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Abstract: Sepsis represents a profound challenge in critical care, characterized by a severe systemic inflammatory response which can 
lead to multi-organ failure and death. The intricate pathophysiology of sepsis involves an overwhelming immune reaction that disrupts 
normal host defense mechanisms, necessitating innovative approaches to modulation. Nanoscale immunomodulators, with their precision 
targeting and controlled release capabilities, have emerged as a potent solution to recalibrate immune responses in sepsis. This review 
explores the recent advancements in nanotechnology for sepsis management, emphasizing the integration of nanoparticulate systems to 
modulate immune function and inflammatory pathways. Discussions detail the development of the immune system, the distinct 
inflammatory responses triggered by sepsis, and the scientific principles underpinning nanoscale immunomodulation, including specific 
targeting mechanisms and delivery systems. The review highlights nanoformulation designs aimed at enhancing bioavailability, stability, 
and therapeutic efficacy, which shows promise in clinical settings by modulating key inflammatory pathways. Ultimately, this review 
synthesizes the current state of knowledge and projects future directions for research, underscoring the transformative potential of 
nanolevel immunomodulators for sepsis treatment through innovative technologies and therapeutic strategies. 
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Introduction
Sepsis remains a critical and life-threatening condition. It is characterized by a dysregulated immune response to 
infection, leading to widespread inflammation and multi-organ dysfunction.1 Despite significant medical advancements, 
the complex pathophysiology of sepsis and the limited efficacy of current treatments pose ongoing challenges, con-
tributing to high mortality rates and long-term complications for survivors. This underscores the urgent need for more 
effective, targeted therapeutic strategies.2

Traditional sepsis management relies on broad-spectrum antibiotics, fluid resuscitation, and supportive care; these 
often fail to address the underlying immune dysregulation and precise inflammatory modulation. Although systemic use 
of immunosuppressants or cytokine antagonists can reduce excessive inflammation, they frequently cause severe side 
effects. Consequently, there is increasing interest in innovative therapeutic approaches, with nanotechnology emerging as 
a transformative tool. Nanomedicine offers promising alternatives by enhancing targeting, immunocompatibility, and 
therapeutic efficacy.

This review explores the role of nanotechnology in sepsis treatment, emphasizing the potential benefits and applica-
tions of nano-immunomodulators. It summarizes recent research and discusses future directions, providing 
a comprehensive overview of current perspectives and emerging opportunities in this field.

International Journal of Nanomedicine 2024:19 12529–12556                                          12529
© 2024 Lin et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine                                                 Dovepress

Open Access Full Text Article

Received: 1 October 2024
Accepted: 13 November 2024
Published: 23 November 2024

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0009-0009-7084-4026
http://orcid.org/0000-0002-3511-9955
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


Immune Response Characteristics in Sepsis
Advancements in sepsis therapy critically depend on a comprehensive understanding of its complex pathophysiology, 
which involves multiple interacting pathways. Sepsis, a clinical syndrome resulting from immune dysfunction, leads to 
a cascade of biological, biochemical, and physiological disruptions. Central to this condition are systemic inflammatory 
response syndrome (SIRS), microcirculatory disturbances, and multi-organ dysfunction.3

The immune response in sepsis initiates when immune cells recognize pathogen-associated molecular patterns 
(PAMPs) or damage-associated molecular patterns (DAMPs), leading to the activation of inflammatory pathways.3,4 

Upon pathogen invasion, the complement system is activated, recruiting and activating innate immune cells such as 
monocytes, macrophages, and neutrophils, thereby initiating early inflammatory responses.5,6 Tissue-resident macro-
phages and circulating neutrophils respond to DAMPs, releasing mediators that recruit additional immune cells to the site 
of injury.7 Monocytes then differentiate into macrophages, secreting pro-inflammatory cytokines and engaging in 
mechanotransduction through cellular surface interactions.8,9 During sepsis, endothelial cells increase the expression of 
adhesion molecules, including E-selectin and intercellular adhesion molecule-1 (ICAM-1), in response to cytokines, as 
well as PAMPs and DAMPs. This upregulation of adhesion molecules enhances the recruitment of leukocytes to sites of 
inflammation. Specifically, it facilitates interactions between these endothelial adhesion molecules and leukocyte 
integrins, such as Leukocyte function-associated antigen 1 (LFA-1), Macrophage-1 antigen (Mac-1), and P-selectin 
glycoprotein ligand-1 (PSGL-1). Additionally, lipopolysaccharide (LPS) activates Toll-like receptor 4 (TLR4) on 
endothelial and immune cells, initiating inflammatory responses characterized by the release of cytokines, including 
interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), and interleukin-1 (IL-1). This response is further amplified by 
NOD-like receptors (NLRs) and the inflammasome, affecting pathways such as nuclear factor-kappa B (NF-κB), 
mitogen-activated protein kinases (MAPK), and protein kinase C (PKC) pathways, which are crucial for managing 
sepsis and restoring homeostasis.10

In sepsis, cytokines serve dual roles: they are essential for infection clearance but can also be harmful when 
excessively released, leading to severe organ damage through a phenomenon known as cytokine storm.11 This cytokine 
dysregulation often escalates into a cytokine storm, causing significant tissue damage.12 Understanding this intricate 
cytokine activity is crucial for developing nanolevel immunomodulatory therapies aimed at recalibrating immune 
responses, reducing hyperinflammation, and preventing organ failure in sepsis. The immune response mechanisms in 
sepsis are illustrated in Figure 1.

In addition to these immune mechanisms, several critical pathways contribute to the pathophysiology of sepsis, 
interacting with immune dysfunction and exacerbating organ failure. For instance, the activation of the coagulation 
cascade by pro-inflammatory mediators leads to a hypercoagulable state characterized by disseminated intravascular 
coagulation (DIC), which worsens organ dysfunction by impairing blood flow and oxygen delivery.1 Endothelial 
dysfunction is another crucial factor; as the endothelial barrier becomes permeable, it results in fluid extravasation, 
causing tissue edema and organ failure. Furthermore, metabolic dysregulation during sepsis, characterized by alterations 
in glucose and lipid metabolism, leads to mitochondrial dysfunction and impaired energy production, further intensifying 
cellular injury and systemic inflammation.3 Collectively, these interconnected pathways underscore the complexity of 
sepsis and highlight the urgent need for novel therapeutic strategies targeting these diverse mechanisms.

Nanotechnology in Immunomodulator Design
In the evolving field of sepsis treatment, nanotechnology plays a crucial role, particularly through synthetically engineered 
nanomaterials, which are more common than their naturally occurring counterparts. These nanomaterials are produced using 
methods such as chemical reduction, wet chemical, ligand-mediated self-assembly, electrostatic assembly, polymer encapsula-
tion, and nanoprecipitation.13,14 Their advantages over conventional drugs include tunable properties like size, composition, 
surface charge, and chemical characteristics. Additionally, functional surface features, including targeting ligands (eg, antibodies 
or peptides), enhance specific binding to sepsis-related biomarkers and significantly improve targeting accuracy.15,16 For 
instance, Fan et al designed S-thanatin (Ts)-functionalized liposomes that encapsulate levofloxacin (LEV). These liposomes 
target and eliminate multidrug-resistant Klebsiella pneumoniae strains in both in vitro and in vivo settings. The use of these 
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liposomes as drug carriers substantially increased LEV accumulation at the target site. In a murine model of septic shock, 
incorporating Ts led to a marked increase in bacterial clearance from the bloodstream and significantly improved mouse survival 
rates. These findings underscore the potential of nanotechnology to improve therapeutic outcomes in sepsis treatment.17

Nanoparticles, ranging from 1 nm to 100 nm, exhibit size-dependent properties that influence their cellular interac-
tions and therapeutic efficacy. They are categorized into types including polymer nanoparticles, liposomes, biomimetic 
nanoparticles, exosomes, and metallic or inorganic nanoparticles.14,18 Variations in material composition, surface coat-
ings, and geometric shapes influence the cellular interactions and mechanisms of action of nanoscale immunomodulators, 
enhancing their clinical potential in sepsis management. These nanomodulators utilize materials like superparamagnetic 
iron oxide nanoparticles, metals, and organic compounds. Surface modifications, such as charged or polyethylene glycol 
(PEG) coatings, enhance biological compatibility and functionality.14,19 Geometric shapes-from nanospheres and nanor-
ods to nanostars and nanodisks-are crucial in determining cellular uptake and distribution. Targeted delivery to specific 
immune cells, such as immature T cells and macrophages, is achieved using surface modifications and ligands that 
selectively bind to cell surface markers, enhancing therapeutic efficacy and minimizing off-target effects. Their small size 
allows for controlled, sustained drug release and improved biocompatibility, reducing adverse reactions. Overall, these 
features highlight the transformative potential of nanotechnology in optimizing immunomodulatory strategies for sepsis, 
aligning with both current and future directions in critical care medicine. Figure 2 illustrates the diverse types of 
nanoparticles employed in the treatment of sepsis, highlighting their specific therapeutic advantages.

