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Bacterial pneumonia, a life-threatening infection, is the world’s sixth deadliest
disease and the top cause of mortality in children under �ve. Without timely
treatment, bacterial pneumonia can escalate to a 30% mortality rate, particularly
in high-risk populations. It may also lead to chronic conditions such as
pulmonary �brosis and chronic obstructive pulmonary disease(COPD), along
with systemic in�ammatory responses that can progress to sepsis and multi-
organ failure. Although antibiotics are generally effective against bacterial
pneumonia, current treatment approaches remain insuf�cient due to several
barriers, including the lung’s unique mucus barrier, low pH, high oxidative stress,
disruption of alveolar surfactants, and accumulation of hypertonic �uid on the
airway surface. In addition, following the excessive use of antibiotics, dysbiosis,
secondary infections and resistance occur. Nanomaterials can be an effective
way to improve therapeutic effects owing to their change on drug size,
physicochemical properties, hydrophobicity along with better targeting ability,
and controlled localized release. Organic and inorganic substances and their
composites are the three main types of nanomaterials to treat bacterial
pneumonia. This review presents the latest advancements and constraints of
these nanomaterials from a nanotechnology viewpoint with a view to developing
therapeutic strategies for bacterial pneumonia.
KEYWORDS

nanotechnology, drug delivery systems, organic nanomaterials, inorganic nanomaterial,
bacterial pneumonia
1 Introduction

Pneumonia, the 6th most common cause of death worldwide, is a common and lethal
infectious disease. It is also one of the major killer diseases for under-�ve children (Murray,
2024). It is mostly due to an external pathogen, e.g. bacteria, viruses and fungi (Ferrer et al.,
2018). Bacterial pneumonia, a common lung infection caused by various bacteria (Fu et al.,
2024; Safdarpour et al., 2022), is a severe disease with high-severity, high-complication and
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high-annual-mortality, raising a global concern (Dietert et al.,
2017). The primary causative agents are Streptococcus
pneumoniae, haemophilus in� uenzae, staphylococcus aureus etc
(Willyard, 2017). When the body’s defenses are weakened,
pathogenic bacteria usually transmit through the respiratory
system, penetrate the lung barrier and cause infections (Yu et al.,
2023; Liu et al., 2018; Stockley, 1998). Though prevalence varies by
area and population, bacterial pneumonia is more common in
children, the elderly, people with weakened immune systems, and
people with chronic illnesses (Liu et al., 2023).

Many factors, such as the patient’s age, health status, the type of
causative agent, and the promptness and ef�cacy of treatment, affect
the prognosis of bacterial pneumonia (Pletz et al., 2012). Without
timely and ef�cient treatment, it can result in life-threatening
complications or even death. It is estimated that bacterial
pneumonia can be up to 30 percent lethal if left untreated (Li
et al., 2016; Hug and Rossi, 2001).

The primary cause of bacterial pneumonia is the pathogenic
bacteria’s destruction of lung tissue, which results in respiratory
dysfunction. Furthermore, bacterial pneumonia can induce a
systemic in�ammatory response that leads to severe outcomes
such as sepsis and multi-organ failure (Bergogne-Be�re�zin and
Towner, 1996). Pneumonia may also be the cause of long-term
lung conditions like pulmonary �brosis and chronic obstructive
pulmonary disease (COPD) (Guzek et al., 2017; Liu et al.,
2022, 2018).

A favorable prognosis for bacterial pneumonia depends on
timely and ef�cient treatment because of its extremely high
incidence and potentially dangerous outcomes (Grief and Loza,
2018). Antibiotic therapy is the mainstay of the current treatment.
In addition to being limited by traditional drug application
dilemmas such as bacterial resistance development and antibiotic-
derived dysbiosis and secondary infections, the complex
microenvironment of the lungs also affects drug ef�cacy.
Traditional drug delivery is ineffective for the following reasons:
the respiratory tract’s mucus layer acts as a dynamic barrier;
lipoprotein complexes of active substances on the alveolar surface
adsorb hydrophobic drug molecules; the localized acidic
environment (pH=5.5-6.5) prevents transmembrane transport of
weakly alkaline drugs; and hypertonic �uid formation on the airway
surface decreases the solubility of water-soluble drugs and changes
their conformation. This gives the conventional drug delivery
method the opportunity to be improved in order to fully utilize
anti-in�ammatory, anti-infective, and organism protection
properties (Chen et al., 2021).

