and Sb), respectively.

We found out that the strongest inhibitory concentration against S. aureus strains
was exerted by compounds 20, 11, 23a, 24a and 30. Concerning cultures of B. cereus, the
most powerful effect was observed in compounds 28, 20, 26 and 27, respectively. Good
inhibitory concentrations against B. cereus strains were also found for compounds 15, 30,
17 and 19. The most powerful effect on S. enteritidis strains was once again exhibited by
POM 28, followed by POMs 11, 20, 26. On cultures of E. coli, the best effect was validated
for compounds 13, 28, and for 14, 20, 30, respectively. Of the five bacterial strains, POMs
fared worst against P. aeruginosa. Still, a good inhibitory concentration was exhibited by
compounds 28, 14, 1, 20, 26.

We found out that the minimum bactericidal concentration against S. aureus strains
was rather high. The most pronounced bactericidal effect was induced by compounds
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13, 14, 28 and 30, seconded by the group comprising compounds 1, 7, 11, 19, 20, 23a, 23b,
24a, 24b and 27. Against B. cereus, the minimum bactericidal effect was observed in POMs
28, 15, 20, 26, 27 and 30. Against S. enteritidis, the most effective compound proved to be
no. 30, 15, 19 and 29. The most pronounced bactericidal effect against E. coli was noted in
six compounds, 13, 14, 20, 26, 28 and 30. Only five POMs exhibited antibacterial activity
against P. aeruginosa strain, four of which exerted bactericidal action, and one presented
only bacteriostatic effect. On this Gram-negative strain, POMs 14, 28, 26 and 20 were the
most efficient.

To conclude, in the initial testing three of the thirty analyzed “smart” nanocompounds
(28, 20 and 26) presented antibacterial activity against all five bacterial strains tested, while
POMs 1, 13, 14 and 30 missed one target (E. coli and B. cereus, respectively). POMs 2, 4, 7, 8,
23a, 23b, 24a, 24b, 25 and 27 exerted strong antibacterial effects against one or two Gram-
positive strains, while POMs 18 presented antibacterial effects against one Gram-negative
strain. All POMs exerting antibacterial effects on Gram-negative strains (1, 11, 13, 14, 15, 17,
18, 19, 20, 26, 28, 29, 30) were active against Gram-positive strains as well. When retesting
after six months, we found out that some soluted POMs completely lost their antibacterial
activity.

The new compound synthesized and characterized by us, K6[(VO)SiMo2W9O39]·11H2O
(POM 7) presented antibacterial action only against S. aureus, with relatively high MIC and
MBC (both 1.25 mg/L).

All results obtained using the disk diffusion method were concordant to the results
obtained in terms of MIC and MBC and were in close interdependence with the POMs’
structures and the bacterial strain on which they were tested. In these terms, the selectivity
and specificity of new antibacterial agents (POMs) is extremely important in drugs design.

3.3. POM Structure-Antibacterial Activity Relationship

We managed to characterize the thirty tested “smart” nanocompounds (POMs) in
terms of their antibacterial activity–structure relationship. The antibacterial effects of these
compounds are directly dependent on their structure and the type of bacterial strain tested.
In several compounds presenting monolacunary, trilacunary or trilacunary/sandwich Keg-
gin structures (POMs 3, 5, 6, 9, 10, 16a, 16b) bacterial growth was not inhibited, as bacteria
proved to be resistant to their action. Moreover, the monolacunary Keggin (POM 21) and
the monolacunary Wells-Dawson (POM 22), both with mixed addenda atoms, did not
exhibit antibacterial activity.

In small amounts (5 µg) cluster structures (POMs 20, 28) and trilacunary/sandwich
pseudo-Keggin structures (POM 26) exhibited the strongest antibacterial effect on all bacterial
strains tested, proving to be more efficient than the tested antibiotic (Amoxicillin, 25 µg).
Other polyoxometalates such as nos. 1, 2, 4, 7, 8, 11, 13, 14, 17, 18, 23a, 23b, 24a, 24b, 25,
27, 29 or 30 presented selective and specific antibacterial effect against the bacterial strains
tested. They may have had some bacteriostatic effect but are not bactericidal.