Nanoparticle-Based Modulation of TLR Activation in Sepsis Management
TLR activation, triggered by cell and tissue damage as well as pathogen recognition, is a crucial defense mechanism 
against invading pathogens and endogenous danger signals.20 However, dysregulated TLR activation can lead to immune 

Figure 1 The immune response mechanisms in sepsis. Endothelial cells upregulate adhesion molecules, such as E-selectin and ICAM-1, in response to PAMPs, and DAMPs, 
promoting leukocyte recruitment. LPS activates TLR4, triggering the release of cytokines. This inflammatory response is amplified via NOD-like receptors and the 
inflammasome, engaging critical pathways such as NF-κB and MAPK. 
Abbreviation: ICAM-1, intercellular adhesion molecule-1; PAMPs, pathogen-associated molecular patterns; DAMPs, damage-associated molecular patterns; TLR4, Toll-like 
receptor 4; DCs, dendritic cells; HMGB1, High Mobility Group Box 1; HSP, heat shock protein; ATP, adenosine triphosphate.
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system imbalance, resulting in excessive release of both pro-inflammatory and anti-inflammatory cytokines and chemo-
kines, contributing to pathological conditions.21 TLRs are activated upon recognition of PAMPs, such as LPS from 
Gram-negative bacteria or lipoteichoic acids (LTA) from Gram-positive bacteria. This recognition activates downstream 
signaling intermediates, including MAPK, Janus kinases (JAKs), and NF-κB. These intermediates translocate to the 
nucleus, initiating the transcription of genes encoding key cytokines, such as TNF-α, IL-1, IL-12, IL-18, and type 
I interferons.22 This signaling cascade results in further cytokine and chemokine production, leading to a cytokine storm. 
TNF-α and IL-1, central to these cascades, are critical targets for therapeutic strategies.23 Given that TLRs recognize 
various PAMPs and DAMPs, modulating their activity is essential.24 Nanomaterial-based TLR receptor antagonists are 
emerging as promising tools for modulating TLR signaling. These materials can specifically target and inhibit TLR- 
mediated pathways, potentially providing novel therapeutic strategies for sepsis where TLRs are critically involved.25–27

Cationic lipids, including positively charged liposomes, are capable of modulating TLR4 activity. For example, C14- 
amine liposomes can induce cytokine secretion similarly to TLR4 activation by LPS, engaging signaling pathways such 
as Myeloid differentiation factor 88 (MyD88)/NF-κB/JNK and Toll-like receptor adaptor molecule (TRAM) / TIR- 
domain-containing adaptor inducing interferon-β (TRIF).28,29 Other cationic lipids enhance cytokine production through 
NF-κB-independent and TRIF-dependent pathways involving CD14.30 Piazza et al demonstrated that aminoglycosides 
and aromatic ammonium salts specifically bind to CD14, inhibiting LPS-induced TLR4-dependent cytokine production 
in cellular and animal models.31–33

Leveraging natural compounds like lipid A, Lavado et al developed a cationic glycosphingolipid-coated gold nanoparticle 
(GNP) system that interacts with CD14 and myeloid differential protein-2 (MD-2) receptors to modulate TLR4 activity.34 

Peptide-gold nanoparticle (Peptide-AuNP) hybrids designed as anti-inflammatory agents exhibit potent TLR inhibition 
in vitro.35,36 Yang et al identified peptide-AuNP hybrids with specific amino acid sequences that effectively inhibit TLR4 
signaling and excessive cytokine release. Their immunomodulatory activity is linked to the hydrophobic properties and 

Figure 2 Types of nanoparticles for sepsis treatment and their therapeutic associated advantages. This figure illustrates various nanoparticle materials commonly utilized in 
sepsis therapy, including lipid nanoparticles, polymer nanoparticles, and metal nanoparticles. These materials offer a range of potential strategies for nanomedicine-based 
interventions in sepsis management.
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aromatic structures of the amino acids. Yang et al also extended these hybrids’ application to modulate TLR4 and TLR3 
signaling.37 These advanced nanoplatforms control various TLR pathways and suppress pro-inflammatory cytokines; 
however, the non-degradable core and bioaccumulation potential of gold nanoparticles limit their in vivo use.37

Foit et al explored LPS sequestration using HDL-like nanoparticles functionalized with apolipoprotein A1.38 The 
most effective construct, combining 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[3-(2-pyridyldithio)propio-
nate] (PDP PE 16:0), cardiolipin, and 1,2-dilinoleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (18:2 PG), significantly 
reduced NF-κB/activator protein-1 (AP-1) signaling induced by LPS.38 This approach leverages the natural properties of 
HDL to sequester LPS and modulate inflammatory responses. In a rat sepsis model, cerium dioxide nanoparticles also 
inhibited pro-inflammatory cytokine signaling in a rat sepsis model.39 Wang et al reported that solid lipid nanoparticles 
loaded with curcumin (Cur-SLN) inhibit pro-inflammatory cytokines through NF-κB signaling.40

Enhancing anti-inflammatory cytokines like IL-4, IL-10, and IL-13 represents a novel approach for sepsis 
management. Studies have demonstrated that boosting these cytokines can help counteract the pro-inflammatory 
responses characteristic of sepsis, improving outcomes in both cellular and animal models. Nanoparticles composed 
of antimicrobial peptides (AMPs) synthesized synthesized with chitosan derivatives show efficacy in cellular studies 
and sepsis models.41 Xu et al demonstrated that γ-Fe2O3 superparamagnetic iron oxide nanoparticles (SPION) 
promote macrophage autophagy and IL-10 production through the Cav1-Notch1/HES1 pathway.42 Siglec-targeted 
platforms, such as poly(lactic-co-glycolic acid) (PLGA) nanoparticles conjugated with natural Siglec ligands, 
enhance IL-10 production and mitigate inflammation in various models.43 Self-assembled lipid-modified heparin 
nanoparticles also serve as TLR4 antagonists, suppressing LPS-induced inflammation and cytokine production.44,45 

Table 1 summarizes the mechanisms of TLR signaling modulation by these nanomaterials.34,38–41 Figure 3 delineates 
the modulation of TLR signaling pathways by various nanoparticles, illustrating their pivotal roles in immunor-
egulatory mechanisms during sepsis.

Table 1 Mechanisms of TLR Signaling Modulation by Nanomaterials

Type Size Mechanism Results References

Peptide decorated-gold 
NPs

13–14nm 1.Modulate endosomal pH 
2.Blockade of endosomal acidification Inhibits 

downstream TLR4 signalling pathways, leading to the 

reduction of NF-κB, IRF3 and MAPK activation

1.Improve the disease activity 
index 

2.Ameliorate colonic 

inflammation in vivo

[34]

APS NPs 105–115nm Inhibite the activation of TLR4/ NF-κB pathway Decrease myocardial 

inflammatory cytokine 
expression

[41]

HDL-like NPs Similar to 
hHDL

Decrease TLR4 signalling LPS toxin scavenging and 
neutralizing

[38]

Cur-SLN 40–80nm Suppressions of NF-κB activation and IkBa 
degradation levels

Decrease expression of pro- 
inflammatory cytokines  

(IL-6, TNF-α, and IL-1b)

[40]

Cerium oxide NPs Not 

provide

Decrease transcriptional action of ROS, iNOS, 

COX-2, and nuclear factor-kappa light chain, the 

triggered B cells (NF-κB)

Decrease hepatic damage, 

serum cytokines/ chemokines, 

and swelling indicators in vivo

[39]

Trehalose- and glucose- 

derived glycoamphiphiles 
incorporated in Au NPs

Not 

provide

Interference with TLR4 activation and signalling 

in vitro and in vivo

Inhibite LPS-triggered IL-6 

production in mice

[34]

Abbreviations: APS, astragalus polysaccharides; HDL, high-density lipoprotein; Cur-SLN, solid lipid nanoparticles loaded with curcumin; iNOS, inducible nitric oxide 
synthase; iNOS, inducible nitric oxide synthase; COX-2, cyclooxygenase 2.
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Nanoparticle Strategies for LPS Neutralization and Cytokine Removal in 
Sepsis Management
Nanoparticle-based strategies for neutralizing LPS have emerged as innovative adjunctive therapies in sepsis manage-
ment. LPS, an endotoxin derived from the outer membrane of Gram-negative bacteria, triggers inflammatory cytokine 
dysregulation upon prolonged exposure.46 Hence, targeting LPS presents a promising avenue for sepsis management. 
Herrmann et al engineered polymyxin B-functionalized metal alloy magnetic nanoparticles, enabling rapid LPS removal 
from circulation under magnetic separation guidance.47 The nanoparticles were constructed by conjugating polymyxin 
B to carbon-coated cobalt/iron alloy nanoparticles via an NHS-dPEG 24-MAL linker (C/CoFe-PEG-polymyxin B). Upon 
incubation with LPS-spiked blood, the polymyxin B motifs on the nanoparticles effectively captured LPS, which was 
subsequently removed via magnetic separation. Subsequent plasma infusion into endothelial cells did not upregulate pro- 
inflammatory cytokines such as C-X-C motif chemokine ligand 1(CXCL-1) and IL-6, indicating the potential of these 
polymyxin B-functionalized magnetic nanoparticles for blood purification in sepsis management. Liao et al introduced 
sub-nanometer gold clusters (SAuNCs) with short alkyl chain coatings, which reduced LPS-induced pro-inflammatory 

Figure 3 Regulation of TLR signaling pathways by nanoparticles. TLR-mediated responses are primarily governed by the MyD88-dependent pathway (utilized by all TLRs 
except TLR3) and the TRIF-dependent pathway (employed by TLR3 and TLR4). TIRAP and TRAM serve as adaptor proteins for TLR2-4 and TLR4, respectively, with a focus 
on TLR4 in this review. MyD88 recruits TRAF6, activating NF-κB and MAPK pathways to induce inflammatory responses. Similarly, TRIF recruits TRAF6, leading to TAK1 
activation and subsequent MAPK and NF-κB activation. Ultimately, these pathways modulate the expression of genes encoding pro-inflammatory cytokines such as IL-6 and 
TNF. 
Abbreviation: MyD88, Myeloid differentiation factor 88; TRIF, Toll-interleukin 1 receptor domain-containing adaptor inducing interferon-β; TIRAP, Toll-interleukin 1 
receptor domain-containing adapter protein; TRAM, Toll-like receptor adaptor molecule; TRAF6, Tumor necrosis factor receptor associated factor 6; TAK1, Transforming 
growth factor-beta-activated kinase 1; IKK, IκB kinase.
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cytokine production in a murine sepsis model by disrupting LPS assembly.48 Mishra developed polymer-encapsulated 
nanoparticles loaded with ciprofloxacin, specifically designed to specifically target LPS in vivo, significantly reducing 
cytokine production (TNF-α and NO) in a LPS-induced sepsis model.49 Mas-Moruno et al developed acylated peptide 
nanostructures with longer acyl chains (C16) to enhance LPS neutralization.50 TEM analysis showed that long-chain 
N-acylation promoted micellar and fibrous nanostructure formation, which correlated with increased anti-LPS activity.

