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Recent advances and prospects in nanomaterials
for bacterial sepsis management

Chaoyang Zhou,*a Yong Liu, *ac Yuanfeng Li*ab and Linqi Shi d

Bacterial sepsis is a life-threatening condition caused by bacteria entering the bloodstream and

triggering an immune response, underscoring the importance of early recognition and prompt

treatment. Nanomedicine holds promise for addressing sepsis through improved diagnostics,

nanoparticle biosensors for detection and imaging, enhanced antibiotic delivery, combating resistance,

and immune modulation. However, challenges remain in ensuring safety, regulatory compliance,

scalability, and cost-effectiveness before clinical implementation. Further research is needed to optimize

design, efficacy, safety, and regulatory strategies for effective utilization of nanomedicines in bacterial

sepsis diagnosis and treatment. This review highlights the significant potential of nanomedicines,

including improved drug delivery, enhanced diagnostics, and immunomodulation for bacterial sepsis. It

also emphasizes the need for further research to optimize design, efficacy, safety profiles, and address

regulatory challenges to facilitate clinical translation.

1. Introduction

Bacterial sepsis, also known as septicemia or blood poisoning,
is a serious medical condition caused by the presence of
bacteria and their toxins in the bloodstream.1,2 Sepsis can
occur when an infection in one part of the body, such as the
lungs, urinary tract, or skin, spreads to the bloodstream and
triggers an immune response. The consequences of untreated
or severe bacterial sepsis can be life-threatening. It can damage
multiple organs, including the heart, brain, kidneys, and liver,
leading to septic shock and organ failure.3 Bacterial sepsis is a
leading cause of death in hospitals and intensive care units, with
mortality rates ranging from 10% to 50% depending on the
severity of the infection and the patient’s overall health status.4

Early recognition and prompt treatment are critical for improv-
ing outcomes in sepsis. Common signs and symptoms of sepsis
include fever, chills, rapid heartbeat, rapid breathing, low blood
pressure, and confusion. Treatment typically involves antibio-
tics, fluids, oxygen therapy, and other supportive measures to
stabilize the patient’s vital signs and prevent complications.5

In bacterial sepsis, as shown in Fig. 1, the body experiences a
severe response to a bacterial infection. This condition is
characterized by the presence of bacteria in the bloodstream,
leading to widespread infection throughout the body.6 The
immune system, which normally acts to defend against such
infections, becomes compromised or suppressed, making it
harder for the body to fight off the invading bacteria. Addition-
ally, bacterial sepsis triggers an exaggerated and dysregulated
inflammatory response known as hyperinflammation.7–10 This
excessive inflammation can further contribute to tissue damage
and organ dysfunction, potentially leading to life-threatening
complications if not effectively managed.

Fig. 1 Schematic illustration of the procedure in bacterial sepsis and the
physiological parameters during bacterial sepsis. Created with BioRender.com.
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The treatment and management of sepsis including the
initial diagnosis, timely anti-microbial therapy and attenuating
the host response and accompanying organ dysfunction.11 The
appropriate cultures should be obtained, to determine the use
of antibiotics. The hypotension commonly treated by intrave-
nous fluids or vasopressors. Low-dose steroid is suggested to
administer, and plateau airway pressure should be maintained.
The deep vein thrombosis and upper gastrointestinal bleeding
should be carefully prevented.

Nanomedicine is a rapidly growing field that involves the use of
nanotechnology in medicine. It offers many advantages and has
great potential in various applications, including the treatment of
bacterial sepsis. In the context of sepsis therapy, an advantage of
nanomedicine is its ability to enhance the diagnostic capabilities of
medical practitioners.12 Several nanomaterials, such as gold nano-
particles (Au NPs), quantum dots, and magnetic nanoparticles
(MNPs), have been explored for their potential as biosensors for
the detection of bacterial toxins, cytokines, and other biomarkers of
sepsis.13,14 These sensors offer high sensitivity, specificity, and
accuracy, which could enable earlier detection and diagnosis of
sepsis, leading to faster treatment and better outcomes. Moreover,
nanomedicine also provides unique opportunities for imaging
and monitoring of sepsis. Nanoparticles (NPs) can be designed to
be detectable by imaging techniques such as magnetic resonance
imaging (MRI) or computed tomography (CT). This could enable
real-time monitoring of the spread and severity of sepsis, allowing
for more targeted and personalized treatment approaches.

Besides, nanotechnology could be particularly valuable
because it could help to deliver antibiotics directly to the site
of infection, allowing for more effective and efficient
treatment.15 Nanomedicine also offers potential solutions for
overcoming the problem of antibiotic resistance.16 The emer-
gence of drug-resistant bacteria is a major concern in the
treatment of bacterial infections, including sepsis. NPs can
increase the efficacy of antibiotics against drug-resistant bac-
teria by enhancing their uptake at the site of infection, reducing
the risk of resistance development and minimizing damage to
healthy tissues.17–19 Another promising application of nanome-
dicine in sepsis therapy is the modulation of the immune
response. Sepsis is characterized by an excessive and dysregu-
lated immune response that can cause tissue damage and
organ dysfunction. NPs can be designed to target specific cells
or molecules involved in the immune response and modulate
their activity.20,21 Despite these advantages, there are also
challenges associated with the development and translation
of nanomedicine into clinical practice. One of the biggest
challenges is ensuring safety and regulatory compliance. Due
to their unique properties and potential risks, NPs require
extensive testing and evaluation before they can be approved
for clinical use. Furthermore, the manufacturing and scalability
of NPs may be challenging, and cost-effectiveness needs to be
evaluated carefully.

In this review, we highlight the significant potential of
nanomedicines in the treatment and diagnosis of bacterial
sepsis (Fig. 2). In this regard, nanomedicines offer many
advantages, including improved drug delivery, enhanced

diagnostic capabilities, and opportunities for immunomodula-
tion and combating antibiotic resistance. Also, further research
is discussed that needed to optimize the design and efficacy of
nanomedicines, improve their safety profile, and address reg-
ulatory challenges for their clinical translation.

2. Host response in bacterial infection

As summarized in Fig. 3, in bacterial sepsis, both innate and
adaptive immune responses play crucial roles in combating the
infection.

During the proinflammatory response in bacterial infections,22

there is an early immune reaction characterized by the release of
various proinflammatory cytokines such as interleukin-1 (IL-1),
interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-18 (IL-18),
tumor necrosis factor-alpha (TNF-a), and interferon-gamma
(IFN-g). These cytokines contribute to the activation of comple-
ment, coagulation pathways, and phagocytes,23,24 which are
important for eliminating the invading bacteria.

The cellular immune response is also triggered during
bacterial infections. B cells, neutrophils, and myeloid-derived
suppressor cells (MDSCs) become activated.25 B cells play a role
in producing immunoglobulins, including IgM and IgG, which
can specifically bind to bacterial antigens and aid in their
clearance. Neutrophils, a type of phagocyte, are mobilized to
the site of infection to engulf and destroy bacteria. MDSCs, on
the other hand, have an immunosuppressive function and can
inhibit T cell responses.