Compared to uncomplexed salts, POM 20 (as tributyltin salt), POM 26 (as natrium
salt), and POM 28 (cluster structure incorporating organo-metallic fragments, crystalized
as tetrabutyl-ammonium and ammonium salt) presented an enhanced antibacterial effect
against all five bacterial strains tested, including the Gram-negative P. aeruginosa strain
against which amoxicillin had no effect.

Our results indicate that suppression of bacterial cell proliferation was initially inoculation-
dependent and decreased in parallel with the progressive decrease of the POMs’ concentra-
tion, according to literature data [18,30,31,40].

Although mono-lacunary Keggin species were presumed to be more efficient than
their saturated structures, our mono-lacunary Keggin (POM 21) and mono-lacunary Wells-
Dawson (POM 22), both with mixed addenda atoms, did not present antibacterial effects.
However, the antibacterial activity is not conditioned by the existence of the lacuna [31,40],
because it was found that substituted lacunary Keggin structures present a higher an-
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tibacterial action than the original mono-lacunary structures, the effect being due to the
transitional metal MTn+ occupying the lacuna [30].

The antibacterial activity of POMs was demonstrated on several Gram-positive and
Gram-negative bacterial strains resistant to β-lactam antibiotics (penicillin, cephalosporins)
against some reference bacterial strains. Yamase and co-workers noted that, in combination
with β-lactamase inhibitors, POMs restore antibiotic effectiveness. They concluded that
POMs with Keggin complete or lacunary structures, Wells-Dawson structures, or double
sandwich Keggin structures enhance antibacterial activity against methicillin- (MRSA) and
vancomycin-resistant S. aureus (VRSA) [31].

Similarly, polyoxoanions such as [KAs4W40O140]27− or [KSb9W21O86]18− demon-
strated antibacterial activity against the Helicobacter pylori strain, which is resistant to
metronidazole and clarithromycin. Ultrastructural changes into coccoid forms under the
action of K27[KAs4W40O140]·H2O were evidenced by scanning electron microscopy [28].
Helicobacter pylori (ID3023) is a major pathogen associated with the development of duode-
nal and gastric cancer, duodenal ulcers, gastritis, and gastric ulcers, affecting about half of
the world’s population [28]. World Health Organization 2018 data ranked this pathogen
on top of the list in terms of incidence, mortality and prevalence of cancers attributable to
infections [41]. Several possible mechanisms of POMs antibacterial actions have been de-
scribed. For instance, these compounds may cross the peptidoglycans layer [30,40], or may
penetrate the bacterial membrane via WtpABC and TupABC transporters [42], thus leading
to the disintegration of the peptidoglycan layer and the dissolution of their membranes [28].
Inhibition of the DNA to RNA transcription by directly interacting with DNA molecules
was also suggested for low-molecular-weight compounds able to electrostatically disrupt
the cell envelope and penetrate into the bacterial cell [43]. We will address this problem in
further studies.

As Yamase and co-workers postulated, some properties and characteristics of POMs,
such as their redox behaviors, strong negative charges and chemical stability, are responsible
for their strong antibacterial activity [18,30,44].

These nanocompounds destined to be the active ingredient of the potential pharmaceu-
tical product are considered “smart” because of the way the huge clusters are formed (self-
assembling of “block” units which then combine in “wheel” or “ball” structures) [12,45–49]
and how they are modeled to specifically recognize targeted biological substrates. As a
result of such properties, about 100 research studies relating POMs to cancer were pub-
lished in the last decade [50]. These syntheses generate low amounts of chemical residues,
being environmentally friendly, as literature data point out that the nanoPOMs’ maximal
efficiency concentrations are often in the nanomolar range [22,23,51].