The challenges mentioned above can be addressed through
nanotechnology. By modifying drug size, surface properties, and
hydrophobicity, nanotechnology enables more ef�cient drug
delivery, allowing for targeted transport and precise controlled
release. This can signi�cantly improve therapeutic ef�cacy, reduce
the risk of drug resistance, and limit nonspeci�c in�ammatory
damage (Tang et al., 2022). Thus, one of the most crucial
instruments for treating bacterial pneumonia in the future is the
investigation of safer and more effective nanomaterials as well as the
best clinical practices for them.
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Organic, inorganic, and organic-inorganic composite
nanomaterials are the three types of nanomaterials currently used
to treat bacterial pneumonia (Figure 1). Organic nanomaterials
mainly include liposomes, polymeric nanomaterials and
extracellular vesicles(EVs). Liposomes can improve the
effectiveness of drug therapy by surface modi�cation to achieve
precise delivery ensuring suf�cient drug delivery to the
corresponding lesion; polymer nanomaterials have the advantages
of surface modi�cation to achieve multifunctionality, integrating
multiple response mechanisms, enhancing drug stability, etc., and
some of the materials also have direct antimicrobial activity. In
order to improve the immune response speci�c to antimicrobials
and decrease non-speci�c in�ammatory damage, EVs have the
ability to regulate the degree of in�ammation. The inorganic
nanomaterials rely on surface modi�cation, structural design,
metal ion selection, and photodynamic characteristics to put
together various mechanisms of antimicrobial activity.
Additionally, there are promising application prospects for
organic-inorganic composite nanomaterials, which can be
modi�ed to achieve the superposition of advantages and
complementary disadvantages. In addition, medical devices or
drugs that can be used for clinical treatment need to be non-toxic
(or low toxicity) and good biocompatibility, and these requirements
make nanomaterials irreplaceable advantages in the treatment of
bacterial pneumonia.

For a comparison between the major categories of
nanomaterials mentioned in this paper, please refer to Table 1.
2 Organic nanomaterials

2.1 Liposome

Liposomes are amphiphilic nanovesicles with a hydrophilic core
and a hydrophobic lipid layer. The aqueous core is encapsulated by
a phospholipid bilayer, which is made up of a bilayer membrane of
phospholipids and cholesterol. These particles can encapsulate
hydrophilic, hydrophobic, and amphiphilic drugs simultaneously;
their particle sizes typically range from 50 to 1000 nm, and
nanoscale liposomes (<150 nm) can improve tissue penetration
and prolong in vivo circulation time. Liposomes can prolong the
circulating half-life of drug and achieve microenvironment-speci�c
release by increasing drug stability. As a legally approved
nanomaterial, liposomes have some utility and promise for
advancement in the management of bacterial pneumonia.

Antibiotics, anti-in�ammatory medications, and nucleic acids
are just a few of the many biologically active substances that
liposomes can encapsulate and transport (Haddadzadegan et al.,
2022; Panthi et al., 2024; Caddeo et al., 2013; Meng et al., 2024). Its
advantages as a delivery vehicle include the following:

Firstly, liposomes, which are particularly suitable for
hydrophobic drugs, can signi�cantly increase drug encapsulation
rates through physical encapsulation, chemical gradient methods,
and other techniques. By improving the solubility and dispersion of
poorly soluble compounds, liposomes allow drugs that are
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otherwise dif�cult for the body to absorb and utilize to become
more bioavailable (Muralidharan et al., 2015). Their structure also
contributes to increased drug stability, protects the encapsulated
compounds from the in vivo environment, and prevents
degradation or inactivation of the drug (Kumari et al., 2023). For
example, andrographolide (AG), despite having multiple
therapeutic properties, including antiviral, antibacterial, and anti-
in�ammatory effects, is insoluble in water. When used with a dry
powder inhaler for pulmonary drug delivery, AG encapsulated in
liposomes forms a phospholipid vesicle structure that signi�cantly
improves its solubility. This enables the drug to reach the deeper
regions of the lungs, achieving a large absorption area and high
membrane permeability of lung tissue (Ju et al., 2017; Muralidharan
et al., 2015; Simon et al., 2016; Li et al., 2017).