In contrast to the proinflammatory response, the anti-
inflammatory response emerges as an attempt to regulate the
excessive inflammation.26 This response is characterized by a
decrease in the expression of human leukocyte antigen-DR
(HLA-DR), resulting in impaired immune cell function. T cell
exhaustion occurs, leading to reduced T cell activity and
responsiveness. Moreover, immune cells, such as lymphocytes,
monocytes, and antigen-presenting cells, undergo apoptosis,
further compromising the immune response.

Fig. 2 Summary of the NPs that have been used in bacterial sepsis
diagnosis and treatment.
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Immunoparalysis is a state of immune dysfunction that
occurs during the anti-inflammatory response, leaving indivi-
duals susceptible to nosocomial infections (hospital-acquired
infections) and reactivation of latent viral infections.6,27,28

Endotoxin tolerance, where the body becomes less responsive
to bacterial endotoxins, can also contribute to immunoparaly-
sis. Ultimately, if the anti-inflammatory response is not con-
trolled, it can lead to late death in bacterial sepsis.

In summary, both the proinflammatory and anti-inflam-
matory responses are involved in the immune response during
bacterial sepsis. While the proinflammatory response aims
to eliminate the bacteria, the anti-inflammatory response
acts as a regulatory mechanism. However, an uncontrolled

anti-inflammatory response can lead to immunoparalysis and
negative outcomes such as late death.

In bacterial sepsis, SIRS (systemic inflammatory response
syndrome),29 sepsis, severe sepsis, and septic shock are different
stages in the continuum of infection-related conditions. SIRS is a
systemic inflammatory response that can be triggered by various
factors, including infection, pancreatitis, burns, trauma, etc.30

Sepsis occurs when there is evidence of infection along with the
presence of SIRS criteria. Severe sepsis refers to sepsis with
evidence of organ dysfunction, while septic shock is a life-
threatening condition characterized by persistent hypotension
despite treatment.31 Their relationship was summarized in
Fig. 4. Timely recognition and appropriate management of these
conditions are critical to improve patient outcomes.

3. Nanodiagnostic techniques for early
detection of bacterial sepsis
3.1. Nanomaterials for detecting early bacterial infections

Early detection and diagnosis of bacterial infections are critical
for effective treatment and prevention of disease progression.
Nanomaterials have emerged as promising platforms for the
development of sensitive and specific diagnostic tools for
detecting early bacterial infections. In this section, we will
explore the different types of nanomaterials that have been
used for early detection of bacterial infections.

AuNPs have been widely explored for their potential in
bacterial detection. AuNPs can be functionalized with antibodies
or peptides that specifically bind to bacterial cell wall compo-
nents, such as lipopolysaccharides (LPS)32,33 or peptidoglycan.34

The binding of AuNPs to bacterial cells results in a color change
or shift in the surface plasmon resonance, which can be detected
using various techniques, such as UV-visible spectroscopy or

Fig. 3 Summary of the host immune response during bacterial infection.

Fig. 4 Schematic showing of the relationship between SIRS, sepsis,
severe sepsis, and septic shock can be described as a progressive con-
tinuum of infection-related conditions.
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colorimetry.35 AuNPs-based assays have been developed for the
detection of a variety of bacterial pathogens, including Escher-
ichia coli (E. coli), Pseudomonas aeruginosa (P. aeruginosa), and
Staphylococcus aureus (S. aureus).36 For example, aptamers for
ethanolamine and E. coli O111:B4 LPS were used to modify
AuNPs. The aptamers for ethanolamine-modified AuNPs
(G-probes) can bind to ethanolamine and identify any type of
LPS due to the presence of ethanolamine in all LPS variants. This
interaction causes the AuNPs to aggregate in a sandwich-like
manner, resulting in a color change from red to blue. Addition-
ally, specific probes (S-probes) were created by functionalizing
the AuNPs with an aptamer specific to E. coli O111:B4 LPS. These
two probes were utilized to develop a logical typing method that
can detect LPS within the concentration range of 2.5 to 20 mg mL�1,
with a detection limit of 1 mg mL�1 (Fig. 5).32 Additionally, a
colorimetric assay using an LPS-binding peptide (LBP) and unmo-
dified AuNPs was developed for the label-free detection of LPS.
When cationic LBP probes with a C-terminal cysteine thiol anchor
to the surface of anionic AuNPs, it causes the AuNPs to aggregate,
leading to a red-to-purple color change and the emergence of a new
absorption peak at 586 nm. However, in the presence of LPS, the
LPS and LBP form LPS–LBP complexes that prevent the aggregation
of AuNPs, which causes prominent color and absorption spectrum
differences. This assay allows for quantitative determination of LPS
concentration through UV-vis spectroscopy and the detection range
is between 10–1000 nM with a detection limit of 2.0 nM.37

Magnetic nanoparticles (MNPs) have also been investigated
for their potential in bacterial detection.38,39 MNPs can be
modified with antibodies40 or peptides41 that selectively attach
to specific components of bacterial cell walls. When MNPs bind
to bacterial cells, they generate a magnetic signal that can be
identified through techniques such as MRI42 or magnetoresis-
tive sensors.43 For instance, a low-field magnetic resonance
imaging (LF-MRI) aptasensor that enables fast detection of
P. aeruginosa was developed. This aptasensor relies on the

disparity in magnetic behavior between two magnetic nano-
particles: MN10, which has a diameter of 10 nm, and MN400,
which has a diameter of 400 nm. To capture the targeted
bacteria, specific anti-P. aeruginosa aptamers were chemically
immobilized onto the magnetic nanoparticles. When P. aerugi-
nosa is present, the aptamers situated on the magnetic nano-
particles bind to the P. aeruginosa cells, resulting in the
formation of a complex called MN10–bacteria–MN400 (MBM).44

By applying a magnetic field, the MBM complex along with the
free MN400 particles can be swiftly separated magnetically.
Meanwhile, the unbound MN10 particles remain in the solution
and serve as a single readout for T2 (transverse relaxation time)
in MRI measurements. The LF-MRI platform not only allows for
image analysis but also facilitates quantitative detection of
P. aeruginosa. Under optimized conditions, it exhibits a detec-
tion limit of 100 CFU mL�1 (Fig. 6).