We studied the toxicity of two of our nanoPOMs (10, 28) in previous works. Based on
our in vivo studies [21], we concluded that POM 28 and particularly POM 10 presented
significant hypoglycemiant activity following oral treatment of rats with streptozotocin-
induced diabetes. The main cause seems to be the prevention of pancreatic β-cells apoptosis,
as observed by transmission electron microscopy (TEM), but our data also revealed stimu-
lation of insulin synthesis by pancreatic β-cells in diabetic rats. Our TEM ultrastructural
studies demonstrated the ability of POM 10 and POM 28 to prevent the hepatotoxicity of
streptozotocin. Our in vitro studies revealed the significant biological activity of POM 10
and POM 28 as active stimuli for the differentiation of stem cells into insulin-producing
cells [22]. MTT assay on human umbilical vein endothelial cells and human bone marrow
adult mesenchymal stem cells proved the low, dose-dependent toxicity of POM 10 and
POM 28 [22]. In view of the design of future drugs, identifying new compounds with strong
antibacterial effects is an ongoing challenge addressing today’s technological advances.
POMs have a real potential towards such a goal and our study opens new directions in fu-
ture research. The limitations of our study are due to the scarcity of data on POMs’ stability
in the culture media of different bacterial strains and at physiological pH (a prerequisite for
drugs to be administered to humans), and of toxicity studies (a shortcoming that needs to
be addressed taking into account that they are inorganic compounds).
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4. Materials and Methods
4.1. Synthesis and Physico-Chemical Characterizations of Polyoxometalates
4.1.1. Reagents and Chemical Materials

All solvents of analytical purity and all chemical substances used in the synthesis of
polyoxometalates were purchased from Sigma-Aldrich (N.V./S.A., Bornem, Belgium or
Co. LLC., St. Louis, MO, USA) and Merck (KGaA, Darmstadt, Germany), respectively.

The list of analytically pure reagents used in the syntheses included acetone, ace-
tonitrile, glacial acetic acid, HCl (37%), H3PO4 (85%), HClO4 (70%), sodium acetate tri-
hydrate, trisodium citrate dihydrate, n-butyltin trichloride, tributyltin chloride, tetra-
butylammonium bromide, KCl, NaCl, Na3VO4, VOSO4·5H2O, H3[PMo12O40]·13H2O,
H3[PW12O40]·12H2O, H4[SiW12O40]·14H2O, Na2HAsO4·7H2O, Na2MoO4·2H2O, Na2HPO4·
12H2O, Na2GeO3·H2O, Na2WO4·2H2O, Bi(NO3)3·5H2O, Sb2O3, CoCl2·6H2O, MnCl2·4H2O,
FeCl3·6H2O, FeCl2·4H2O etc.

Bi-distilled and deionized water produced with a FI-Streem III Cyclon Glass Still
Bi-Distiller (Sanyo/Gallenkamp PLC, Cambridge, UK) was used for all solutions prepared
during the POMs syntheses. All POMs were recrystallized from a minimum volume of
bi-distilled water, crystals of different shapes and various colors were obtained. Only three
POMs (16, 23 and 24) required double recrystallization.

4.1.2. Synthesis of Polyoxometalates

POMs are generally difficult to be synthesized, involving either solvothermal or
hydrothermal methods requiring high pressure and temperature (implying high energy
consumption) or ones using toxic organic solvents (incompatible with the development
of green chemistry) [35,39,52–54]. We carefully selected the method based on each POM’s
specifics, sometimes modifying protocols mentioned in literature [3,12,14,16,18,22,30,53].

Initially we employed the two-step method, involving the ligand synthesis followed
by the cluster formation, for synthesizing ten POMs, i.e., the Keggin (saturated/mono-
lacunary) structures with mixed addenda atoms, the mono-lacunary Wells-Dawson poly-
oxometalate with mixed addenda atoms, and the six clusters-type structures. Certain
molar ratios of organic and organometallic fragments or transition-metal cations were
carefully calculated according to the reactions’ stoichiometry [12,22,30,36,54]. An important
aspect in the first stage was to obtain a ligand precipitate of high purity. It took up to five
days for some POM crystals to precipitate, the process yields being below 70%. The reac-
tion products were then recrystallized to achieve a desirable purity. The new compound,
K6[(VO)SiMo2W9O39]·11H2O (POM 7), was also synthesized via this method.