Second, to reach targeted delivery, increase therapy ef�cacy, and
lower side effects, liposomes can be surface-modi�ed with folic acid
(FA), antibodies, or peptides. For example, lung in�ammatory
tissue-targeted nanoparticles (LITTN) are engineered with
cationic and phenylboronic acid-modi�ed lipids on their surface
Frontiers in Cellular and Infection Microbiology 03
(Fu et al., 2024). By chemical modi�cations, structural change
achieve targeted delivery: coordination between boric acid and
cis-diol groups allows for bacterial recognition and improved
targeting, the positively charged cationic lipids interact with
negatively charged bacterial membranes, improving drug
attachment at the infection site (Monopoli et al., 2011) (Zhang
et al., 2018). LITTN has demonstrated good lung-targeting ability in
vivo; following intravenous injection, it accumulates in the lungs
while decreasing distribution to other organs (Dilliard et al., 2021).
Misuse of antibiotics is concerning, as it can lead to disruptions in
the intestinal �ora, which has systemic implications. Delivering
nanoparticles(NPs) that speci�cally target the lungs helps protect
gut microbiota from antibiotic-induced shifts in abundance,
diversity, and community structure (Figure 2A), indicating a
favorable safety pro�le (Thänert et al., 2022; Zhang et al., 2022b).
In animal studies, mice treated with rifampicin-loaded LITTN
showed greater gut microbiota diversity compared to those given
free rifampicin. Rif@LITTN also exhibited stronger antimicrobial
activity than free rifampicin in in vitro assays under in�ammatory
FIGURE 1

Applicable nanomaterials for the treatment of bacterial pneumonia include organic nanomaterials (such as liposomes, polymers, extracellular
vesicles, etc.), inorganic nanomaterials, and their combinations. These nanomaterials achieve targeted drug delivery through distinct mechanisms,
thereby improving existing treatment strategies. Created with Figma.
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conditions characterized by low pH and oxidative stress
(Figure 2B), suggesting improved targeting and bactericidal
performance. Microbiota analysis of fecal samples revealed that
the Rif@LITTN-treated group maintained higher a-diversity than
the group receiving free rifampicin (Figure 2C).

It is worth noting that appropriate surface modi�cations can
alter a drug’s organ-targeting pro�le, enabling more precise delivery
and allowing repurposing of existing materials, which helps reduce
costs. For example, small interfering RNAs (siRNAs) hold
signi�cant potential for treating bacterial pneumonia, especially in
controlling in�ammation, as they can suppress target mRNA
expression and thereby reduce corresponding protein levels. Lipid
nanoparticles (LNPs), which are clinically developed siRNA
carriers, facilitate siRNA delivery into the cytoplasm while
protecting it from degradation during transport. Although LNPs
are primarily used in clinical applications to target the liver, they
can be further modi�ed to improve targeting of extrahepatic tissues.
LNPs are typically composed of four key elements: ionizable
cationic lipids, polyethylene glycol (PEG) lipids, cholesterol, and
accessory lipids. Ionizable cationic lipids are responsible for siRNA
adsorption under acidic conditions and promote endocytosis or
lysosomal escape of siRNA by interacting with endosomal and
Frontiers in Cellular and Infection Microbiology 04
lysosomal membranes after the LNP is taken up by the target cells
(Han et al., 2021a; Patel et al., 2019). Co-lipids contribute to overall
stability by self-assembling into lipid bilayers with high phase
transition temperatures (Trollmann and Böckmann, 2022).
Cholesterol improves the structural integrity of the LNP (Jia
et al., 2024). PEG lipids play a role in preventing aggregation and
undesirable interactions with the biological environment, allowing
LNPs to evade phagocytic clearance and prolong their in vivo
circulation time. As an example, Zwitterionic polymer LNPs (ZP-
LNPs) show how these material design principles can be applied to
develop more effective delivery systems.