In another example, the sensitivity of magnetoresistive
sensors, the portability of a lab-on-chip platform, and the
specificity of phage receptor binding proteins (RBPs) as
probes were integrated for the rapid and multiplex detection
of Enterococcus and Staphylococcus. To achieve this, bacterial
cells were initially labeled with RBPs-functionalized MNPs, and
subsequently, they were measured using MR sensors. The
results clearly demonstrate that the RBP-MNPs enable the
specific capture of over 70% of both Enterococcus and Staphy-
lococcus cells, both individually and simultaneously. Moreover,
the MR sensors exhibited robust signals for these samples,
thereby enabling the detection of both pathogens even at low
concentrations (10 CFU mL�1) in less than 2 hours.45

Carbon nanotubes (CNTs) have also shown great potential
for bacterial detection.46 CNTs can be functionalized with
antibodies or peptides that specifically bind to bacterial cell
wall components.47 The binding of bacteria to CNTs results in
changes in the electrical conductivity or fluorescence intensity
of the CNTs, which can be detected using various techniques,
such as field-effect transistor (FET) or fluorescence spectroscopy.48

CNTs-based assays have been developed for the detection of
several bacterial pathogens, including E. coli and S. aureus.49 A
carbon nanotube field-effect transistor (CNT-FET) is an electronic
device that utilizes carbon nanotubes as the conducting channel,
offering high speed, low power consumption, and compatibility
with flexible electronics. By applying a gate voltage to control the
flow of current through the carbon nanotube channel, CNT-FETs
can modulate their electrical characteristics, making them pro-
mising for various applications such as digital logic circuits,
sensors, and biomedical devices.50 For example, a CNT-FET was
fabricated by assembling high-purity semiconductor carbon nano-
tube films onto the sensing channel. To enhance detection
sensitivity, carboxylated graphene quantum dots (cGQDs) were
coupled to the CNT surface using poly-L-lysine (PLL). Covalent
binding of polymyxin B (PMB), a highly specific endotoxin binder,
to cGQDs enabled efficient capture and detection of endotoxin.
This method exhibited a low limit of detection in both PBS
(4.6 fg mL�1) and serum (30.3 fg mL�1) with excellent resistance
to interference. It also allowed for rapid analysis of Gram-negative
bacterial infections in blood samples, demonstrating superior

Fig. 5 The signal output configuration oflogic typing sensor based on G-
probe & S-probe. Reproduced from ref. 32 with permission from Springer
Nature, copyright 2019.
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diagnostic accuracy (AUC = 0.990) based on the receiver operating
characteristic curve (ROC).51

In addition to their sensitivity and specificity, nanomaterial-
based assays offer several advantages over traditional bacterial
detection methods, such as culture-based methods or polymerase
chain reaction (PCR).52 Nanomaterial-based assays are rapid, requir-
ing only minutes to hours for detection, compared to days for
culture-based methods or PCR. They also require minimal sample
preparation and can be performed using portable or handheld
devices, making them attractive for point-of-care applications.

3.2. Nanobiosensors for detecting biomarkers of sepsis

Biomarkers of sepsis, such as procalcitonin,53 C-reactive
protein,54 and IL-6,55 have been identified and used in clinical
practice for the diagnosis and management of sepsis.6 How-
ever, these biomarkers have limited sensitivity and specificity,
highlighting the need for more sensitive and specific diagnostic
tools. Nanobiosensors have emerged as promising platforms
for the detection of sepsis biomarkers.56 In this section, we will
describe the different types of nanobiosensors that have been
used for detecting biomarkers of sepsis.

CNTs have emerged as promising tools in the field of sepsis
biomarker sensing due to their unique properties. Extensive
research has been conducted to explore the potential of CNTs
in effectively detecting sepsis biomarkers. By functionalizing
CNTs with antibodies or peptides that specifically recognize sepsis
biomarkers, such as procalcitonin or C-reactive protein,57 the
binding interaction between the biomarker and the CNTs triggers
noticeable changes in the electrical conductivity or fluorescence
intensity of the CNTs. These changes serve as valuable indicators
that enable the detection and quantification of sepsis
biomarkers.58 Various advanced techniques, including differential
pulse voltammetry (DPV) or fluorescence spectroscopy,59 are
employed to accurately measure these alterations and provide

reliable detection results. Significantly, CNT-based biosensors
have been successfully developed and optimized for the specific
identification and measurement of several sepsis biomarkers,
including procalcitonin and C-reactive protein.60 This break-
through opens up new possibilities for early sepsis diagnosis,
allowing for timely intervention and improved patient
outcomes.61 Continued advancements in CNT-based biosensor
technology hold great promise for enhancing sepsis manage-
ment and contributing to the development of personalized
medicine approaches in the future.

In addition to carbon nanotubes, AuNPs have garnered
significant attention and investigation for their potential in
sepsis biomarker detection. The unique properties of AuNPs
make them suitable candidates for functionalization with anti-
bodies or peptides that selectively target sepsis biomarkers,
including interleukin-6.62 When the sepsis biomarker binds to
the AuNPs, it induces a color change or shift in the surface
plasmon resonance of the NPs. This optical phenomenon can
be effectively detected using techniques like UV-visible spectro-
scopy or colorimetry. By measuring the changes in absorbance
or color intensity, the presence and concentration of sepsis
biomarkers can be accurately determined. The use of AuNP-
based biosensors offers several advantages, including their
high stability, biocompatibility, and ease of synthesis and
modification.63 These properties make them valuable tools
for rapid and sensitive detection of sepsis biomarkers. Ongoing
research and development in this field aim to optimize AuNP-
based sensing platforms, leading to advancements in early
sepsis diagnosis, monitoring of treatment effectiveness, and
personalized patient care.64

MNPs have also emerged as a promising approach for the
detection of sepsis biomarkers, showcasing their significant
potential in this field. By functionalizing MNPs with antibodies
or peptides that possess high specificity towards sepsis

Fig. 6 LF-MRI aptasensor schematic and the detection of P. aeruginosa. Reproduced from ref. 44 with permission from American Chemical Society,
copyright 2021.
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biomarkers like procalcitonin, they can selectively bind to these
biomolecules. The binding interaction between the sepsis
biomarker and the MNPs generates a magnetic signal, which
can be harnessed for detection purposes. Techniques such as
MRI or magnetoresistive sensors can effectively capture and
analyze this magnetic signal.

The use of MNPs in sepsis biomarker detection offers
distinct advantages, including their biocompatibility, stability,
and the possibility of multiplexed detection with different
biomarkers simultaneously. This technology holds immense
promise for improving sepsis diagnosis, facilitating early inter-
vention, and monitoring treatment response. Continued
research and development efforts are focused on optimizing
MNP-based sensing platforms, advancing their sensitivity, spe-
cificity, and applicability in clinical settings. In addition to their
sensitivity and specificity, nanobiosensors offer several advan-
tages over traditional diagnostic tools for sepsis biomarkers,
such as enzyme-linked immunosorbent assays (ELISA). Nano-
biosensors are rapid, requiring only minutes to hours for
detection, compared to hours for ELISAs. They also require
minimal sample preparation and can be performed using
portable or handheld devices, making them attractive for
point-of-care applications.