For twenty POMs we employed the “all in one pot” method based on self-assembling
mechanisms. Crystalline powders of different metal ions, e.g., germanium(IV) oxide,
vanadyl sulfate, molybdates, vanadates, tungstates, sodium germanate, antimony(III)
oxide, were stoichiometricaly mixed with HCl (6 M), the salt of a transition metal cation
(TM) if needed, and NaCl (for most POMs, excepting those with vanadyl ions where KCl
was added) to produce POM in aqueous solutions [1,14–16,22,30] which precipitated in
up to two days. The precipitates were then filtered and desiccated, beautifully colored
POMs crystals being obtained with reaction yields of 71–84%. Some POMs required
recrystallization (in order) to reach the desired purity.

All syntheses of nanoPOMs were detailed in Supplementary Material 3.

4.1.3. Physico-Chemical Characterizations of Polyoxometalates

The instrumental methods employed in the physico-chemical characterization of the
synthesized POMs were elemental chemical analysis, thermogravimetric analysis, electronic
spectroscopy in the UV range, FTIR and NMR spectroscopy.

Elemental chemical analysis served to determine the composition of the various
elements. We determined the presence of P, As, Sb and Si by atomic absorption spectrometry
using a Perkin-Elmer 3030 AA spectrophotometer (Perkin-Elmer, Norwalk, CT, USA). For
the C, N and H atoms from organic and organometallic fragments, a Vario EL analyzer
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(Elementar Analysensysysteme GmbH, Hanau, Germany) was employed. The contents
of Sn, Mo, V, Sb and W were determined by inductively coupled plasma atomic emission
spectroscopy using a RigaKu Spectro CIROSCCD spectrometer (RigaKu Co., Tokyo, Japan).
Finally, Na and K were determined by flame photometry with an Eppendorf FEP flame
photometer (Eppendorf GmbH, Hamburg, Germany).

The thermogravimetric analysis was conducted to determine the water content (crys-
tallization/lattice water and coordination water molecules) for each POM, using a Mettler-
Toledo TG/S DTA 851 thermogravimeter (Mettler-Toledo GmbH, Greifensee, Switzerland)
with a platinum crucible, 20 mL/min N2 flow, and 5 ◦C/min heating rate.

Electronic spectra in the UV range were recorded on a Shimadzu Specord UV-VIS-75
(Shimadzu Europe GmbH, Duisburg, Germany), using quartz cells, with a path length of
1 cm. All POM samples were used in 5 × 10−5 M aqueous solutions.

Vibrational spectroscopy served to establish the presence of certain bond types in
the POMs’ structures. A Jasco 610 FTIR spectrophotometer (Jasco Int. Co Ltd., Gross-
Umstadt, Germany) set at a resolution of 0.5 cm−1, in the wavenumber range between
7800–350 cm−1, was used in the process. The FTIR absorption spectra were recorded in
KBr pellets, and all FTIR spectra were analyzed using a Jasco Spectra Manager Version
2.05.03 software (Jasco Int. Co. Ltd., Gross-Umstadt, Germany).

NMR spectra for all POMs with organic or organometallic fragments have been
published in our previous work [22]. They were recorded at room temperature, using a
Varian Gemini-300 spectrophotometer (Varian Inc. NMR Systems, Palo Alto USA) operating
at 300 MHz for 1H spectra and at 75.47 MHz for 13C spectra, respectively. To record the
spectra, each POM was dissolved in CDCl3 (solvent), while TMS (Si(CH3)4) and n-butyltin
trichloride (n-C4H9SnCl3) served as standard reference.