Another approach to managing sepsis is the removal of cytokines from plasma. During sepsis, excessive pro- 
inflammatory and anti-inflammatory cytokines such as TNF-α and IL-6 are released, and their removal can help alleviate 
symptoms.49 Eliminating inflammatory cytokines from the bloodstream of sepsis patients has been proposed as an 
effective method to alleviate disease symptoms. Porous and magnetic nanoparticles with high adsorption capabilities 
have been extensively studied for efficient cytokine removal.51,52 For instance, Yachamaneni et al developed porous 
carbon-derived carbons (CDCs) that demonstrated effective cytokine adsorption from plasma samples.51 This research 
underscores the importance of synthesizing and characterizing NPs for effective blood purification, leading to the 
development of other carbon-based NPs, such as graphene nanosheets with cytokine adsorption capabilities.51,53–55 

The use of magnetic nanoparticles represents another prevalent strategy for purifying inflammatory cytokines from the 
bloodstream.47,52,56,57 While nanomaterials with high adsorption capabilities, such as graphene nanosheets and CDCs, 
demonstrate significant potential for cytokine removal from plasma, they also present challenges related to biosafety and 
metabolic clearance.58,59 Research indicated that graphene-based nanomaterials showed minimal toxicity at low con-
centrations; however, at higher doses, they may pose risks. The toxicity is largely influenced by their physicochemical 
properties, including size, surface charge, and shape.60 Notably, these materials tend to accumulate in the lungs, liver, and 
spleen, posing a risk of chronic toxicity if not effectively cleared.61 Studies indicated that smaller particles were rapidly 
eliminated via the renal pathway, while larger particles were retained in the lungs.62 Therefore, a thorough evaluation of 
the safety and metabolic pathways of graphene nanomaterials is essential before clinical application, since traditional 
cytotoxicity tests may not fully meet the rigorous standards required for safe clinical use.

Intracellular Immunomodulation by Nanoparticles in Sepsis
NPs provide a versatile approach to managing sepsis, not only by eliminating and attenuating inflammatory factors but 
also by modulating immune responses to enhance pathogen clearance and control inflammation. NPs can enhance the 
host immune system’s ability to eradicate pathogens through targeted delivery of immunomodulatory agents or by 
directly engaging immune cells to suppress cytokine production and modulate inflammatory responses.63 In sepsis, 
uncontrolled activation of immune cells can result in severe immune dysregulation. Targeting these inflammatory cells 
for apoptosis is a promising therapeutic strategy that NPs can facilitate through targeted delivery of pro-apoptotic agents 
or by enhancing apoptotic signaling pathways.64 However, complete depletion of inflammatory cells using antibodies 
may inadvertently exacerbate inflammation and impair both innate and adaptive immune responses by removing cells 
essential for resolving inflammation and coordinating immune reactions. Thus, there is a critical need for advanced 
platforms that are capable of selectively targeting cytokine-producing immune cells while minimizing off-target effects. 
Nanotechnology holds potential in addressing these challenges by enabling precise targeting and modulation of immune 
cell activity. Nanotechnology has emerged as a promising avenue for the development of advanced intracellular 
immunomodulation systems.65,66

Nanoparticles Targeting Macrophages
Macrophages (MΦ) play a crucial role in in combating bacterial infections, thanks to their abundant pattern recognition 
receptors (PRRs) and cytokine receptors, which mediate both pathogen recognition and cytokine-driven signaling 
pathways. These features enable macrophages to concentrate at sites of inflammation and effectively neutralize any 
existing inflammatory cytokines.67 Monocytes/macrophages are key players in the pathogenesis of sepsis.68,69 Under the 
influence of environmental pathogens and cytokines, macrophages differentiate into various functional phenotypes and 
perform diverse roles, including pathogen killing, cytokine production, and chemotactic factor release.70 However, 
pathogens can induce macrophage apoptosis, pyroptosis, necroptosis, and monocyte death, impairing the proliferation 
of immune cells and compromising the host’s ability to mount an effective immune response.71,72 In sepsis, M1 and M2 
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macrophage phenotypes exhibit complex dynamics. Initially, M1 macrophages dominate, producing pro-inflammatory 
cytokines like TNF-α and IL-6. As sepsis progresses, M2 macrophages increase, maintaining a critical balance for 
effective immune response throughout the infection stages. The dysregulation of macrophage functions, including 
overactivation, phenotype reprogramming, and programmed cell death, presents a therapeutic target that can be addressed 
with nanomaterials. The recognition and phagocytosis of NPs by macrophages are mediated through interactions with 
PRRs, similar to the interactions between PAMPs and PRRs.73 NPs delivery platforms that target PAMPs or their 
synthetic analogs, such as CpG oligodeoxynucleotides, have shown considerable promise in immunomodulatory thera-
pies by enhancing immune activation and targeting specific immune pathways.74 NPs loaded with immunomodulatory 
drugs can enter macrophages and modulate their function by influencing the NF-κB/MAPK pathways.75,76 Moreover, 
PRRs assemble into inflammasomes upon detecting pathogens or DAMPs in the host cell cytosol.77 Silica nanoparticles 
(SiO₂NPs) induce the generation of reactive oxygen species (ROS) upon cellular entry, activating inflammasomes such as 
caspase-1 and Apoptosis-associated Speck-like Protein Containing a CARD (ASC), subsequently leading to increased 
expression of pro-inflammatory cytokines IL-1β and IL-18, thereby modulating the inflammatory response in 
macrophages.78,79 Multiwalled carbon nanotubes (MWCNTs) and asbestos induce NLRs family pyrin domain- 
containing 3 (NLRP3) inflammasome activation in macrophages, relying on ROS production, histone B activity, P2X7 
receptors, and Src and Syk tyrosine kinases.80 Furthermore, imaging techniques can monitor the specific deposition of 
imaging agents within macrophages, enabling precise spatiotemporal tracking of macrophage responses.

Polymeric nanoparticles are advantageous for targeted drug delivery due to their ease of surface modification, 
biodegradability, non-toxicity, and lack of immunogenicity.81–83 In inflammatory conditions, macrophages generally 
polarize into pro-inflammatory M1 or anti-inflammatory M2 phenotypes. In the context of sepsis, M1 macrophages are 
associated with heightened inflammatory responses and tissue damage, while M2 macrophages are involved in tissue repair 
and resolution of inflammation.84 Modulating macrophage polarization can alter the inflammatory milieu and potentially 
treat sepsis.85 Jiang et al engineered chitosan-based nanoparticles (CNs) loaded with trimetaphosphate to dynamically 
reprogram M1 macrophages to M2 macrophages.86 In M1-like macrophages, CN treatment resulted in a reduction of CD86 
and iNOS expression, which are markers of pro-inflammatory activity, while promoting the expression of Arginase-1 (Arg- 
1) and IL-10, both associated with anti-inflammatory responses. Conversely, in M2-like macrophages, CN treatment 
decreased Arg-1 levels and increased the expression of CD86, iNOS, and TNF-α, indicating a shift towards a more pro- 
inflammatory phenotype. This bidirectional polarization was mediated through the signal transducer and activator of 
transcription-1 (STAT-1)/STAT-6 signaling pathway, indicating CN’s potential in sepsis therapy.86

Pyroptosis, a caspase-mediated cell death mechanism, involves gasdermin D (GSDMD) forming pores in the cell 
membrane, leading to cell lysis and the release of pro-inflammatory cytokines such as IL-1β, which can result in aberrant 
immune activation.87 To counteract this, Ou et al developed disulfiram-lactoferrin nanoparticle complexes (DSF-LF NPs) 
that inhibit GSDMD-induced pyroptosis. Lactoferrin (LF) specifically binds to low-density lipoprotein receptor-related 
protein-1 (LRP-1), enhancing nanoparticle uptake by macrophages and imparting immunomodulatory effects. DSF-LF 
NPs have demonstrated significant efficacy in suppressing macrophage pyroptosis and the release of pro-inflammatory 
cytokine in LPS-induced sepsis models.88

Additionally, small interfering RNA targeting High Mobility Group Box 1 (siHMGB1)-lipid nanoparticles are 
internalized by macrophages via the mannose receptor, forming endolysosomes that release active agents to inhibit 
HMGB1 transcription, thereby mitigating pyroptosis.89 During the hyper-inflammatory phase of sepsis, polymeric 
nanoparticles have been shown to enhance macrophage anti-inflammatory responses. For example, Hongsa et al designed 
a biotin-azide-quaternary ammonium salt 188-chitosan (Bi-QCS) and a collagen-based nanocarrier (Bi-QCS-AuNPS 
@collagen) that encapsulates drugs on AuNPs. Bi-QCS significantly improves drug uptake by macrophages, while 
chitosan enhances physicochemical stability and controls drug release, leading to superior anti-inflammatory activity 
compared to conventional AuNPs.90

Furthermore, curcumin-loaded ROS and pH-sensitive chitosan/alginate hydrogel nanoparticles effectively resist 
gastrointestinal hydrolysis and target macrophages via the TLR4-MAPK/NF-κB signaling pathways. Chondroitin sulfate 
promotes targeted delivery to macrophages, while the chitosan/alginate hydrogel protects the nanoparticles from 
digestive degradation.76 Nanocomposites of chitosan and AMPs also significantly inhibit LPS-induced NF-κB/MAPK 
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signaling in RAW264.7 macrophages.91 Additionally, chitosan has been used to deliver NF-κB/p65 antisense oligonu-
cleotides, effectively suppressing NF-κB/p65 signaling and downstream inflammatory cytokines (eg, IL-1, IL-6, TNF-α) 
in LPS-stimulated RAW264.7 macrophages.92

Rajendrakumar et al developed a mannose-functionalized disulfide-crosslinked polyethyleneimine nanoparticle com-
plex (MSPAM) incorporating bovine serum albumin-reduced manganese dioxide.93 This complex mitigates organ 
damage in sepsis models by scavenging H2O2, inhibiting HIF-1α expression, and reducing serum TNF-α and IL-6 
levels. These actions collectively contribute to the alleviation of sepsis-induced organ damage. In the immune suppres-
sion phase of sepsis, nanoparticles can induce pro-inflammatory responses in macrophages, thereby improving survival 
rates.94 For instance, iE-DAP, a nucleotide-binding oligomerization domain-containing protein 1 (NOD1) agonist, 
encapsulated in poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), facilitates macrophage internalization, activat-
ing NOD1 signaling and the NF-κB pathway, and promoting IL-6 and TNF-α secretion.70 Zhao et al combined 
monophosphoryl lipid A (MPLA) and muramyl dipeptide (MDP) in poly (lactic-co-glycolic acid) (PLGA) nanoparticles 
that were cross-linked with alginate to create a dual-phase immune-stimulatory nanoparticle complex (MDP 
+PM@ALG).95 This formulation enhanced macrophage phagocytosis and bacterial killing, improving survival and 
resistance to secondary infections in CLP-induced sepsis models, thus providing long-term protection against sepsis.95