3.3. Nanoparticle imaging techniques for diagnosing sepsis

Nanoparticle imaging techniques have emerged as promising
tools for the diagnosis and monitoring of sepsis. In this article,
we will explore the different types of nanoparticle imaging
techniques that have been used for diagnosing sepsis.

MRI is a non-invasive imaging technique that uses magnetic
fields and radio waves to create images of internal organs and
tissues. Superparamagnetic iron oxide nanoparticles (SPIONs)
have been widely explored as contrast agents for MRI in sepsis
imaging. SPIONs can be functionalized with antibodies or
peptides that specifically bind to sepsis biomarkers, such as
LPS or microbial cell wall components.65 The binding of
SPIONs to bacterial cells results in changes in magnetic
susceptibility, which can be detected using MRI. SPION-based

MRI has been shown to improve the sensitivity and specificity
of sepsis detection compared to traditional MRI methods.

Optical imaging is another non-invasive imaging technique
that uses light to visualize organs and tissues. Near-infrared
fluorescence (NIRF) imaging is a type of optical imaging that
takes advantage of the transparency of biological tissues to
near-infrared light. NIRF imaging can be used to detect fluor-
escently labeled NPs that specifically bind to sepsis biomarkers.
Au NPs and quantum dots have both been investigated as
fluorescent contrast agents for NIRF imaging in sepsis. For
example, Au NPs can be functionalized with antibodies or
peptides that specifically bind to LPS, resulting in enhanced
fluorescence signals in regions of sepsis.

Positron emission tomography (PET) is a nuclear imaging
technique that uses radioactive tracers to visualize metabolic
processes in the body.66 Radiolabeled NPs, such as iron oxide
nanoparticles or Au NPs, have been investigated as contrast
agents for PET imaging in sepsis.67 Radiolabeled NPs can be
functionalized with targeting moieties that specifically bind to
sepsis biomarkers, allowing for targeted imaging of septic foci.
For example, radiolabeled iron oxide nanoparticles have been used
to detect neutrophils by PET in LPS-induced lung injury (Fig. 7).68,69

In addition to their sensitivity and specificity, nanoparticle
imaging techniques offer several advantages over traditional
diagnostic tools for sepsis, such as blood cultures or biomarker
assays. Nanoparticle imaging techniques provide real-time
information on the location and extent of septic foci, allowing
for precise localization and monitoring of sepsis. They are also
non-invasive, reducing the risk of complications associated
with invasive procedures.67,70

4. Nanomedicine in antibiotic therapy
4.1. NPs to enhance stability, bioavailability, and efficacy of
antibiotics

NPs have shown great potential in enhancing the stability, bioa-
vailability, and efficacy of antibiotics. They offer several advantages
over traditional antibiotic formulations, including increased drug
solubility, targeted delivery, prolonged circulation time, and
reduced toxicity.16,71 In this section, we will describe the different
types of NPs that have been used to improve antibiotic therapy and
their mechanisms of action (Fig. 8). The mechanisms by which
NPs enhance antibiotic delivery and efficacy are multifactorial.
One of the primary mechanisms is through increased drug
solubility and stability. NPs can encapsulate hydrophobic drugs,
such as some antibiotics, and protect them from degradation or
aggregation.72,73 This allows for increased circulation time and
improved availability of the drug at the site of infection. Targeted
delivery is another mechanism by which NPs improve antibiotic
therapy. By functionalizing the surface of NPs with targeting
ligands,74 they can selectively bind to bacterial cells and deliver
the drug directly to the site of infection.75,76 This reduces the risk
of off-target effects and minimizes damage to healthy tissues.

One of the most common types of NPs used for antibiotic
delivery is lipid-based NPs, including liposomes, lipid NPs, and

Fig. 7 PET/CT imaging of a C57BL/6 mouse. No 68Ga signal was observed
in the lungs without LPS-treated mouse (a), but appeared in liver and
spleen. The 68Ga signal was showed in lungs with LPS-induced lung
infection (b). Reproduced from ref. 64 with permission from Royal
Chemical Society, copyright 2023.
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emulsions. Liposomes are spherical particles composed of a
phospholipid bilayer that can encapsulate hydrophilic or
hydrophobic drugs.77 The phospholipid bilayer provides a
protective barrier around the drug, reducing its degradation
and increasing its circulation time in the bloodstream. Lipo-
somes can also be functionalized with targeting ligands, such
as antibodies or peptides, to enhance their specificity and
selectivity towards bacterial pathogens. For instance, compared
to non-targeted liposomes, these targeted liposomes showed
higher binding affinity to P. aeruginosa and were found in
greater numbers in the circulation and at the site of infection
in mice. In a mouse model, treatment with ciprofloxacin-
loaded, targeted liposomes resulted in increased survival time
compared to other liposome formulations and free
ciprofloxacin.78 Lipid NPs are a type of nanoparticle that are
composed primarily of lipids, which are naturally occurring
molecules such as phospholipids and cholesterol. These NPs
have gained significant attention in the field of drug delivery
due to their ability to encapsulate and protect various types of
therapeutic agents, including small molecules, proteins, nucleic
acids, and vaccines. For example, a novel ciprofloxacin-
conjugated lipid nanoparticle has been developed for bacterial
biofilm eradication.79,80 By conjugating boronic acid moieties on
drugs with a lipid derived from a-aminophosphonate containing
catechol through dynamic covalent bonding (Fig. 9), we obtained
lipid NPs with desirable properties. Efficient drug loading is
ensured by this conjugation, achieving effective encapsulation
and eliminating the need for purification as water is generated.
Charge reversal is achieved due to lowered pKa of adjacent
amines to phosphonates, enabling adaptive targeting in acidic
microenvironments. Specific drug release occurs via the respon-
sive nature of lipid NPs to acidic/oxidative conditions in cancer
cells or infection sites, allowing for in situ release of cargoes and
therapeutic efficacy.79

Polymeric NPs are another type of nanoparticle used for
antibiotic delivery. Polymeric NPs encompass a range of

structures, including polymersomes, polymeric micelles, dendri-
mers, and nanospheres. Polymersomes are vesicular structures
formed by self-assembly of amphiphilic block copolymers. These
large, hollow structures provide an excellent platform for encap-
sulating hydrophilic and hydrophobic antibiotics within their
aqueous core and lipid bilayer membrane,81 respectively. Poly-
meric micelles are formed through the self-assembly of amphi-
philic block copolymers in an aqueous solution. They consist of
a hydrophobic core surrounded by a hydrophilic shell, allowing
for the encapsulation of hydrophobic drugs within the core.82