4.2. Antimicrobial Activity of Polyoxometalates
4.2.1. Reagents and Materials

Five reference microbial strains, two Gram-positive (S. aureus ATCC 6538P, B. cereus
ATCC 14579) and three Gram-negative (E. coli ATCC 10536, S. enteritidis ATCC 13076,
P. aeruginosa ATCC 27853), were used for in vitro susceptibility testing. These reference mi-
crobial strains were obtained from the American Type Culture Collection (ATCC, Manassas,
VA, USA). In this experiment we used ultrapure water produced by a Millipore Milli-Q50
Ultra-Pure Water System, with 18.00 MΩ·cm (Millipore S.A., Molsheim, France). Sterile
media and various consumables were also needed for the antimicrobial characterization of
the POMs.

4.2.2. Disk Diffusion Method

The antimicrobial activity of all the synthesized POMs was qualitatively determined
using the disk diffusion susceptibility method, according to the standards developed
by the Clinical and Laboratory Standards Institute [55,56], as previously described in
literature [57–59], that have been adapted for the purposes of this screening.

For each of the five species an initial suspension of bacterial cultures was inocu-
lated on nutrient agar plates (Merck KGaA, Darmstadt, Germany), incubated for 24 h at
37 ± 2 ◦C and resuspended in a physiological saline buffer to a 106 CFU/mL concentra-
tion (on a 0.5 McFarland scale) and was further inoculated on Muëller Hinton agar plates
(Merck KGaA, Darmstadt, Germany). The initial inoculum was similar to that prepared for
the classical antibiotic susceptibility test, so POMs’ effects (in sensitivity terms) were compa-
rable to those of the antibiotic tested, i.e., Amoxicillin (25 µg; Oxoid Ltd., Basingstoke, UK).

After inoculation, the medium surface was dried and a number of eight wells were
radially drilled 1.5 cm from the outer edge, 3 cm apart. From aliquot samples of 1 mg/mL
of each nanocompound dissolved in physiological solution (NaCl 0.15 M) 5 µL were placed
in each of the eight wells and let 30 min to diffuse into the agar plates. The plates were
then incubated for 24 h at 37 ± 2 ◦C. Amoxicillin served as a positive control, while
the physiological solution (NaCl 0.15 M) was used as a negative control. Readings were
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conducted by measuring the diameter of the inhibition zone (Halo Zone Test, in mm). All
tests were triplicated, and the measured diameters of the inhibition zone were expressed
(in mm) as mean ± standard deviation.

In order to observe their stability in physiological solutions and to check the evolution
of their antimicrobial activity, the POM solutions were retested six months after their prepa-
ration. The diameters of the inhibition zone determined during retesting are highlighted
below the initial values in Table 3.

4.2.3. Minimum Inhibitory Concentration (MIC)

In order to quantify their effectiveness, the Minimum Inhibitory Concentration of
these POMs on bacterial activity was determined using the broth microdilution method
described by Quinn et al. [60], Markey et al. [57], the Clinical and Laboratory Standards
Institute [61,62], adapted for this experiment.

Testing was conducted on the same Gram-positive and Gram-negative bacteria. Mi-
croorganisms’ suspensions in saline buffer (NaCl solution 0.15 M) obtained according
to Section 4.2.2 were inoculated. Ten successive dilutions of the POM solutions (1/2 to 1/1024)
in nutrient broth (Merck KGaA, Darmstadt, Germany) were performed. As a result,
amounts of 2.5 to 0.0048 mg/well of each active POM were placed in sterile microplates
(one each for every nanocompound). The microplates thus prepared were incubated at
37 ± 2 ◦C for 24 h.

Comparisons of the amount of bacterial growth in each well containing POM solutions
with the amount of growth in the growth-control wells were performed and the maximal
dilution for which the tested POMs inhibited bacterial growth was established.

4.2.4. Minimum Bactericidal Concentration (MBC)

The minimum bactericidal activity (Minimum Bactericidal Concentration) of POMs
for the five bacterial species described above was established using the microdilution
method. 5 µL of POMs solutions from each of the wells where the inhibitory effect was
observed were introduced in the same nutrient broth as mentioned above and inoculations
on nutrient agar sterile plates (Merck KGaA, Darmstadt, Germany) were performed for
similar dilutions. The plates thus prepared were incubated for 24 h at 37 ± 2 ◦C and
bacterial growth was observed. The reading of the results was performed at 24 h by
observing the evolution of the bacterial growth on the solid medium.

