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A B S T R A C T

Sepsis, a severe global health challenge characterized by life-threatening organ dysfunction stemming from a 
dysregulated immune response to drug-resistant pathogens, imposes a substantial disease burden. The intricate 
nature of sepsis necessitates meticulous drug administration and underscores the urgency for advanced drug 
delivery strategies. This paper presents a comprehensive overview of recent advancements in nanotechnology- 
driven therapeutic interventions for sepsis, emphasizing innovative approaches such as stimulus-responsive 
and nano-drug delivery systems that have been applied to tackle sepsis and its associated complications. 
Drawing from various theories and mechanistic insights into sepsis pathogenesis, we explore novel therapeutic 
avenues and their potential integration with nano-delivery systems, considering factors such as the microenvi
ronment. We demonstrate how these nano-delivery systems can enhance treatment accuracy and diversity. 
Furthermore, the synergy between nanomedicine and emerging technologies like CRISPR, CAR-T therapy, AI, 
microfluidics, microbiome research, and immunotherapy holds the promise to revolutionize sepsis diagnosis, 
treatment, and management strategies. However, overcoming pathogen resistance, precisely modulating 
excessive immune response/immunosuppression, and achieving efficient targeted delivery of nanocarriers in 
complex pathological environments remain core challenges. Future research needs to focus on the development 
of smarter and more responsive nanoplatforms and deeply explore their deep integration with multiple cutting- 
edge technologies in order to advance the clinical translation of precision sepsis diagnosis and treatment.

1. Introduction

Epidemiological data and studies show that sepsis is a major socio- 
economic burden worldwide [1]. Sepsis, a life-threatening condition 
characterized by a dysregulated host response to infection, can lead to 
diverse types of organ damage (Fig. 1A). Examples include Acute Lung 
Injury/Acute Respiratory Distress Syndrome (ALI/ARDS), Acute Kidney 
Injury (AKI), Septic Cardiomyopathy, Liver Dysfunction and 
Encephalopathy/Sepsis-Associated Encephalopathy (SAE), etc. Conse
quently, the management of sepsis necessitates intricate and costly ther
apeutic interventions. Notably, the risk associated with sepsis far exceeds 
that posed by the underlying infection itself. In the context of COVID-19, 
the high mortality rates observed among critically ill patients are 

intimately linked to viral sepsis, which frequently progresses to classic 
septic shock accompanied by an inflammatory storm, oxidative 
stress-induced damage, and disruptions in respiratory and microcircula
tory functions [2,3]. There are many ways to treat sepsis (Fig. 1B), with 
traditional therapy focusing mainly on organ support, such as fluid 
resuscitation, mechanical ventilation and haemodynamic maintenance, 
while pharmacological treatment remains an adjunct [4], where many 
potential anti-infective and immunosuppressive therapies have also been 
identified [5]. Advancements in immunology and genomic medicine have 
underscored the pivotal role of diverse immune mechanisms in modu
lating sepsis pathogenesis. These mechanisms operate through the acti
vation of integral components of the immune system, spanning both 
innate and adaptive immunity. The orchestration of immune cell activa
tion in response to sepsis-inducing pathogens or pathogen-associated 
molecular patterns (PAMPs) is intricately regulated by immunometabo
lism, a metabolic phase specific to immune cells [6]. Therapies targeting 
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immunosuppression are being intensively investigated as a new approach 
to sepsis treatment. Immune checkpoint receptors, including programmed 
death-1 (PD-1), programmed death ligand-1 (PD-L1), cytotoxic T 
lymphocyte antigen-4 (CTLA-4) and B and T lymphocyte attenuator 
(BTLA), have been shown to increase during sepsis and are hypothesised 
to be one of the main factors contributing to sepsis-induced immune cell 
dysfunction, with the help of Specific biomarkers to identify immuno
suppressed patients and administer specific immunomodulatory agents 
have great potential for the future treatment of sepsis [7]. However, it 
remains important to develop methods to easily and cost-effectively 
identify individual inflammatory responses.

Nanotechnology is a system for introducing drugs by various 
methods (grafting, adsorption, physical encapsulation) using synthetic 
or natural materials as carriers, called drug delivery nanosystems [8]. 
Representative nanodelivery systems include micelles, liposomes, 
nanoemulsions, bionanomaterials, exosomes and metallic materials [9,
10]. Nanodelivery systems represent promising tools in the treatment of 
sepsis, serving as efficient drug carriers for inflammation-modifying 
agents. They facilitate targeted drug delivery, enhancing bioavail
ability while minimizing toxicity, and offer the ability to modulate both 
pro-inflammatory and anti-inflammatory responses [11]. Novel 
nano-delivery systems help to improve diagnostic and therapeutic 
techniques for patients with sepsis, such as targeting macrophage acti
vation, modulating inflammatory pathways, and reprogramming 
macrophage polarization [12], they offer a range of benefits such as 
enhanced solubility and bioavailability, targeting, extended circulating 
half-life, and reduced side effects.