Liposomes offer several advantages, such as high drug encapsulation efficiency, reduced systemic toxicity, targeted 
delivery to specific tissues or cells, excellent biocompatibility, biodegradability, and optimized pharmacokinetics. Upon 
intravenous administration, liposomes are efficiently phagocytosed by macrophages, leading to natural accumulation in 
these cells and enhanced targeted delivery.96 During the hyper-inflammatory phase of sepsis, liposomes can enhance the 
anti-inflammatory activity of macrophages. For instance, liposomes loaded with guanidinobenzoic acid modulate 
macrophage anti-inflammatory responses through eIF2α-dependent signaling pathways, downregulating IL-6 and 
cyclooxygenase 2 (COX-2). Additionally, eIF2α-independent pathways reduce IL-1β and TNF-α, markedly decreasing 
the secretion of pro-inflammatory cytokines by macrophages.97 Conversely, during the immune suppression phase of 
sepsis, liposomes can promote pro-inflammatory activity in macrophages. Hou et al developed an AMP encoding mRNA 
for Cat-B, encapsulated within vitamin-liposomes. These vitamin liposomes enhance the accumulation of nanoparticles 
within macrophage lysosomes.98 The AMP-cat-B@VLMP-laden macrophages effectively eliminate MDR bacteria in 
septic mice, offering an alternative strategy to tackle multidrug-resistant sepsis. Furthermore, liposomes can modulate 
macrophage reprogramming. PEGylated liposomes containing IFN-γ induce an increase in NO and a decrease in arginase 
levels in M2 macrophages, indicating enhanced drug targeting and promotion of M2 to M1 polarization.99

Bionically engineered macrophage-membrane-coated nanoparticles possess the ability to traverse biological barriers, 
such as endothelial cell layers, thereby allowing precise targeting of disease sites while minimizing immune system 
detection and clearance.100–102 These bionic nanoparticles also facilitate macrophage reprogramming. Nanodrugs carry-
ing oxaliplatin prodrugs and photosensitizers induce the conversion of M2 to M1 macrophages, characterized by 
increased inducible nitric oxide synthase (iNOS) (an M1 marker) and decreased Arg-1 (an M2 marker). This process 
is mediated by macrophage-mimetic nanoparticles through photo-triggered, precise drug delivery.100 Bionic nanoparticles 
can modulate macrophage phagocytic activity both positively and negatively. During the hyper-inflammatory phase of 
sepsis, liposomes can enhance macrophage anti-inflammatory activity. Lu et al developed a bionic nanomedicine (MM- 
CEP/NLCs) incorporating cephalosporin hydroxyampicillin (CEP) nanolipid carriers (NLCs) and externally coated with 
MM. This formulation ensures effective accumulation in the context of pulmonary inflammation, achieving sustained 
drug release and therapeutic effects against lung inflammation.103 Additionally, bionic nanoparticles can neutralize 
PAMPs. Macrophage-mimetic nanoparticles (MΦ-NP) combine polymeric cores with macrophage membranes, posses-
sing LPS-binding sites (eg, CD126, CD14, and TLR4). These macrophage-mimetic nanoparticles demonstrate prolonged 
circulation times, low toxicity, and the ability to bind and neutralize LPS, thereby mitigating excessive immune activation 
associated with LPS-induced sepsis in murine models.104–106

Additionally, exosomes, known for their low immunogenicity and excellent biocompatibility, serve as effective 
carriers for various therapeutic agents while also modulating macrophage reprogramming. Notably, long non-coding 
RNAs (lncRNAs) exhibit distinct expression patterns in M1 and M2 macrophages.107 Among these, the antisense 
lncRNA of DNA methyltransferase 3A (Dnmt3aos), predominantly expressed in M2 macrophages, regulates Dnmt3a 
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expression, highlighting its potential role in therapeutic strategies targeting macrophage polarization during sepsis. This 
lncRNA comprises three small interfering RNAs (siRNAs) and three antisense oligonucleotides (ASOs), which play 
critical roles in sequence-specific silencing of target genes. When drugs encapsulated in exosomes derived from M2 
macrophages are administered to allergic asthma mouse models, they effectively target M2 macrophages in the lungs and 
significantly suppress pro-inflammatory cytokine production.107 ICAM-1 and vascular cell adhesion molecule-1 (VCAM- 
1) are expressed only in LPS-activated macrophages, while LFA-1 and Very Late Antigen-4 (VLA-4) are upregulated in 
exosomes from M2 macrophages, facilitating their recognition by LPS-activated macrophages.108 Encapsulation of 
plasmid DNA encoding IL-10 in M2-derived exosomes protects the DNA from nuclease degradation and adverse 
reactions, achieving targeted delivery to M1 macrophages and enhancing M1-to-M2 reprogramming, as evidenced by 
increased IL-10 and IL-4 levels and decreased IL-1β and TNF-α levels.108

Inorganic NPs can also modulate macrophage reprogramming. For instance, mangosteen-functionalized gold nano-
particles (MGF-AuNPs) target the NF-κB pathway in splenic macrophages, promoting M2 to M1 polarization with 
a tenfold increase in IL-12, a fiftyfold increase in TNF-α, and a twofold decrease in IL-6 and IL-10.109 In sepsis, SPIO 
nanoparticles, used as antimicrobial agents, modulate macrophage reprogramming dependent on the expression of TNF 
receptor-associated factor 1 (TRAF1) protein by mesenchymal stem cells, aiding in the treatment of septic liver injury.110 

During excessive sepsis activation, macrophage anti-inflammatory activity can be enhanced. Studies have shown that 
GNP conjugated with ginsenoside compound K (CK) and peptide CopA3 (GNP-CK-CopA3) target RAW264.7 macro-
phages, reducing LPS-induced NF-κB/MAPK pathway activation. Pre-treatment of RAW264.7 cells with GNP-CK- 
CopA3 for one hour followed by LPS stimulation for 2 hours significantly inhibits phosphorylation and degradation of 
IκBα and p38 MAPK, indicating the suppressive effect of GNP-CK-CopA3 on macrophage anti-inflammatory activity.111

NPs can function not only as drug delivery systems but also as modulators of macrophage immune responses. For 
instance, Peled et al developed amphiphilic block copolymer NPs self-assembled from hydrolyzed galactomannan 
(hGM). These NPs are recognized by macrophage surface receptors such as lectin-like receptors, leading to the down-
regulation of M1 markers (CD80) and the upregulation of M2 markers (CD163 and CD206), thus facilitating M1-to-M2 
macrophage polarization.94 In contrast, Zhao et al engineered Fe3O4@C/MnO2 NPs, which exhibit excellent photo-
thermal, magnetic, and catalytic properties, inducing M2 macrophages to polarize into M1 phenotypes.112 Additionally, 
NPs can suppress macrophage phagocytic activity. Kodali et al demonstrated in 2013 that silica and SPIO NPs reduced 
macrophage phagocytosis of Streptococcus pneumoniae.113 SPIO binds to the class A scavenger receptor (SR-A) on 
macrophages through electrostatic interactions between the nanoparticle’s anionic groups and the receptor’s collagen-like 
domain. This binding results in transcriptional reprogramming that diminishes pathogen uptake. Similarly, Palomba et al 
created stable spherical NPs by conjugating natural fatty acid methyl palmitate with albumin, which induces macrophage 
quiescence and reduces phagocytic activity.114

NPs also modulate inflammatory pathways. CeO2 NPs, known for their antioxidant properties and biosafety, can 
effectively intervene in disease processes by reducing the mitochondrial electron transport chain (METC) and NADPH 
oxidase (NOX)-mediated superoxide flux, thereby regulating macrophage oxidative activity.115 Furthermore, CeO2 NPs 
mitigate LPS-induced IKB-α degradation and NF-κB/p65 nuclear translocation, attenuating MAPK/NF-κB signaling and 
decreasing LPS-induced cytokine release (IL-1β, IL-6, TNF-α, HMGB1).39,116,117 Conversely, some NPs promote 
inflammatory pathways. Silica NPs, iron oxide NPs (IONPs), and PLGA NPs can stimulate TNF-α secretion by 
macrophages, enhancing inflammatory responses.118,119 Pro-inflammatory cytokines can enhance the immune response 
in early sepsis. During the immunosuppressive phase, moderate inflammatory stimulation helps reverse “immune 
paralysis”, allowing the immune system to effectively recognize and eliminate pathogens. Emerging carbon dots 
(CDs) target lung macrophages, inducing endoplasmic reticulum stress and activating the NLRP3 inflammasome, 
which is evidenced by increased secretion of IL-1β and IL-8.120 This mechanism enhances localized inflammatory 
responses, facilitating rapid pathogen clearance, particularly in sepsis resulting from respiratory infections. Additionally, 
amine-treated 60 nm polystyrene spheres induce ROS production in macrophages at 20 μg/mL.121 ROS have direct 
bactericidal effects and enhance macrophage phagocytosis and antimicrobial functions while activating immune signaling 
pathways through moderate oxidative stress, thereby improving infection resistance. Immune-modulatory nanoparticles 
(iNPs) interact with macrophages to regulate inflammation, reducing LPS-induced NF-κB p65 and MAPK p38 
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activation.122–124 Furthermore, MWCNTs enhance macrophage activation by upregulating CD40 and CD80, stimulating 
phagocytosis through NLRP3 inflammasome activation via Tim4 receptor recognition.125,126 Collectively, these NPs 
contribute to sepsis treatment by modulating inflammatory pathways, enhancing pathogen clearance and maintaining 
inflammatory balance. Table 2 provides a detailed classification and mechanism overview of macrophage-targeted 
nanoparticles in sepsis research, highlighting various NP types and their specific roles in modulating macrophage 
functions.36,39,42,88,93,94,98,110,116,117,122,123,127–130 Figure 4 depicts the immunomodulatory effects exerted by nanoparti-
cles on macrophage function, highlighting their integral roles in modulating immune responses in sepsis.