Polyoxometalates were classified as bactericidal if they prevented growth on this
medium. The minimum bactericidal concentration was determined for the lowest dilution
at which bacterial growth was blocked.

5. Conclusions

This research achieved its goals to synthesize “smart” nanocompounds based on differ-
ent structures, to characterize them in terms of structure-property relations, to investigate
their molecular mechanisms and to test in vitro their antibacterial effects, in order to formu-
late and implement potential drugs meant to replace similar products obtained via organic
syntheses. Herein, we characterized in terms of chemical structure-antimicrobial activity
relationship the following types: a. the Keggin series–polyoxometalates with structures
such as saturated/mono- and trilacunary Keggin, mono- and trilacunary pseudo-Keggin,
saturated/monolacunary Keggin with mixed addenda atoms, trilacunary Keggin/pseudo-
Keggin by sandwich type; b. one monolacunary Wells-Dawson structure with mixed
addenda atoms; c. six clusters. For all active compounds the stability of their antimicrobial
effects was also investigated.

We identified three POMs that presented sound antibacterial activity against all five
bacterial strains tested: POMs 26 (a tri-lacunary pseudo-Keggin sandwich type), 20 (a
butyltin salt cluster) and 28 (a cluster derivatized with organometallic fragments). Of
these, only POM 28 has constantly exhibited a stronger effect compared to amoxicillin
(including after 6 months retesting, even if its effects were diminished by half). POMs
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1, 13, 14 and 30 were effective against four bacterial strains. POMs 2, 4, 7, 8, 23a, 23b,
24a, 24b, 25 and 27 exhibited antibacterial effects against Gram-positive strains, while
POMs 18 was effective against one Gram-negative strain, S. enteritidis. All other POMs
exerting antibacterial effects on Gram-negative strains (1, 11, 13, 14, 15, 17, 19, 20, 26, 28,
29, 30) were active against Gram-positive strains as well. In contrast, nine compounds (3,
5, 6, 9, 10, 12, 16a, 16b, 21 and 22) had no antibacterial actions at all. Presumably higher
concentrations of these compounds, closer to the amoxicillin level, would enhance their
antibacterial action. New studies in terms of selectivity and specificity of these potential
antibacterial agents are required to clarify these extremely important aspects needed to
be considered in drug designs. The new compound synthesized and characterized by us,
K6[(VO)SiMo2W9O39]·11H2O (POM 7), a mono-lacunary Keggin with mixed addenda atoms,
presented antibacterial activity only against S. aureus. These nanocompounds present
the disadvantage of being essentially inorganic substances and their toxicity is a matter
of concern. Nevertheless, the nano-revolution will inevitably transfer spectacular new
technological advances into life sciences. All these novel steps leading to functionalized
biocompatible, non-toxic, inorganic compounds, stable in physiological conditions, mod-
elled for exerting maximal antimicrobial effects, can open an alternative approach to the
classical treatment of infectious diseases.

A true success in POMs chemistry and pharmacology would lead to the synthesis
of pharmaceutical nanocompounds mimicking the behavior of biomacromolecules, with
remarkable antibacterial activity effective against certain pathogens with acquired antibiotic
resistance, able to regenerate animal and human tissue while annihilating the infection.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ph15010033/s1, In Supplementary Material 1, the synthesis method and physico-chemical
characterization of K6[(VO)SiMo2W9O39]·11H2O (POM 7) and its ligand K8[SiMo2W9O39]·14H2O
(L 7); Figure S1: TG/DTG/DTA curves of K6[(VO)SiMo2W9O39]·11H2O; Figure S2: The pro-
posed structure for POM 7: K6[(VO)SiMo2W9O39]·11H2O; Figure S3: FTIR spectra of POM 7,
K6[(VO)SiMo2W9O39]·11H2O, and his ligand (L7), K8[SiMo2W9O39]·14H2O; Figure S4: UV (up-
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