ZP-LNPs are constructed using the zwitterionic polymer
polycarboxybetaine (PCB)-modi�ed 1,2-dimyristoylglycerol
(DMG) lipid, referred to as DMG-PCBn. These structures enable
selective delivery of siRNAs to both the liver and lungs (Figure 2D)
(Li et al., 2025). By adjusting parameters such as the lipid-to-siRNA
mass ratio, the molar ratio of lipid components, and the degree of
polymerization of DMG-PCBn, researchers developed libraries of
ZP-LNPs, allowing for screening and selection based on speci�c
therapeutic goals. Mechanistic studies suggest that organ-speci�c
delivery patterns and the in vivo fate of ZP-LNPs are largely
governed by pKa values and the composition of the protein
TABLE 1 Summary of Types, Advantages and Limitations of Nanomaterials Applied in the Treatment of Bacterial Pneumonia.

Material types Key advantages Major limitation

Liposomes

- Targeted delivery
- Long-acting release
- Low toxicity
- Biocompatibility
- Degradability
- High drug encapsulation capacity
- Environment-responsive-release

- Nebulization may alter the physical properties of liposomes and their intracellular
deposition, resulting in insuf�cient effective drug concentrations
- Phagocytized by macrophages
- Limited penetrable barriers
- Insuf�cient safety-related data
- Complex preparation process
- Challenging for clinical translation

Polymeric nanomaterials

- Physicochemical properties can be customized
- Stimuli-responsive
- The degree of polymerization alters
permeability and regulates surface charge

- Nanoparticles tend to aggregate due to high surface energy, which affects the stability of
materials
- Dif�cult to regulate properties
- Limited penetrable barriers
- Insuf�cient safety-related data
- Complex preparation process and high cost
- Unknown environmental impact

Extracelluar vesicles

- Metabolizable
- Biocompatibility and low immunogenicity
- Low toxicity
- Barrier penetration ability
- Speci�c binding to target cells
- Regulate in�ammation, promote regeneration,
tissue repair, etc.
- Stabilizing and protective effects of the lipid
bilayer
- Potential for engineering modi�cation

- Different components from different sources, with a lack of uni�ed quality control
standards
- Limitations in in vivo clearance and distribution&unmodi�ed ones are prone to
clearance
- Lack of precise stimulus-responsive release mechanisms
- Some mechanisms of action remain unknown
- Dif�culties in preparation and puri�cation
- Challenges in clinical translation

Inorganic nanomaterials

- High biological selectivity
- Multifunctional integration
- Environmental stability
- Excellent photothermal/
photodynamic performance

- The chiral generation mechanisms of some materials remain poorly understood
- Insuf�cient penetration depth of near-infrared light in tissues
- Prone to be cleared by the endothelial system
- Unclear metabolic pathways of some materials
- Insuf�cient safety-related data
- Dif�culties in preparation and standardization
- Challenges in clinical translation

Organic- inorganic
composite nanomaterials

- Multimodal synergistic antibacterial activity
- Complementary properties of organic and
inorganic materials
- High designability

- Risks of toxicity and accumulation
- Susceptible to degradation
- Challenges in clinical translation
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corona. In vivo imaging demonstrated that the B5-1@Cy5-siRNA
subtype accumulates speci�cally in the lungs (Figure 2E), showing
that different modi�cations lead to clear differences in organ
distribution and enable selective targeting. ZP-LNPs primarily
reduce in�ammation by suppressing target genes and decreasing
the levels of in�ammatory mediators like TNF-a. Pathological
analysis showed that B5-1@siTNF-a treatment in mice with lung
in�ammation preserved alveolar architecture, reduced bronchial
wall thickness, and signi�cantly decreased in�ltration of
in�ammatory cells (Figure 2F). Moreover, the serum level of IL-6
in lipopolysaccharide(LPS)-stimulated mice was signi�cantly
elevated compared to normal controls, further supporting the
accuracy and effectiveness of this delivery strategy.
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Thirdly, liposomes exhibit strong biocompatibility. Their
phosphol ipid bilayer structure resembles that of cel l
membranes, making them non-toxic, non-immunogenic, and
suitable for multiple administration routes, including
intravenous injection and inhalation (Li et al., 2017; Yu et al.,
2023; Pal et al., 2017). Inhalation of andrographolide dry powder
inhalers (LADPIs) diminishes in�ammatory injury. LADPIs
reduce the levels of in�ammatory biomarkers such as IL-1,
TGF-b, total proteins and lower the recruitment of leukocytes
and neutrophils (Li et al., 2017). In addition to drug delivery,
liposomes also reduce damage to extrapulmonary organs and
prevent unwanted drug accumulation outside the lungs
(Rommasi and Esfandiari, 2021).
FIGURE 2