Nanoparticles Targeting Other Immune Cells
In an intriguing study, Zhang et al synthesized pH-sensitive albumin NPs conjugated with doxorubicin (DOX) to 
selectively target and activate neutrophils, inducing programmed cell death following the in vivo release of DOX.65 

DOX was conjugated to albumin NPs through hydrazone bonds that degrade specifically in the acidic environment of 
activated neutrophils, allowing selective drug release.65 Once internalized, the hydrazone bonds degrade in the acidic 
environment of the neutrophils, leading to DOX leakage and subsequent neutrophil apoptosis. In an LPS-induced sepsis 
mouse model, 70% of mice treated with DOX-albumin NPs survived for 72 hours, compared to only 10% survival in 

Table 2 Classification and Mechanisms of Macrophage-Targeted Nanoparticles in Sepsis Research

Nanoparticle 
Type

Mechanism Function References

Dextran NPs Quantitative noninvasive assessment for spatiotemporal macrophage 

dynamics

Nanotracer for macrophage [127]

SPION Quantitative susceptibility mapping magnetic resonance for NP 

phagocytosis by macrophages

Monitoring tools based on 

macrophage phagocytosis

[128]

Liposomes Promote the accumulation of NPs in macrophage lysosomes to kill 

multidrug-resistant bacteria

Drug-delivery system targeted 

for macrophages

[98]

MDP+PM@ALG Enhance the phagocytic and bactericidal function of macrophages. Macrophage activation and 

phagocytosis

[94]

Biomimic 

macrophage NPs

Capture and eliminate LPS and inflammatory factors Macrophage activation and 

phagocytosis

[129]

Cerium oxide NPs Reduce the superoxide flux of METC and plasma membrane NOX, and 

downregulate proinflammatory cytokines release

Induce antioxidant and anti- 

inflammatory activity

[39,117,130]

Metal and 

polymeric NPs

Decompose toxic H2O2 to oxygen and water, prevent proinflammatory 

cytokines secretion

Induce antioxidant and anti- 

inflammatory activity

[93]

Cerium oxide NPs Reduce MAPK/NF-κB mediated pathways activation Target inflammatory pathways [116,117,130]

PLA iNPs Elimination of NF-κB p65 and MAPK p38 activation Target inflammatory pathways. [122,123]

Au NPs Demonstrated by the lower supernatant TNF-α and IL-1β and higher 
Arginase 1

Mediate macrophage 
polarization

[36]

SPION of  
γ-Fe2O3 NPs

Induce TRAF1-dependent polarization Mediate macrophage 
polarization

[110]

SPIONs of  
γ-Fe2O3 NPs

Induce Cav1-Notch1/HES1-mediated autophagy Target inflammatory pathways [42]

LF NPs Inhibit GSDMD-induced pyroptosis Target inflammatory pathways [88]

Abbreviations: SPION, superparamagnetic iron oxide nanoparticles; MDP+PM@ALG, muramyl dipeptide (MDP) in poly (lactic-co-glycolic acid) (PLGA) nanoparticles, 
cross-linked with alginate to create a dual-phase immune-stimulatory nanoparticle complex; METC, mitochondrial electron transport chain; NOX, NADPH oxidase; PLA, 
phoryl lipid A immune-modulatory; TRAF1, TNF receptor associated factor 1; LF, lactoferrin.
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mice treated with free DOX. Mice treated with DOX-albumin NPs exhibited a significant reduction in neutrophil and 
cytokine levels in their blood compared to those receiving conventional treatments, indicating that the designed NP 
platform promoted apoptosis of inflammatory neutrophils and suppressed systemic inflammation. Notably, neutrophil 
counts and cytokine levels in NP-treated mice returned to normal within 72 hours, suggesting no permanent damage to 
the immune system or bone marrow function. Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) is 
known to induce apoptosis in inflammatory cells. Encapsulation of TRAIL in antimicrobial peptide-crosslinked nanogels 
has been used to inhibit Klebsiella pneumoniae infection and overexpression of membrane attack complex (MAC).66 The 
targeting capability of such nanogels arises from their cationic fibrillar assemblies, which interact with bacterial LPS 
through electrostatic interactions. Subsequently, the nanogels were internalized by LPS-activated MAC and release 
TRAIL, promoting cell apoptosis. In a Klebsiella pneumoniae-induced sepsis mouse model, treatment with TRAIL 
nanogels significantly reduced serum creatinine levels, bacterial loads, several cytokines (TNF-α and IL-6), kidney injury 
markers, and LPS-induced lung polymorphonuclear leukocytes compared to free TRAIL, nanogel, and saline controls. 
Additionally, TRAIL nanogel-treated mice demonstrated a notable increase in survival rates, with nearly 70% surviving 
for 12 days post-treatment.

Figure 4 Immunomodulatory effects of macrophages by nanoparticles. This figure illustrates the distinct phenotypes of macrophages, specifically M1 (pro-inflammatory) and 
M2 (anti-inflammatory). DAMPs, PAMPs, and LPS can trigger M1 polarization, resulting in the release of pro-inflammatory cytokines. Nanoparticles interact with cell surface 
receptors and enter macrophages via endocytosis or phagocytosis, influencing MyD88, MAPK, and NF-κB signaling pathways. This interaction alters macrophage polarization, 
leading to cytokine production and release, inflammasome activation, and potentially pyroptosis. Notably, nanoparticles promote the transition from pro-inflammatory M1 to 
anti-inflammatory M2 macrophages, enhancing the production of anti-inflammatory cytokines, reducing inflammatory responses, and improving tissue repair, ultimately 
facilitating recovery from sepsis. 
Abbreviation: MyD88, Myeloid differentiation factor 88; Arg-1, Arginase-1; NLRP3, NOD-like receptor family pyrin domain-containing 3; GSDMD, gasdermin D.
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Endothelial cells play a crucial role in maintaining homeostasis through the coordination of anti-inflammatory, 
anticoagulant, and anti-adhesive states.131 However, excessive inflammation and reactive oxygen and nitrogen species 
(RONS) can impair endothelial cells, leading to dysfunction and structural damage in septic conditions.132 Thus, 
modulating inflammation of endothelial cells is a significant aspect of sepsis treatment. Notably, recombinant activated 
protein C (APC), a component of the natural anticoagulant system with potent anti-inflammatory effects on endothelial 
cells, has been used in the treatment of sepsis.133,134 However, the clinical application of APC is hindered by its severe 
bleeding risk due to the degradation of pro-coagulant factors Va and VIIIa. Recently, Lee et al designed a protein 
nanocage composed of short ferritin (sFn), γ-carboxyglutamic acid from protein C (PC-Gla), PAR-1 activating peptide 
(TRAP), and matrix metalloproteinase (MMP)-2 cleavage sites, with sFn serving as its scaffold.135 PC-Gla is inserted at 
the C-terminus and TRAP at the N-terminus of sFn, while MMP-2 cleavage sites are inserted between sFn and PC-Gla to 
enable PC-Gla to escape the nanocomposite upon reaching MMP activation sites. Notably, TRAP activates PAR-1, 
enhancing Gla-ERPC-PAR-1 signaling, which shifts endothelial cells from a pro-inflammatory state to a cell-protective 
state.133,136,137 To address endothelial inflammation, bovine serum albumin NPs have been utilized as carriers for 
dansylamide (a spleen tyrosine kinase inhibitor).138 Researchers also used albumin NPs to deliver dansylamide to inhibit 
β2 integrin signaling mediated by spleen tyrosine kinase, thereby reversing TNF-α activated neutrophil adhesion. In an 
LPS-induced mouse model of lung inflammation, which mimics sepsis-associated acute lung injury, albumin NPs loaded 
with dansylamide significantly reduced neutrophil adhesion and lung tissue myeloperoxidase activity, indicating reduced 
neutrophil sequestration.139 Reduced drug content in albumin NPs decreased neutrophil and monocyte infiltration into the 
lungs. These results underscore the potential value of NPs in treating the inflammatory cells responsible for tissue 
damage.

Extracellular Vesicles (EVs) in Sepsis Immunomodulation
EVs are lipid bilayer-enclosed vesicles ranging in size from 30 nm to several micrometers, secreted by various 
mammalian cells under both physiological and pathological conditions.140 They are classified into three main subtypes 
based on their biogenesis and size: exosomes (Exos), microvesicles (MVs), and apoptotic bodies.141 EVs contain 
a variety of bioactive substances, including intracellular proteins, nucleic acids (DNA and RNA), lipids, and metabolites, 
that mediate intercellular communication and affect the biological functions of recipient cells.142 Recent studies have 
elucidated a dual role of EVs in sepsis-related inflammatory dysregulation. Numerous reports have highlighted the pro- 
inflammatory role of EVs derived from tissue cells in various sepsis models. For example, in a rat model of sepsis- 
associated encephalopathy (SAE) induced by CLP, Xi et al observed that exosomes from intestinal epithelial cells (IECs) 
induce M1 polarization in mesenteric lymph nodes (MLNs), which contributes to elevated circulating levels of IL-1β and 
exacerbates neuronal damage in the hippocampus.143 Similarly, Balusu et al found that microRNAs (miR-146a and miR- 
155) from choroid plexus epithelium (CPE) cell-derived EVs could enhance the transcription of inflammatory genes such 
as IL-1β, TNF, IL-6, NOS2, and NF-κB, consequently increasing the secretion of IL-6, IL-1β, and TNF in cerebrospinal 
fluid (CSF).144 Lin et al reported that brain-derived EVs could elevate the production of pro-inflammatory mediators, 
leading to damage in the lungs, liver, and kidneys.145 Liu et al demonstrated that exosomes from alveolar epithelial cells 
(AECs) containing miR-92a-3p could activate alveolar macrophages (AMs) by inhibiting phosphatase and tensin 
homolog deleted on chromosome ten (PTEN) expression, thus activating the NF-κB signaling pathway in AMs and 
intensifying lung injury through increased expression of pro-inflammatory cytokines.146 Additionally, exosomes from 
hepatocytes contain high levels of HMGB1, a key mediator of late-stage inflammation.147,148