These NPs are made from amphiphilic polymers, such as
poly(lactic-co-glycolic acid) (PLGA), and can encapsulate both
hydrophilic and hydrophobic drugs.73,83 Polymeric NPs provide
sustained release of the drug and increased bioavailability
compared to free drug formulations.84 They also allow for
targeted delivery by functionalizing the surface of the NPs with
targeting moieties.85 For example, a pH/enzyme-responsive
amphiphilic block copolymer consisting of biotinylated poly-
(ethylene glycol)-b-poly(b-amino ester)-b-poly(ethylene glycol)
grafted with PEGylated lipid (Biotin-PEG-b-PAE(-g-PEG-b-DSPE)-
b-PEG-Biotin) was applied to loaded an antibiotic (ciprofloxacin,
CIP) and an anti-inflammatory agent (2-[(amino-carbonyl)-
amino]-5-(4-fluorophenyl)-3-thiophenecarboxamide, TPCA-1),
followed by coating of anti-mouse ICAM-1 antibody via the
binding of biotin to avidin. The resulting polymeric micelles
could the highly expresses ICAM-1 molecules in infectious
sites, which the local acidic and enzymatic microenvironment
could trigger the release of the loaded drugs to eliminate
bacteria and alleviate inflammation.86

Dendrimers are highly branched and symmetrical macro-
molecules with multiple branches emanating from a central
core.87 Their unique architecture allows for precise control over
size, shape, and surface functionality. Dendrimers can encap-
sulate hydrophilic and hydrophobic drugs and can be functio-
nalized with targeting moieties.88 Their small size allows for
easy penetration into tissues and efficient cellular uptake,

Fig. 8 Summary advantages and disadvantages of the NPs used in antibiotic delivery. Created with BioRender.com.
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making them attractive for intracellular infections.89 Nano-
spheres refer to solid NPs composed of polymeric materials.
They are typically spherical in shape and can be engineered to
have controlled sizes and surface properties. Nanospheres can
be used for encapsulating drugs or imaging agents, and their
release kinetics can be finely tuned based on the polymer
choice and formulation parameters.

Inorganic NPs, such as silica NPs, iron oxide NPs, Au NPs,
and quantum dots, have been explored for antibiotic delivery
purposes. Silica NPs are composed of silicon dioxide and can be
easily synthesized with controlled sizes and surface properties.90

They have a high loading capacity for antibiotics and can protect
the drugs from degradation. Additionally, their porous structure
allows for sustained release of antibiotics over time.91 Iron oxide
NPs, particularly magnetic iron oxide NPs, offer unique advan-
tages for antibiotic delivery. They can be guided and concen-
trated to infection sites using external magnetic fields, enabling
localized drug delivery.92 Furthermore, they possess inherent
imaging properties, allowing for real-time monitoring of drug
distribution and therapeutic efficacy.93 Au NPs have excellent
biocompatibility and can serve as carriers for antibiotics. They
can be functionalized with targeting ligands to selectively deliver
antibiotics to specific cells or pathogens.94 Moreover, Au NPs
have plasmonic properties that can enable controlled drug
release through photothermal or photochemical methods.95

Quantum dots are semiconductor NPs with tunable optical

properties. Although commonly used for imaging applications,
they can also be employed for antibiotic delivery. Quantum dot-
based drug carriers can provide controlled release of antibiotics,
and their fluorescence properties can facilitate tracking and
monitoring of the drug distribution in biological systems.96,97

The use of these inorganic NPs holds promise for antibiotic
delivery, offering unique features and capabilities that can
enhance drug efficacy, improve targeted therapy, and provide
valuable insights into drug release and distribution. However, it
is important to note that further research is ongoing to fully
understand their safety, toxicity, and long-term effects in bio-
medical applications.

4.2. Targeted drug delivery using size, shape, and surface
modification of NPs

Targeted drug delivery is a critical area of research in nanome-
dicine. Using the size, shape, and surface modification of NPs,
it is possible to create drug delivery systems that selectively
target specific tissues or cells while minimizing damage to
healthy tissues.

One approach to targeted drug delivery is through size
selection. NPs can be designed to have a specific size range,
allowing them to accumulate in certain tissues or organs
preferentially. For example, NPs with a diameter of 10–
100 nm are ideal for passive targeting of solid tumors due to
their enhanced permeability and retention effect (EPR).98 This

Fig. 9 The schematic diagram depicts (a) the formation of lipid prodrug nanoassemblies (LPNAs), (b) a hypothetical stereochemical scheme illustrating
the protonation of amines adjacent to phosphonates, and (c) the specific release of drugs in an acidic/oxidative microenvironment. Reproduced from ref.
79 with permission from American Chemical Society, copyright 2023.
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phenomenon is caused by the leaky vasculature and poor
lymphatic drainage of infections, which allows NPs to accumu-
late within the infection microenvironment.99

Another approach to targeted drug delivery is through shape
selection. The shape of an object can have an impact on its
ability to kill bacteria, primarily in terms of surface area and
physical structure. Surface area: the shape determines the
surface area of an object, and the surface area is related to
the contact area between the object and the surrounding
environment. Microorganisms such as bacteria often adhere
to surfaces, so a larger surface area can provide more contact
area, increasing the chances of coming into contact with
bacteria and effectively killing them. For example, shapes with
many small pores or uneven surfaces can provide more space
for accommodating bacteria, making it easier for disinfectants
or antimicrobial agents to come into contact with them.100

Physical structure: different shapes have different physical
structures, which can also affect their efficacy in killing
bacteria. For instance, certain shapes may create crowded envir-
onments that make it difficult for bacteria to escape or cause
mechanical damage, leading to bacterial injury or death.
Additionally, specific shapes can influence the dispersion of light
or chemical sterilizers, enhancing the antimicrobial effects. It is
important to note that shape is just one factor that influences the
efficacy of antibacterial actions. Other factors, such as the type of
disinfectant, concentration, contact time, etc., also play a role in
determining the effectiveness. Therefore, in practical applications,
multiple factors need to be considered when selecting the appro-
priate shape or method for killing bacteria.

Surface modification is another essential strategy for tar-
geted drug delivery using NPs. By functionalizing the surface of
NPs with targeting ligands, such as antibodies, peptides, or
aptamers, it can selectively bind to bacteria.101 This approach is
beneficial for actively targeting the infection sites. The targeting
ligands can recognize specific receptors or markers on the cell
surface, allowing for selective uptake of the NPs into the target
cells. For instance, mannose has the ability to bind to specific
receptors on the surface of macrophages. These receptors are
called mannose receptors and are mainly present on the sur-
face of macrophages.102 Therefore, NPs modified with mannose
are able to target macrophages and efficiently mediate the
delivery of antibiotics for killing intracellular bacteria.103,104

Surface charge is another parameter that can be modified to
improve targeted drug delivery using NPs.105 The surface
charge of NPs can affect their interaction with bacteria. For
example, positively charged NPs have been shown to have
improved cellular uptake compared to negatively charged NPs
due to their electrostatic interaction with the negatively charged
bacterial cell membrane.79 However, positively charged NPs can
also cause toxicity and non-specific binding to healthy tissues,16

so carefully considering the surface charge is necessary.
In conclusion, targeted drug delivery using size, shape, and

surface modification of NPs has great potential for improving
the efficacy and safety of drug therapy. The design of NPs can
be optimized to enhance passive or active targeting of specific
tissues or cells while minimizing off-target effects. However,

additional research is needed to optimize the design and efficacy
of nanoparticle formulations, evaluate their safety profile, and
address regulatory challenges for clinical translation.