(A) A modi�ed liposomal nanoparticle, LITTN, effectively treats bacterial pneumonia while preserving gut bacterial diversity. Reproduced by permission. Copy
right 2024, Elsevier. (B) Under hyperoxic and acidic conditions, Rif@LITTN leads to a reduction in the number of bacterial colonies of Staphylococcus aureus
and MRSA strains on agar plates. Reproduced by permission. Copy right 2024, Elsevier. (C) The a-diversity of bacteria treated with Rif@LITTN was higher than
that in the free Rif group. Reproduced by permission. Copy right 2024, Elsevier. (D) Schematic illustration of the construction and delivery of ZP-LNPs.
Reproduced by permission. Copy right 2024, Wiley. (E) In vivo luminescence imaging revealed that the two ZP-LNPs were primarily distributed in the liver
and lung. Reproduced by permission. Copy right 2024, Wiley. (F) Treatment with B5-1@siTNF-a reduced in�ammation, and the alveolar structures remained
relatively more intact. "***" signi�es an extremely statistically signi�cant difference (P < 0.001). Reproduced by permission. Copy right 2024, Wiley.
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To examine the safety of liposome-based treatment for bacterial
pneumonia, the health condition of experimental animals was
observed in the liposome-treated group. Tissues from organs
stained with H&E did not show structural or morphological
abnormality. No signi�cant difference was observed in basic
physiological parameters including mental status, mobility and
weight of treated and control groups. According to the �ndings,
administration of liposomes did not interfere with the normal
structure and function of any other major organ (Meng et al., 2024).
2.2 Polymeric nanomaterials

Most polymer NPs are made of polymer compounds with
repeating units. Polymer nanotechnology is making a mark in the
treatment of bacterial pneumonia by offering better control over
drug release. Researchers accomplished this by adjusting
parameters like polymer molecular weight, adding functional
modi�cations, and degrading esters and similar links. These
actions result in small molecules that are not metabolically toxic.
The delivery of various drug forms, such as hydrogels,
microspheres, NPs containing small molecules, proteins, and
nucleic acids are also possible with polymer-based systems. These
characteristics provide answers to problems like drug resistance and
inef�ciencies in standard antibiotic treatment (Lim et al., 2016).
Scientists have made many types of nanocarriers in the form of a
polymer to enhance the activities of existing drugs. These systems
enhance the ef�ciency of delivery, help cross the physical barrier of
the lung, and exhibit greater antimicrobial activity compared to the
drug that has not been modi�ed (Solanki et al., 2024). In some
instances, the polymeric materials formulate complexes with the
drugs to help deliver them and lessen their toxicity systemically
(Verma et al., 2024).

The physicochemical properties of polymer NPs are unique and
make them ideal tools for pulmonary drug delivery. Through
suitable modi�cations in surface properties these NPs can also
release an active ingredient in a controlled manner at the target site.
Cationic NPs can enhance drug uptake by interfering with
negatively charged bacterial or cellular membranes in particular.
Li et al. developed a microenvironment-responsive, charge-
switchable NPs system (DA-AZI NPs) (Li et al., 2024b). This was
achieved by �rst synthesizing an amphiphilic polymer,
polycaprolactone-epsilon-poly(L-lysine) (PCL-e-PLL), which was
co-assembled with polycaprolactone-poly(ethylene glycol) (PCL-
PEG) into NPs. A pH-sensitive, negatively charged polymer,
dimethylmaleic anhydride (DA)-modi�ed poly(ethylene glycol)-
epsilon-poly(L-lysine) (PEG-PLL-DA), was synthesized using
cholesteryl hemisuccinate (CHEMS) as a counterion and used to
coat the positively charged NPs, effectively masking their surface
charge. The resulting DA-AZI NPs demonstrated the ability to
rapidly pass through airway mucus and accumulate at infection
sites within bio�lms (Figure 3A). In acidic microenvironments,
such as those found in bio�lms, the amide bond between e-PLL and
the amino group of DA was cleaved, causing a charge reversal. This
allowed the positively charged core to be exposed, while SA-AZI
Frontiers in Cellular and Infection Microbiology 06
NPs, which remained negatively charged regardless of pH, detached
from the NPs surface due to electrostatic repulsion (Figure 3B, C).
The exposed e-PLL-derived NPs then penetrated deep into the
bio�lm, targeted P. aeruginosa through LPS binding, and increased
bacterial membrane permeability. Within 20 minutes, DA-AZI NPs
were broadly distributed throughout the bio�lm, and by 40 minutes,
they had penetrated nearly the entire structure (Figure 3D). The
azithromycin was then precisely released at the infection site,
successfully overcoming resistance in highly drug-resistant
P. aeruginosa.