EVs derived from immune cells play a crucial role in sepsis-associated inflammation. Monocytes and macrophages, 
which can non-specifically kill pathogens, present antigens, and secrete cytokines, release EVs that significantly influence 
sepsis. Research by Li et al demonstrated that macrophage-released exosomes are internalized by neighboring macro-
phages, enhancing TNF-α release.149 Recent studies indicate that macrophage-derived EVs, which express high levels of 
CXCL2, facilitate neutrophil recruitment to the liver and activate neutrophils via the CXCR2/PKC/NOX4 pathway, 
thereby amplifying inflammation.149 Sui et al showed that macrophage exosomes exacerbate TNF-α, IL-1β, and IL-6 
release in a sepsis-induced acute lung injury mouse model.150 Dendritic cell-derived exosomes, modified with brain- 
targeting peptides, cross the blood-brain barrier and enhance immune responses in the brain.151,152 Wang et al reported 
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that monocyte-derived exosomes promote inflammatory responses in sepsis-induced myocardial dysfunction by deliver-
ing the TXNIP-NLRP3 complex to local macrophages, leading to the maturation of IL-1β and IL-18.153 Additionally, 
EVs from plasma, serum, or other bodily fluids exhibit pro-inflammatory effects. Xu et al identified plasma-derived EVs, 
containing miR-126-3p, miR-122-5p, miR-146a-5p, miR-145-5p, miR-26a-5p, miR-150-5p, miR-222-3p, and miR-181a- 
5p, induce inflammation by promoting the release of IL-6, TNF-α, IL-1β, and MIP-2 and by facilitating neutrophil 
migration. Li et al reported that plasma EVs enriched with miR-210-3p exacerbate inflammation and apoptosis in THP-1 
macrophages and the human bronchial epithelium cell line (BEAS-2B) cells by targeting autophagy-related 7 (ATG7), 
which inhibits autophagy and contributes to enhanced inflammatory responses.154 Plasma-derived exosomes also indicate 
that miR-1-3p increases IL-1β and iNOS levels by downregulating the stress-related ER protein stress-associated 
endoplasmic reticulum protein 1 (SERP1).155 Jiang et al found that miR-155 promotes inflammation in a sepsis- 
associated acute lung injury mouse model by activating macrophages.156 In vitro, miR-155 targets SHIP1, enhancing 
M1 macrophage proliferation, and it also targets suppressor of cytokine signaling 1 (SOCS1), increasing pro- 
inflammatory cytokines such as IL-6 and TNF-α.157 Furthermore, Murao et al demonstrated that exosomes in sepsis 
serum express high levels of extracellular cold-inducible RNA-binding protein (eCIRP), which induces IL-6 and TNF-α 
production and neutrophil migration.156

EVs play a dual role in sepsis, exhibiting both pro-inflammatory and anti-inflammatory effects. Recent studies, such 
as those by Gao et al, have shown that serum-derived exosomes from septic mice not only enhance Th1/Th2 cell 
differentiation but also promote lymphocyte proliferation and migration.158 Notably, pre-treatment with septic serum 
exosomes led to a decrease in TNF-α and IL-10, with a more pronounced reduction in TNF-α, suggesting an anti- 
inflammatory effect of these exosomes.157 Similarly, Appiah et al reported that EVs derived from intestinal epithelial 
cells in septic mice alleviate mucosal inflammation by inhibiting TNF-α and IL-17A expression.159 Due to their low 
toxicity, reduced immunogenicity compared to stem cells, and exhibiting good circulatory stability, EVs are being 
explored as biomimetic drug delivery platforms and bioactive nanomedicines for treating conditions like cancer, acute 
lung injury (ALI), and sepsis.160,161

EVs derived from mesenchymal stem cells (MSCs) are a major focus in sepsis treatment. Exosomes from bone 
marrow-derived MSCs (BMMSCs) mitigate inflammation by suppressing hypoxia-inducible factor 1α (HIF-1α) and 
inhibiting M1 polarization while promoting M2 polarization.162 Liu et al demonstrated that miR-191 in BMMSC-EVs 
diminishes macrophage inflammatory responses by targeting death-associated protein kinase 1 (DAPK1).163 Chen et al 
reported that small EVs from human umbilical MSCs (huMSCs) increase antioxidant enzyme IκB levels and inhibit the 
MAPK/NF-κB pathway, thereby reducing microvascular permeability and neutrophil infiltration in the lungs, thereby 
mitigating inflammation.164 Deng et al found that exosomes from adipose tissue-derived MSCs (ADMSCs), BMMSCs, 
and huMSCs all suppress macrophage glycolysis, decrease pro-inflammatory factor synthesis, and alleviate lung 
damage.165 Among these, ADMSC-derived exosomes showed the most pronounced protective effects. Zhou et al 
confirmed in a CLP sepsis model that exosomes from endothelial progenitor cells (EPCs) lower plasma cytokine and 
chemokine levels by promoting the release of miR-126-3p and miR-126-5p.161 These miRNAs also inhibit HMGB1 and 
VCAM1 delivery, thereby reducing inflammation and pulmonary vascular permeability.166 Inhibition of alveolar epithe-
lial cell apoptosis, a critical mechanism in ALI, aids in lung function recovery.167 Jiang et al showed that miR-125b-5p in 
exosomes from brain microvascular endothelial cells inhibits topo IIα, reducing lung tissue inflammation and 
apoptosis.168 Mizuta et al found that ADMSC-derived exosomes activate the PI3K/Akt pathway through miR-126 
transport, thereby reducing endothelial cell apoptosis.169 Similarly, lncRNA-p21 in BMMSC-derived exosomes sup-
presses alveolar epithelial cell apoptosis by upregulating sirtuin 1 (SIRT1) and downregulating miR-181.170 Shen et al 
reported that circRNA-Fryl in ADMSC-derived exosomes regulates the miR-490-3p/SIRT3 pathway to inhibit inflam-
matory factor expression and alveolar epithelial cell apoptosis.171

Myocardial injury is a severe complication of sepsis, closely associated with poor patient outcomes.172,173 The 
mortality rate significantly increases when patients with sepsis experience myocardial damage.174 Thus, mitigating 
myocardial injury and promoting cardiac function recovery are crucial for reducing sepsis-related mortality. Wang 
et al demonstrated that BMMSC-derived exosomes (BMMSC-Exos) alleviate myocardial inflammation and apoptosis 
by transferring miR-223, which downregulates Sema3A and Stat3.175 Similarly, Pei et al found that miR-141 in 
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BMMSC-Exos exerts cardioprotective effects by regulating the PTEN/β-catenin axis.176 Sun et al recently observed 
elevated levels of miR-24-3p in M2 macrophage-derived exosomes, which protect myocardial cells by downregulating 
tumor necrosis factor superfamily member 10 (Tnfsf10), thereby improving cardiac function in damage caused by 
sepsis.177 Tu et al reported that heat shock protein A12B, predominantly expressed in human umbilical vein endothelial 
cell (HUVEC)-derived exosomes, inhibits NF-κB activation and translocation in macrophages, reducing their pro- 
inflammatory activity.178

Acute kidney injury (AKI) affects approximately 60% of sepsis patients, significantly impacting mortality rates and hospital 
stays.179,180 Adipose-derived mesenchymal stem cell-derived exosomes (ADMSC-Exos) have been shown to mitigate sepsis- 
induced AKI by activating the SIRT1 pathway, which reduces inflammation, apoptosis, and improves microcirculation.181 Sun 
et al demonstrated that miR-27b in BMMSC-Exos modulates the JMJD3/NFκB/p65 axis, suppressing pro-inflammatory 
cytokines such as TNF-α, IL-1β, and IL-6.182 Moreover, miR-146b in huMSC-Exos alleviates renal injury by downregulating 
IRAK1 and inhibiting NF-κB activation.183 Zhang et al compared ADMSC-Exos and BMMSC-Exos in a sepsis rat model, 
finding that ADMSC-Exos were more effective in reducing inflammation and oxidative stress.184 He et al identified that miR- 
93-5p in endothelial progenitor cell-derived exosomes (EPC-EVs) inhibits renal inflammation, apoptosis, and vascular leakage 
via the KDM6B/H3K27me3/TNF-α axis, while also reducing histological damage to the kidneys, liver, and lungs.185 Table 3 
summarizes the nanotherapeutic potential of natural EVs in sepsis.162–166,168–171,175–178,181–186

Table 3 Nanotherapeutic Potential of Natural EVs in Sepsis

Target 
Organ

Source of EVs/ 
Exosomes/MVs

Delivered 
Molecules

Signaling Pathways/ 
Target Molecules

Mechanism References

Lung BMMSC-Exos - HIF-1α↑ Reduce the inflammatory response [162]

Lung BMMSC-EVs miR-191 DAPK1↓ Attenuate macrophages inflammatory response [163]

Lung huMSC-EVs Not provide Anti-oxidative enzymes↑, 
MAPK/NF-κB pathway↓

Improve pulmonary microvascular permeability, inhibit 
neutrophil infiltration in lung tissue

[164]

Lung ADMSC-Exos, BMMSC- 
Exos, huMSC-Exos

Not provide Not provide Inhibit glycolysis of macrophages and reduce the 
synthesis of pro-inflammatory factors

[165]

Lung EPC-Exos miR-126-3p, 
miR-126-5p

IL-6, IFNγ, TNF-α, HMGB1 
and VCAM1↓

Reduce the inflammatory response, attenuate vascular 
permeability

[166]

Lung Cerebral microvascular 
endothelial cell-Exos

miR-125b-5p Topoisomerase II alpha↓ Inhibit inflammatory factors infiltration and alleviate 
apoptosis

[168]

Lung ADMSC-Exos miR-126 PI3K/Akt pathway Suppress endothelial apoptosis [169]

Lung BMMSC-Exos lncRNA-p21 SIRT1↑, miR-181↓ Inhibit apoptosis of pulmonary epithelial cells [170]

Lung ADMSC-Exos circ-Fryl miR-490-3p/ SIRT3 pathway Inhibit the expression of inflammatory factors and 
apoptosis of alveolar epithelial cells

[171]

Lung and 
kidney

Granulocyte-MVs Not provide uPAR↑ Reduce clot formation [186]

Myocardium BMMSC-Exos miR-223 Sema3A and Stat3↓ Reduce the inflammatory response and suppress 
cardiomyocyte apoptosis

[175]

Myocardium BMMSC-Exos miR-141 PTEN/β-catenin axis Reduce the inflammatory response and cardiomyocyte 
apoptosis

[176]

Myocardium M2 macrophages-Exos miR-24-3p Tnfsf10↓ Reduce the inflammatory response and cardiomyocyte 
apoptosis

[177]