4.3. NPs to modulate the host immune system

To treat sepsis, immunomodulators such as nicotinamide
adenine dinucleotide (NAD+) have been loaded into NPs in
order to modulate the host immune system. For instance,
NAD+,106 which is an immunomodulator with potential sepsis
treatment capabilities, has recently been loaded into various
NPs like liposomes and zeolitic imidazolate frameworks. While
NAD+ is recognized as an immune modulator, its exact relation-
ship with inflammation is still not completely understood, and
its clinical application is hindered by its inability to be directly
taken up by cells. However, when NAD+ or its reduced form
(NADH) is loaded into NPs, it improves cellular energy supply,
suppresses inflammation, and prevents inflammation-induced
cell pyroptosis and apoptosis. In vivo experiments have shown
that these NPs can prevent multiorgan injury caused by caecal
ligation and puncture, as well as improve outcomes of second-
ary P. aeruginosa infections following caecal ligation and punc-
ture. Hence, this innovative and translational approach holds
promise for efficient and safe sepsis treatment.107

NPs can also modulate the immune response to improve
antibiotic therapy. For example, polymeric NPs can reduce the
production of proinflammatory cytokines,108,109 which contri-
bute to tissue damage and organ dysfunction in sepsis. For
instance, a nanoparticle that mimics the behavior of macro-
phage cells can be used as a potential therapy for controlling
sepsis. The nanoparticle works through a two-step process
where it first neutralizes endotoxins and then sequesters cyto-
kines. These biomimetic NPs have an exterior that resembles
macrophage cells, which allows them to bind to endotoxins and
proinflammatory cytokines.110 In another work, a new approach
to treating sepsis has been developed using a nanotrap called a
telodendrimer (TD) to capture various biomolecules via multi-
valent, hybrid and synergistic interactions. The TD-NTs adsorb
septic molecules with high efficiency. Different charges dis-
played on proinflammatory and anti-inflammatory cytokines
allow for selective capture. The efficacy of the therapy is time
and charge dependent. When combined with moderate antibio-
tic treatment, the therapy resulted in 100% survival in severe
septic mice by controlling infection and hyperinflammation,
whereas individual therapies only resulted in 50–60% survival.7

Cytokine analysis, inflammatory gene activation and tissue
histopathology support the benefits of the treatment.7 In another
example, macrophage biomimetic NPs were created by encapsu-
lating polymer cores with cell membranes derived from macro-
phages. These NPs possess an antigenic exterior identical to the
source cells. By mimicking macrophages, these NPs act as decoys
and effectively bind and neutralize endotoxins that would other-
wise trigger an immune response (Fig. 10). Additionally, these
macrophage-like NPs have the capability to sequester proinflam-
matory cytokines, preventing them from exacerbating the sepsis
cascade. In a mouse model of E. coli bacteremia, treatment with
these macrophage-mimicking NPs, known as MF-NPs, resulted
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in decreased levels of proinflammatory cytokines, inhibited
bacterial dissemination, and ultimately conferred a significant
survival advantage to infected mice.110 By inhibiting the inflam-
matory response, NPs can improve the outcome of antibiotic
therapy and reduce the risk of complications.

4.4. Nanoparticle-mediated killing of drug-resistant bacteria

Antibiotic resistance is a major global health threat, and new
strategies to combat drug-resistant bacteria are urgently
needed. In treatment and management of sepsis, administra-
tion of broad-spectrum antibiotics is essential. However, the
abuse or overuse antibiotics is prevalent in clinic, especially in
low-income and middle-income countries,111 resulting the
development of drug-resistant bacteria. It is reported that more
than 67% Gram-negtive isolates from neonates with sepsis were
resistant to at least one b-lactam and one aminoglycoside in 26
countries in Africa.112 The drug-resistant bacterial induced
sepsis is harder to treatment by empirical use of combined
antibiotics, which increased the mortality of sepsis. NPs have
emerged as a promising approach for addressing this problem
by enhancing the killing efficacy of antibiotics against resistant
strains. In this regard, many non-antibiotic nanomedicines have
been developed, including metal and positively charged NPs.

4.4.1. Metal NPs. Metal NPs, such as silver NPs (AgNPs)
and AuNPs, are among the most extensively studied types of
NPs for their antimicrobial properties. These NPs can disrupt
bacterial cell membranes, inhibit biofilm formation, and
reduce bacterial motility. They also exhibit broad-spectrum
activity against Gram-positive and Gram-negative bacteria,
making them attractive candidates for combating multidrug-
resistant bacteria. AgNPs and AuNPs are often used in combi-
nation with antibiotics to enhance their efficacy against resis-
tant strains. The mechanisms by which AgNPs enhance the
activity of antibiotics are multifactorial and may include
increased uptake of antibiotics into the bacterial cell, inhibi-
tion of drug efflux pumps, and increased antibiotic stability.

Other types of NPs, such as zinc oxide NPs (ZnO NPs) and
titanium dioxide NPs (TiO2 NPs), have also been investigated
for their antimicrobial properties. ZnO NPs have been shown to
be effective against both Gram-positive and Gram-negative

bacteria, including antibiotic-resistant strains. The mechanism
of action involves the release of zinc ions, which causes damage
to the bacterial cell membrane and intracellular components.
TiO2 NPs can exhibit antibacterial activity when activated by
ultraviolet light. They can produce reactive oxygen species
(ROS), which can damage bacterial cell membranes and intra-
cellular components.

4.4.2. Photothermal antimicrobial therapy. Photothermal
antimicrobial therapy is a treatment method that utilizes light-
induced heat to kill or suppress the growth of microorganisms,
including bacteria, viruses, and fungi. This therapy involves the
use of photosensitive agents, such as NPs or dyes, which can
absorb specific wavelengths of light and convert it into heat
energy.113 When these photosensitive agents are targeted to the
microorganisms, they absorb the light energy, generating loca-
lized heat that can effectively destroy the pathogens. The
mechanism of action in photothermal antimicrobial therapy
is based on the principle that microorganisms have different
susceptibilities to temperature compared to mammalian cells.
By selectively heating the targeted microbes to temperatures
above their thermal tolerance limit while minimizing damage
to surrounding healthy tissues, this therapy can effectively
eliminate or control microbial infections. In addition to its
direct antimicrobial effect, photothermal therapy also offers
several advantages. It can be used to treat localized infections
without the need for systemic administration of antibiotics,
reducing the risk of antibiotic resistance. Furthermore, it is a
non-invasive and precise technique that can be easily combined
with other therapeutic modalities, such as photodynamic ther-
apy or immunotherapy, to enhance the overall treatment effi-
cacy. Overall, photothermal antimicrobial therapy shows
promise as a novel approach in combating microbial infec-
tions, offering potential advantages in terms of specificity,
efficacy, and reduced reliance on traditional antibiotics. How-
ever, further research is still needed to optimize the technique,
explore its applicability to different types of pathogens, and
evaluate its long-term safety and effectiveness in clinical settings.