In recent years, bionic nanoplatforms have gained increasing
attention due to their ability to effectively target in�ammatory sites
while avoiding immune surveillance. One such biomimetic
nanocarrier, Siv-polymyxin B (PMB)@G4@MM, is constructed by
encapsulating a polymeric core with macrophage membranes
(MMs) (Duan et al., 2024). These membranes not only direct the
nanocarrier to in�ammation sites but also help capture LPS and
pro-in�ammatory cytokines (Gao et al., 2020; Tan et al., 2021; Yin
et al., 2023; Cao et al., 2022). The polymeric core is composed of
generation 4.0 polyamidoamine dendrimer (G4 PAMAM or G4),
which can accommodate both lipid-soluble drugs (Siv) and water-
soluble drugs (PMB) within its internal cavities. These drugs are
released in response to low pH in acidic microenvironments and are
taken up by endocytosis. Additionally, G4 carries intrinsic
antimicrobial activity due to its strongly positive surface charge,
supporting its potential use against CRKP (Han et al., 2023; Chen
et al., 2023; Li et al., 2021) (Figure 3E). Subsequent studies have
con�rmed the synergistic antibacterial effect of G4 combined with
PMB. Transcriptome sequencing (RNA-seq) revealed signi�cant
shifts in gene expression pro�les. In the co-treatment group, genes
associated with drug response were signi�cantly downregulated,
hindering the transfer of bacterial resistance genes. There was also
reduced expression of genes linked to isoenzyme activity, which
affects bacterial adaptability under extreme conditions, as well as
genes involved in energy metabolism. These changes accelerated
bacterial collapse, contributing to the observed synergistic
antibacterial effects (Figure 3F). In in vivo experiments, the Siv-
PMB@G4@MM group showed minimal lung injury and a reduced
in�ammatory response (Figure 3G). Quantitative analysis and
immunohistochemical staining for myeloperoxidase (MPO), a
marker of neutrophil in�ltration, revealed signi�cantly lower
MPO expression in lung tissues from this group (Figure 3H),
indicating superior antibacterial and anti-in�ammatory effects.
Another approach involves active delivery. The biohybrid
microrobot, known as the algal-NP-robot, is made by attaching
drug-loaded polymer NPs encapsulated in neutrophil membranes
to Chlamydomonas reinhardtii (Zhang et al., 2022a). Its biomimetic
design helps reduce immune clearance. Powered by the propulsion
of living microalgae cells, this system generates strong and sustained
motion, enabling a distinctive form of targeted drug delivery.

Another strategy is to target ligand modi�cation. By attaching
speci�c ligands to the surface of polymer NPs, drug accumulation at
the disease site can be increased, concentration at the target area
improved, and systemic distribution reduced. Subsequently, this
helps limit toxicity to other organs (Elnakat and Ratnam, 2004). For
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example, as in�amed lung tissue tends to overexpress folate
receptors (FRs), FA-modi�ed NPs have been applied for targeted
antibiotic delivery to macrophages (Puligujja et al., 2013), allowing
for more accumulation of the drug in affected regions. Due to their
chemical properties, polymeric NPs are also able to cross the lung’s
mucus barrier, reach deep into the infection site, and bind the drug
Frontiers in Cellular and Infection Microbiology 07
to achieve local concentration at the lesion. One example is MXF/
Oxi-aCD NPs, formed by encapsulating moxi�oxacin with
nanomaterials capable of penetrating mucus through PEG coating
(Wang et al., 2019). These polymeric NPs release the drug rapidly in
infected microenvironments, facilitated by their design, which
includes responsiveness to reactive oxygen species (ROS). In a
FIGURE 3 (Continued)
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