Myocardium HUVEC-Exos HSPA12B NF-κB activation and nuclear 
translocation↓

Attenuate macrophages inflammatory response [178]

Kidney ADMSC-Exos Not provide SIRT1 pathway Inhibit inflammation, apoptosis and improve 
microcirculation in kidney

[181]

(Continued)
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Engineered EVs are gaining traction due to their enhanced targeting capabilities. Genetic modifications in donor cells 
have emerged as a promising sepsis therapy. Engineered EVs, through gene or protein modifications, exhibit anti- 
inflammatory and anti-apoptotic effects. Zhou et al enhanced PTEN-induced kinase 1 (PINK1) expression in huMSC- 
Exos by transfecting Pink1 siRNA, providing cardioprotection via the PINK1-PKA-NCLX axis.187 Li et al engineered MSC- 
Exos to overexpress CircRTN4, which modulates the miR-497-5p/MG53 axis to reduce inflammation and cardiomyocyte 
apoptosis.188 Ding et al used siCCR2 in macrophage-derived EVs to silence C-C receptor 2 (CCR2), reducing monocyte 
mobilization and chemotaxis.189 Sun et al demonstrated that EVs can deliver drugs like curcumin specifically to inflamed 
tissues, reducing lung inflammation by downregulating CD11b+Gr-1+ cells.190 Gao et al used nitrogen cavitation to prepare 
EVs, showing that nitrogen cavitated neutrophil-derived EVs can deliver paclitaxel and inhibit neutrophil infiltration.191 Choi 
et al applied EXPLOR technology, a method for loading super-suppressor IkB (srIkB) into exosomes from 293T cells, to 
suppress inflammation and renal tubular apoptosis.192 Preconditioning strategies, such as LL-37 for neutrophils and IL-1β for 
MSCs, enhance EV secretion and therapeutic efficacy.193,194 Pan et al observed that remote ischemic preconditioning 
significantly increased miR-21 in Exos, reducing renal cell apoptosis and inflammation by modulating the PDCD4/NF-κB 
and PTEN/AKT pathways.195 Zhu et al found that miR-142-5p reduced pro-inflammatory factors and neutrophil infiltration, 
alleviating pulmonary edema.196 Additionally, hypoxia-preconditioned ADMSC-Exos promoted mmu_circ_0001295 
expression, improving renal function and reducing inflammation.197 Figure 5 illustrates the roles of EVs in modulating 
immune responses during sepsis, underscoring their potential as therapeutic agents in the management of this condition.

Nanopeptides in Sepsis Therapy
Peptides, which are chains of up to 50 amino acids linked by amide bonds, are increasingly utilized as nanomaterials in 
therapeutic applications due to their unique properties at the nanolevel.198–200 AMPs are especially effective against 
sepsis-related infections due to their diverse mechanisms, including direct bacterial membrane disruption, modulation of 
host immune responses, and a minimal propensity for resistance development. These features make AMPs a compelling 
alternative to traditional antibiotics.201 AMPs target bacterial pathways often bypassed by conventional treatments, 
thereby mitigating resistance.202 Despite the cataloging of more than 3000 AMPs (eg, http://aps.unmc.edu/AP/), their 
clinical application remains limited due to challenges such as stability, delivery, and cost. Anti-inflammatory peptides 
(AIPs) also hold significant promise in sepsis therapy by targeting specific inflammatory pathways to reduce tissue and 
organ damage, thereby improving outcomes.203–207 Recent advancements in AIP-based nanostructures have led to 
significant improvements in therapeutic properties, including enhanced neutralization of pro-inflammatory molecules, 
improved biodegradability, and more efficient delivery systems.208–211 For instance, Tram et al developed a dual-active 
peptide nanostructure that assembles into amyloid-like networks in response to endotoxins.209 This structure effectively 
neutralizes cytokines such as TNF-α and IL-6, thereby mitigating cytokine storms and enhancing both stability and 
circulation time. The integration of AIPs into nanostructures markedly boosts their efficacy in sepsis management. The 
current research on nanopeptides in sepsis models is summarized in Table 4.198–211

Table 3 (Continued). 

Target 
Organ

Source of EVs/ 
Exosomes/MVs

Delivered 
Molecules

Signaling Pathways/ 
Target Molecules

Mechanism References

Kidney BMMSC-Exos miR-27b JMJD3/NFκB/p65 axis Reduce pro-inflammatory cytokines [182]

Kidney huMSC-Exos miR-146b IRAK1↓, NF-κB↓ Inhibit inflammation, renal tubular cells apoptosis, and 
improve kidney function

[183]

Kidney ADMSC-Exos,  
BMMSC-Exos

Not provide Not provide Inhibit inflammation, oxidative stress and apoptosis [184]

Kidney EPC-EVs miR-93-5p KDM6B/H3K27me3/TNF-α 
axis

Inhibit inflammation, apoptosis, vascular leakage in 
kidney, and reduce organ damage

[185]

Abbreviations: BMMSC-Exos, BMMSC-derived exosomes; huMSC, human umbilical MSC; ADMSC, adipose tissue-derived MSC; EPC, endothelial progenitor cell; Tnfsf10, 
tumor necrosis factor superfamily member 10; HUVEC, human umbilical vein endothelial cell.
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Cell-Free DNA Modulation in Sepsis and Nanoparticle-Based Gene 
Therapy
Studies have highlighted the critical role of cell-free DNA (cfDNA) in modulating TLR9-mediated pro-inflammatory 
cascades in severe sepsis. cfDNA can activate TLR9, leading to the production of pro-inflammatory cytokines and the 
exacerbation of sepsis. Therefore, neutralizing cfDNA could potentially attenuate excessive immune responses and 

Figure 5 Roles of EVs in immune modulation during sepsis. This figure highlights the critical functions of EVs originating from diverse cell types in modulating immune 
responses during sepsis. EVs transmit signals between cells by transporting specific proteins, lipids, and nucleic acids, thereby regulating the activity of T cells, B cells, and 
endothelial cells. They modulate both pro-inflammatory and anti-inflammatory signaling pathways and are implicated in the damage or protective mechanisms of multiple 
organs in sepsis. By modulating intercellular communication, EVs affect organ function, vascular permeability, and tissue repair processes. 
Abbreviation: CPE, choroid plexus epithelium; IECs, intestinal epithelial cells; AECs, alveolar epithelial cells; MSCs, mesenchymal stem cells; EPCs, endothelial progenitor 
cells; huMSCs, human mesenchymal stem cells; BMMSCs, bone marrow mesenchymal stem cells; ADMSCs, adipose-derived mesenchymal stem cells.

Table 4 Summary of Current Research on Nanopeptides in Sepsis Models

Nanomaterial Mechanism Sepsis Model Beneficial Effects Detrimental Effects References

AMPs Direct bacterial membrane 

disruption; modulation of host 
immune responses

Sepsis-related 

infections

Effective against 

infections; mitigate 
antibiotic resistance

Limited clinical 

application due to 
stability, delivery, and 

cost challenges

[182–198]

AIPs Target specific inflammatory 

pathways; enhance neutralization 

of pro-inflammatory molecules

General sepsis 

models

Reduce tissue and 

organ damage; improve 

outcomes

Data not available [203–211]

Dual-active 

peptide 
nanostructure

Assembles into amyloid-like 

networks; neutralizes cytokines 
(TNF-α, IL-6)

Endotoxin-induced 

sepsis models

Mitigates cytokine 

storms; enhances 
stability and circulation 

time

Data not available [209]

Abbreviations: AMPs, antimicrobial peptides; AIPs, anti-inflammatory peptides.
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improve the treatment of sepsis.212 Dawulieti et al synthesized polyethyleneimine (PEI)-functionalized mesoporous silica 
nanoparticles (MSNPs, 150 nm), which bind to and clear cfDNA.213 The cfDNA clearance activity of PEI-MSNPs can 
suppress cfDNA-induced inflammation, reduce serum cytokines (TNF-α, IL-6, and MCP-1), and mitigate organ damage. 
In another study, He et al designed an α-helical peptide, PPABLG, capable of encapsulating TNF-α siRNA for sepsis 
gene immunotherapy.214 To enhance the stability and electrostatic interactions of the nanoparticles, they incorporated an 
additional anionic peptide, PAOBLG-MPA, resulting in the formation of PPABLG mixed nanoparticles. The amphiphilic 
helical PPABLG HNPs showed enhanced membrane disruption and endosomal escape compared to non-helical PPABLG 
HNPs, resulting in more efficient transfection of TNF-α siRNA compared to the traditional Lipofectamine 2000 reagent. 
Systemic administration of helical PPABLG HNPs carrying TNF-α siRNA significantly reduced pro-inflammatory 
responses and rescued the 50% of animals from LPS/D-GalN-induced liver sepsis.214 This research indicates that 
RNA interference holds promise as an anti-inflammatory gene therapy approach, potentially circumventing the immune- 
related side effects commonly seen with traditional cytokine antagonists or TLR signaling inhibitors. The continued 
development of adaptive nanoparticle-based gene delivery systems is essential for maximizing therapeutic efficacy in 
sepsis, paving the way for innovative nanomedicine strategies in sepsis management.

Multimodal Nanomedicine Combination Therapy Strategies
The synergy between nano-immunomodulators and nano-antimicrobial agents represents a promising multimodal 
therapeutic strategy with the potential to mitigate antibiotic resistance and enhance treatment efficacy in sepsis. Nano- 
immunomodulators, which modulate the host immune response, can complement nano-antimicrobial agents that directly 
target and neutralize pathogens.