4.4.3. Nanozymes for bacterial eradication. Nanozymes are
nanomaterials that possess intrinsic enzyme-like activities.114

These artificial enzymes have emerged as a promising

Fig. 10 Schematic representation of using MF-NPs to neutralize endotoxins and proinflammatory cytokines as a two-step process for sepsis
management. Reproduced from ref. 110 under Creative Commons licenses: CC BY-NC-ND. Copyright at the authors.
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alternative to natural enzymes for various applications, includ-
ing the killing of bacteria.115 When it comes to killing bacteria,
nanozymes can exert antimicrobial effects through multiple
mechanisms. Some nanozymes possess peroxidase-like activity,
which allows them to generate reactive oxygen species (ROS)
such as hydroxyl radicals, singlet oxygen, or superoxide
radicals.116–118 These ROS possess strong oxidative properties
and can damage bacterial cell membranes, proteins, and DNA,
leading to bacterial death. Nanozymes can also exhibit catalase-
like activity, which enables them to decompose hydrogen
peroxide into water and oxygen.119 By breaking down hydrogen
peroxide, nanozymes can reduce the availability of this sub-
strate for bacteria that rely on it to survive and grow. This
disruption in the bacterial metabolic process can inhibit bac-
terial proliferation and ultimately lead to their elimination.
Furthermore, some nanozymes can possess oxidase-like activ-
ity, enabling them to directly oxidize or react with specific
bacterial components, disrupting essential cellular processes
and causing bacterial inactivation.115,120 The advantage of
using nanozymes lies in their stability, reusability, and tunable
properties. They can be designed and engineered with con-
trolled sizes, compositions, and surface functionalization,
allowing for targeted delivery and enhanced efficacy against
bacteria.121,122 Additionally, nanozymes are typically more
stable and resistant to environmental conditions compared to
natural enzymes, making them suitable for various biomedical
and environmental applications.17,123,124 While nanozymes
show promise in killing bacteria, further research is still
needed to optimize their design, understand the potential
cytotoxicity and biocompatibility issues, and evaluate their
long-term effectiveness and safety in clinical settings.125 None-
theless, nanozymes represent an exciting area of research that
holds great potential for combating bacterial infections.

4.4.4. NPs for contact killing. Positively charged NPs have
been studied for their potential in killing bacteria due to their
unique properties and interactions with microbial cells. The
positive charge on these NPs can interact with the negatively
charged bacterial cell membranes, leading to several antimi-
crobial mechanisms: membrane disruption: positively charged
NPs can bind to the negatively charged bacterial cell
membranes, causing disruption and destabilization.126 This
interaction can lead to leakage of cellular contents, loss of
membrane integrity, and ultimately bacterial death. Electro-
static attraction: the electrostatic attraction between positively
charged NPs and bacterial cells can facilitate the binding and
uptake of NPs by the bacteria.127 Once internalized, the NPs can
interfere with vital cellular processes, disrupt metabolic path-
ways, and induce cell death. ROS generation: some positively
charged NPs have been found to generate ROS upon contact
with bacterial cells. ROS, such as hydrogen peroxide or hydroxyl
radicals, can induce oxidative stress within the bacteria, dama-
ging cellular components and contributing to bacterial
death.128 Disruption of biofilms: bacterial biofilms are complex
structures that protect bacteria from antibiotics and immune
responses.109 Positively charged NPs can destabilize biofilms by
interacting with the negatively charged components of the

biofilm matrix, leading to the dispersal and increased suscepti-
bility of bacteria to antimicrobial agents.75 It is important to
note that while positively charged NPs show promise as anti-
microbial agents, there are challenges and considerations to
address. These include optimizing the size, composition, and
surface charge of the NPs for maximum efficacy, minimizing
potential cytotoxicity to host cells, and understanding the
potential development of bacterial resistance over time.

5. Future trends and challenges
5.1. Preclinical progress and current obstacles

Nanotechnology-based approaches have shown promise for the
treatment of sepsis,129,130 but there are still several obstacles
that need to be addressed before these approaches can be
translated into clinical practice.

Preclinical studies have shown promising results for the use of
nanotechnology-based approaches in treating bacterial sepsis. For
example, liposomes loaded with vancomycin have been shown to
improve survival rates and reduce bacterial load in a mouse model
of sepsis caused by methicillin-resistant Staphylococcus aureus
(MRSA).131 Polymeric NPs loaded with dexamethasone have been
shown to reduce proinflammatory cytokine levels in a rat model of
sepsis induced by the injection of LPS.132 Dendrimers functiona-
lized with Toll-like receptor ligands have been shown to enhance
the phagocytic activity of macrophages and improve survival rates
in a mouse model of sepsis caused by E. coli.133

Despite these promising results, there are still several obstacles
that need to be addressed before nanotechnology-based approaches
can be translated into clinical practice. One challenge is optimizing
the design and formulation of NPs to maximize drug delivery and
efficacy while minimizing off-target effects. Another challenge is
evaluating the safety profile of nanoparticle-based approaches,
particularly in terms of long-term toxicity and potential for accu-
mulation in the body. Moreover, regulatory approval for nano-
technology-based therapies can be challenging due to the complex
nature of NPs and the lack of standardized manufacturing processes.

In conclusion, nanotechnology-based approaches offer pro-
mising strategies for treating bacterial sepsis through targeted
drug delivery or modulation of immune responses. Preclinical
studies have shown promising results for liposomes, polymeric
NPs, and dendrimers in treating sepsis caused by a variety of
bacterial pathogens. However, there are still several obstacles that
need to be addressed before these approaches can be translated
into clinical practice. Nonetheless, the use of nanotechnology-
based approaches represents a promising strategy for improving
the treatment and outcomes of bacterial sepsis.

5.2. Safety considerations and regulatory requirements for
nanomedicine

As with any new technology, safety considerations and regula-
tory requirements are essential to ensure the safe and effective
translation of nanomedicine from the laboratory to clinical
practice. In this article, we will explore the safety considerations
and regulatory requirements for nanomedicine.
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5.2.1. Safety considerations
Toxicity. NPs can interact with biological systems in unpre-

dictable ways due to their unique physicochemical properties.
The toxicity of NPs depends on various factors, such as size,
shape, surface charge, and chemical composition. Safety assess-
ments of nanomedicines should include comprehensive toxicity
studies to evaluate potential adverse effects on human health.