For instance, Friedman et al recently demonstrated that nanoparticles composed of chitosan and alginate exhibit direct 
bactericidal activity against Propionibacterium acnes, a bacterium implicated in the pathogenesis of acne. These 
nanoparticles also exhibit anti-inflammatory properties by suppressing cytokine production induced by 
Propionibacterium acnes.215 Furthermore, Ajish et al developed a hybrid peptide, Lf-KR, by combining the antimicrobial 
peptides LfcinB6 and KR-12-a4. This hybrid peptide significantly inhibited the expression and production of nitric oxide 
and TNF-α in LPS-stimulated RAW264.7 mouse macrophages while demonstrating potent eradication effects against 
pre-formed multidrug-resistant Pseudomonas aeruginosa biofilms. This combination enhances antibacterial, anti- 
inflammatory, and antibiofilm activities.216

Similarly, Shin et al utilized computational modeling to design two peptides, Ak-N’ and Ak-N’m, which exhibited 
significant inhibitory effects against both Gram-negative and Gram-positive bacteria.217 These peptides also down-
regulated pro-inflammatory mediators, including TNF-α, IL-1β, and IL-6. Recent studies have introduced multifunctional 
styrene-ethylene-butylene-styrene/silver nanowire (SEBS/AgNWs) composite membranes, which exhibit antibacterial, 
antioxidative, and anti-inflammatory properties. The SEBS/AgNWs significantly inhibited the growth of Staphylococcus 
aureus, methicillin-resistant Staphylococcus aureus, and Escherichia coli, effectively neutralizing hydrogen peroxide 
(H2O2) and hydroxyl radicals and showcasing robust ROS scavenging abilities. Additionally, SEBS/AgNWs reduced the 
expression of IL-1β, IL-6, and TNF-α while enhancing levels of transforming growth factor-beta (TGF-β), vascular 
endothelial growth factor (VEGF), and CD31 in wound healing contexts.218

This combined approach addresses the critical issue of antibiotic resistance by potentially reducing reliance on 
conventional antibiotics, as the enhanced immune response may lessen the need for high doses of these medications. 
Nano-immunomodulators can bolster the host’s immune response, thereby diminishing the necessity for extensive 
antibiotic use and decreasing selective pressure on pathogens.219,220 Moreover, integrating these strategies facilitates 
a more effective and tailored treatment approach, simultaneously targeting pathogen eradication through nano- 
antimicrobial agents and enhancing immune system support via nano-immunomodulators. This dual approach promises 
to improve patient outcomes in sepsis management by providing a more comprehensive treatment regimen.

Safety and Clinical Translation Research
The safety of nano-immunomodulators is a crucial aspect to consider as these novel agents advance through clinical 
evaluation. Recent studies have highlighted that, while nano-immunomodulators offer promising therapeutic potential, 
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their safety profiles require thorough assessment due to unique properties inherent in nanomaterials. Nanoparticles can 
exhibit altered biodistribution, such as increased accumulation in specific organs, such as the liver and spleen, and may 
have prolonged clearance times compared to conventional drugs, potentially leading to unexpected adverse effects. For 
instance, the potential for organ-specific toxicity, such as liver and kidney damage, has been reported in several 
preclinical models.221,222 Additionally, the long-term biocompatibility of these agents remains a concern, with studies 
indicating possible chronic inflammatory responses or autoimmune reactions resulting from prolonged exposure to 
certain nanomaterials.223 The risk of nanoparticle-induced cytotoxicity, immunogenicity, and potential for bioaccumula-
tion necessitates comprehensive risk assessment and ongoing surveillance in clinical settings. To establish safety profiles, 
rigorous preclinical testing, including in vivo toxicity studies and biodistribution analysis, is essential before advancing to 
human trials. Balancing the therapeutic benefits with these safety considerations is paramount for the successful 
integration of nano-immunomodulators into clinical practice.

The translation of nano-immunomodulators from basic research to clinical practice involves a complex interplay of 
scientific innovation, regulatory approval, and practical application. Initial studies often focus on the mechanistic 
understanding and efficacy of these agents in preclinical models, demonstrating their potential to modulate immune 
responses and improve outcomes in sepsis.224

Historically, nanoparticles have been primarily utilized in cancer treatment, with limited applications in sepsis. 
However, recent advancements have led to several Food and Drug Administration (FDA)-approved antibiotic nanopar-
ticles entering clinical use. Notably, MGF-AuNPs, which are among the most widely used metal nanoparticles approved 
by the FDA, exhibit antibacterial activity through various mechanisms, including the modulation of gene expression, 
alteration of cellular signaling (via dephosphorylation of tyrosine residues in proteins), generation of ROS, and 
membrane damage leading to microbial death.225

Encouragingly, nanoparticles have made significant strides in both clinical applications and the FDA approval 
processes in recent years. For example, Cimzia® effectively reduces autoimmune responses by blocking TNF-α, while 
Copaxone® suppresses inflammation by altering T cell phenotype.226 Many nanoformulations based on existing patents 
have successfully obtained authorization and are now available on the market.226

However, translating these findings into clinical practice requires overcoming significant challenges, including the 
challenges of scaling up production such as maintaining uniform nanoparticle size and surface characteristics, ensuring 
consistent quality, and addressing regulatory hurdles. For instance, the development of standardized manufacturing 
processes and rigorous quality control measures are critical for maintaining the reproducibility and safety of nano- 
immunomodulators.227 Furthermore, navigating the regulatory landscape poses a substantial challenge, as regulatory 
bodies such as FDA and European Medicines Agency (EMA) require extensive data on safety, efficacy, long-term 
impacts, and adherence to specific guidelines such as Good Manufacturing Practices (GMP), which often necessitates 
extensive clinical trials and complex documentation.221 Additionally, integrating these novel therapies into existing 
clinical workflows can be achieved through pilot studies, collaboration with clinical centers, and demonstrating clear, 
quantifiable advantages over current treatments in terms of efficacy, safety, and cost-effectiveness. Bridging the gap 
between laboratory discoveries and clinical applications requires interdisciplinary collaboration, continued research 
efforts, and a strategic approach to addressing these multifaceted challenges.

Future Directions
The development of nanolevel immunomodulators for sepsis treatment demonstrates considerable potential to reshape 
therapeutic strategies. However, the transition of these technologies from experimental models to clinical settings 
encounters significant challenges. One primary limitation is the complexity of nanoparticle design needed to achieve 
precise targeting specificity while minimizing off-target effects. Although recent advancements have been promising, the 
heterogeneous nature of sepsis in patient populations poses a considerable barrier to the universal application of these 
technologies.228,229 Additionally, while ligand-functionalized nanoparticles that target TLRs offer an innovative approach 
to modulate immune responses selectively, the variability in patient immunology may reduce the efficacy of such targeted 
treatments in broader clinical applications.227
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Moving forward, addressing these limitations will require a focused research agenda. Future studies should prioritize 
the evolution of intelligent nanomaterials capable of adapting in real-time response to the dynamic biomarkers of sepsis, 
such as cytokines and PAMPs. This approach involves designing nanoparticles that not only detect these biomarkers but 
also respond by releasing therapeutic agents specifically when and where they are needed, potentially enhancing the 
effectiveness of the intervention.230 Additionally, the integration of artificial intelligence (AI) and machine learning 
algorithms to analyze patient-specific data, such as genomics and proteomics, offers a pathway to develop personalized 
treatment regimens tailored to individual immunological profiles. This could significantly enhance the precision of sepsis 
management.

Furthermore, a major focus should be on ensuring the safety and biocompatibility of these advanced nanomaterials. 
Robust preclinical testing followed by phased clinical trials is crucial to validate the clinical utility of these innovations. 
Successfully addressing these challenges will be pivotal for advancing nanolevel immunomodulators from theoretical 
constructs to practical and effective tools in sepsis treatment and ultimately improving outcomes in this complex clinical 
area.

Conclusion
In conclusion, this review emphasizes the transformative potential of nanolevel immunomodulators in sepsis, high-
lighting their potential as innovative therapeutic agents. By examining the unique immunological profiles of sepsis across 
various patient demographics and exploring various nano-immunotherapy strategies, this study identifies promising 
avenues for enhancing both treatment efficacy and safety. Future research should prioritize advancement in nanotechnol-
ogy design to optimize bioavailability and therapeutic outcomes. Additionally, investigating the synergistic effects of 
nanolevel immunomodulators in multimodal therapeutic regimens could significantly advance treatment paradigms. 
Translating these innovations into clinical practice holds substantial promise for enhancing patient outcomes in sepsis 
management, representing a crucial step toward personalized and effective healthcare solutions.
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SIRS, systemic inflammatory response syndrome; PAMPs, pathogen-associated molecular patterns; DAMPs, damage- 
associated molecular patterns; ICAM-1, intracellular adhesion molecule 1; LFA-1, leukocyte function-associated antigen 
1; Mac-1, Macrophage-1 antigen; PSGL-1, P-selectin glycoprotein ligand-1; LPS, lipopolysaccharide; TLR4, Toll-like 
receptor 4; IL, interleukin; TNF-α, tumor necrosis factor-α; NLRs, NOD-like receptors; MAPK, mitogen-activated 
protein kinases; PKC, protein kinase C; DIC, disseminated intravascular coagulation; Ts, S-thanatin; LEV, levofloxacin; 
PEG, polyethylene glycol; LTA, lipoteichoic acids; JAKs, Janus kinases; NF-κB, nuclear factor-kappa B; MyD88, 
Myeloid differentiation factor 88; TRAM, Toll-like receptor adaptor molecule; TRIF, Toll-interleukin 1 receptor- 
domain-containing adaptor inducing interferon-β; GNP, gold nanoparticle; MD-2, myeloid differential protein-2; Peptide- 
AuNP, peptide-gold nanoparticle; AP-1, activator protein-1; Cur-SLN, solid lipid nanoparticles loaded with curcumin; 
APS, astragalus polysaccharides; SPION, superparamagnetic iron oxide nanoparticles; PLGA, poly(lactic-co-glycolic 
acid); CXCL-1, C-X-C motif chemokine ligand 1; SAuNCs, sub-nanometer gold clusters; CDCs, carbon-derived 
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hypoxia-inducible factor 1α; DAPK1, death-associated protein kinase 1; HuMSCs, human umbilical MSCs; ADMSCs, 
adipose tissue-derived MSCs; EPCs, endothelial progenitor cells; SIRT1, sirtuin 1; Tnfsf10, tumor necrosis factor 
superfamily member 10; HUVEC, human umbilical vein endothelial cell; AKI, acute kidney injury; ADMSC-Exos, 
adipose-derived mesenchymal stem cell-derived exosomes; EPC-EVs, endothelial progenitor cell-derived exosomes; 
PINK1, PTEN-induced kinase 1; CCR2, C-C receptor 2; srIkB, super-suppressor IkB; AIPs, anti-inflammatory peptides; 
cfDNA, cell-free DNA; PEI, polyethyleneimine; MSNPs, mesoporous Silica nanoparticles; SEBS/AgNWs, styrene- 
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