Immunogenicity. NPs can also elicit immune responses in the
body that may affect their efficacy and safety. The immuno-
genicity of nanomedicines should be evaluated to determine
their potential to induce allergic reactions or other immune-
related adverse events.

Biodistribution. The biodistribution of nanomedicines is
another important safety consideration, as NPs can accumulate
in certain organs or tissues and cause toxicity. Imaging techni-
ques, such as MRI or positron emission tomography (PET), can
be used to track the distribution and clearance of NPs in vivo.

5.2.2. Regulatory requirements
Manufacturing. Nanomedicines must be manufactured

according to current good manufacturing practices (cGMP) to
ensure their quality and consistency. The manufacturing process
should be well-controlled and validated to minimize batch-to-
batch variability and ensure reproducibility.

Preclinical testing. Preclinical testing of nanomedicines should
follow established guidelines, such as those provided by the
International Conference on Harmonization (ICH). Preclinical
studies should include comprehensive toxicity testing, pharmaco-
kinetics, and efficacy evaluations in relevant animal models.

Clinical trials. Clinical trials of nanomedicines must be con-
ducted according to the same regulatory requirements as tradi-
tional drugs, such as those provided by the US Food and Drug
Administration (FDA) or the European Medicines Agency (EMA).
Clinical trials should follow established guidelines for safety and
efficacy evaluations, including phase I, II, and III trials.

Labeling. Nanomedicines must be properly labeled to ensure
their safe and effective use by healthcare providers and
patients. The labeling should include information on the
composition, dosage, administration, and potential adverse
events associated with the nanomedicine.

In conclusion, safety considerations and regulatory require-
ments are critical for the safe and effective translation of nano-
medicine from the laboratory to clinical practice. Safety
considerations include toxicity, immunogenicity, and biodistribu-
tion, while regulatory requirements include manufacturing, pre-
clinical testing, clinical trials, and labeling. As the field of
nanomedicine continues to advance, efforts to ensure its safety
and efficacy will remain essential to improving patient outcomes.
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C. Mesa-Nuñez, I. Fernández-Barahona, J. A. Quintana,
J. Bueren, J. A. Enrı́quez, J. Ruiz-Cabello and F. Herranz,
Sci. Rep., 2017, 7, 13242.

70 P. Padmanabhan, A. Kumar, S. Kumar, R. K. Chaudhary
and B. Gulyás, Acta Biomater., 2016, 41, 1–16.

71 A. Gupta, S. Mumtaz, C.-H. Li, I. Hussain and V. M. Rotello,
Chem. Soc. Rev., 2019, 48, 415–427.

72 Y. Liu, H. C. van der Mei, B. Zhao, Y. Zhai, T. Cheng, Y. Li,
Z. Zhang, H. J. Busscher, Y. Ren and L. Shi, Adv. Funct.
Mater., 2017, 27, 1701974.

73 Y. Liu, H. J. Busscher, B. Zhao, Y. Li, Z. Zhang, H. C. Van
Der Mei, Y. Ren and L. Shi, ACS Nano, 2016, 10, 4779–4789.

74 R. Molinaro, C. Corbo, J. O. Martinez, F. Taraballi,
M. Evangelopoulos, S. Minardi, I. K. Yazdi, P. Zhao,
E. De Rosa, M. B. Sherman, A. De Vita, N. E. Toledano
Furman, X. Wang, A. Parodi and E. Tasciotti, Nat. Mater.,
2016, 15, 1037–1046.

75 H. Koo, R. N. Allan, R. P. Howlin, P. Stoodley and L. Hall-
Stoodley, Nat. Rev. Microbiol., 2017, 15, 740.

76 M. Van Oosten, T. Schäfer, J. A. C. Gazendam, K. Ohlsen,
E. Tsompanidou, M. C. De Goffau, H. J. M. Harmsen,
L. M. A. Crane, E. Lim, K. P. Francis, L. Cheung,
M. Olive, V. Ntziachristos, J. M. Van Dijl and G. M. Van
Dam, Nat. Commun., 2013, 4, 2584.

77 Z. Drulis-Kawa and A. Dorotkiewicz-Jach, Int. J. Pharm.,
2010, 387, 187–198.

78 A. Singla, S. B. Simbassa, B. Chirra, A. Gairola,
M. R. Southerland, K. N. Shah, R. E. Rose, Q. Chen,
A. Basharat, J. Baeza, R. Raina, M. J. Chapman,
A. M. Hassan, I. Ivanov, A. Sen, H.-J. Wu and C. L. Cannon,
ACS Appl. Mater. Interfaces, 2022, 14, 40724–40737.

79 Y. Ding, X. Hu, Y. Piao, R. Huang, L. Xie, X. Yan, H. Sun,
Y. Li, L. Shi and Y. Liu, ACS Nano, 2023, 17, 6601–6614.

80 Y. Zhan, X. Hu, Y. Li, Y. Wang, H. Chen, C. A. Omolo,
T. Govender, H. Li, F. Huang, L. Shi, X. Hu and Y. Liu, Adv.
Funct. Mater., 2023, 33, 2214299.

81 Y. Xi, Y. Wang, J. Gao, Y. Xiao and J. Du, ACS Nano, 2019,
13, 13645–13657.

82 Y. Liu, Y. Ren, Y. Li, L. Su, Y. Zhang, F. Huang, J. Liu, J. Liu,
T. G. van Kooten, Y. An, L. Shi, H. C. van der Mei and
H. J. Busscher, Acta Biomater., 2018, 79, 331–343.

83 W. Cai, J. Wu, C. Xi and M. E. Meyerhoff, Biomaterials,
2012, 33, 7933–7944.

84 T. Wang, Y. Li, E. J. Cornel, C. Li and J. Du, ACS Nano, 2021,
15, 9027–9038.

85 A. F. Radovic-Moreno, T. K. T. K. Lu, V. A. Puscasu,
C. J. Yoon, R. Langer and O. C. Farokhzad, ACS Nano,
2012, 6, 4279–4287.

86 C. Y. Zhang, J. Gao and Z. Wang, Adv. Mater., 2018,
30, 1803618.

87 E. R. Gillies and J. M. J. Frechet, Drug Discovery Today,
2005, 10, 35–43.

88 S. K. Choi, A. Myc, J. E. Silpe, M. Sumit, P. T. Wong,
K. McCarthy, A. M. Desai, T. P. Thomas, A. Kotlyar,
M. M. B. Holl, B. G. Orr and J. R. Baker, ACS Nano, 2013,
7, 214–228.

89 Y. Gao, J. Wang, M. Chai, X. Li, Y. Deng, Q. Jin and J. Ji, ACS
Nano, 2020, 14, 5686–5699.

90 A. Bernardos, E. Piacenza, F. Sancenón, M. Hamidi,
A. Maleki, R. J. Turner and R. Martı́nez-Máñez, Small,
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