Nanotechnology-based drug delivery systems leverage both endog
enous and exogenous stimuli to achieve controlled drug release. 
Endogenous stimuli exploit biological variations within the body, such 
as lower pH microenvironments, elevated reactive oxygen species levels 
in inflamed tissues, overexpression of specific enzymes at disease sites, 
and high adenosine triphosphate concentrations inside cells. Exogenous 
stimuli involve externally applied energy sources, including specific 
wavelengths of light for precise spatial activation, localized temperature 
increases to trigger phase transitions, focused ultrasound waves for deep 

tissue penetration, and applied magnetic fields for targeted guidance 
and heat generation. These responsive mechanisms enhance site-specific 
delivery while minimizing systemic exposure (Fig. 1C). Optimized de
signs of stimulus-responsive nanocarriers exhibit improved selectivity, 
sustained release profiles, and minimized premature off-site drug loss, 
leading to reduced toxicity. However, intricate structural designs may 
also amplify potential challenges. Their synthesis routes are often 
extremely cumbersome, which makes it difficult to ensure the homo
geneity of different batches of nanocarriers in terms of size, drug loading 
and response trigger points during mass production, directly affecting 
the reliability and therapeutic stability of the products. At the same time, 
the high complexity and individual differences of the in vivo environ
ment make the designed stimulus response mechanism may be ineffi
cient or lack of specificity in practical applications, and the target 
pathological signal strength is insufficient or overlaps with non-target 
tissues, resulting in insufficiently sensitive and incomplete drug 
release, or even early leakage at the wrong site, weakening the targeting 
advantage and potentially increasing the risk. In addition, new or 
functionalized materials introduced to achieve multiple response func
tions may not be clear enough in terms of long-term toxicity, potential 
for triggering an immune response, and metabolic clearance pathways, 
posing potential safety concerns. Since the approval of the first nano
drug by the FDA, numerous nanodrugs have been commercialized or 
entered clinical trials globally [13]. Furthermore, nanodelivery systems 
frequently integrate contrast agents and diagnostic tools, enabling the 
detection of the physicochemical properties of macrophage phagosomes 
and facilitating macrophage labeling and imaging [14]. Despite ad
vancements in the design of nanocarriers for sepsis therapy, targeting 
accuracy and specificity remain suboptimal.

The intricate mechanism of sepsis poses a significant challenge in its 
treatment, alongside the limitations inherent in nano-agents themselves. 
Current nanomedicine carriers primarily operate at a superficial level, 
focusing on the disease site, yet overlooking the critical research on 
intracellular and genetic levels. Furthermore, many nanomaterials offer 
only temporary relief from sepsis progression, failing to yield substantial 
improvements in cure rates or survival outcomes. The intricate patho
physiology of sepsis, coupled with the inherent limitations of current 
nano-agents, poses significant therapeutic challenges. Moreover, many 
offer only temporary alleviation of sepsis progression, failing to sub
stantially improve cure rates or survival outcomes. Therefore, this re
view aims to critically analyze the current landscape and future 
potential of nanotechnology in sepsis management. Specifically, it will 
explore strategies to advance beyond superficial targeting by enhancing 
the precision and specificity of nanocarriers for delivering therapeutics 
to relevant immune cells (e.g., Macrophages) and subcellular compart
ments within the complex sepsis milieu. The review will also examine 
the synergistic potential of integrating traditional and novel nano
delivery platforms with cutting-edge techniques, including CRISPR- 
based gene editing for modulating immune dysfunction at the genetic 
level, and microfluidics for designing more sophisticated and physio
logically relevant nanopreparations. Furthermore, it will evaluate key 
challenges related to nanocarrier design complexity, manufacturing 
scalability and homogeneity, in vivo performance predictability, and the 
long-term safety profiles of novel nanomaterials. Finally, the review will 
discuss how a deeper understanding of sepsis immunopathogenesis and 
immunometabolism can inform the rational design of next-generation 
nanotherapeutics aimed at effectively reprogramming immune re
sponses and overcoming immunosuppression. By synthesizing insights 
into the underlying mechanisms of sepsis, harnessing the capabilities of 
advanced nanoplatforms, and strategically integrating them with 
emerging technologies, this review seeks to highlight promising avenues 
for developing transformative nanomedicine-based solutions to improve 
sepsis diagnosis, treatment, and ultimately, patient outcomes.

However, translating nanoplatforms from bench to bedside faces 
hurdles in reproducible large-scale synthesis and sterilization protocols. 
Scalability issues arise due to complex fabrication steps (e.g., multi-layer 

ABBREVIATIONS

Abbreviation Full name

AI Artificial Intelligence
AIE Aggregation-Induced Emission
AMPs Antimicrobial Peptides
ARDS Acute Respiratory Distress Syndrome
BTLA B and T Lymphocyte Attenuator
CAR-T Chimeric Antigen Receptor T-cell
CNPs Cerium Oxide Nanoparticles
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
CTLA-4 Cytotoxic T-Lymphocyte Antigen 4
EGCG (− )-Epigallocatechin-3-Gallate
LPS Lipopolysaccharide
MDR Multi-Drug Resistant
MOFs Metal-Organic Frameworks
MPN Metal Polyphenol Nanonetwork
NETs Neutrophil Extracellular Traps
NF-κB Nuclear Factor Kappa B
PAMPs Pathogen-Associated Molecular Patterns
PD-1 Programmed Death-1
PD-L1 Programmed Death Ligand-1
PEG Polyethylene Glycol
PLGA Poly (Lactic-co-Glycolic Acid)
PRRs Pattern Recognition Receptors
RBCs Red Blood Cells
RNS Reactive Nitrogen Species
ROS Reactive Oxygen Species
SAKI Sepsis-Induced Acute Kidney Injury
TA Tannic Acid
TMDs Transition Metal Dichalcogenides
TLR4 Toll-Like Receptor 4
TPN Tea Polyphenol Nanomaterial
tFNA Tetrahedral Framework Nucleic Acid

X. Wang et al. Pharmaceutical Science Advances 3 (2025) 100087

2 



encapsulation), while maintaining colloidal stability during storage 
demands stringent excipient control. Future work must address 
industrial-scale manufacturing constraints to enable clinical adoption.

2. Nano-delivery systems with microenvironmental 
responsiveness

2.1. Sepsis microenvironment

The successful development of novel targeted therapies for sepsis 
necessitates a profound comprehension of its pathophysiological 

mechanisms, facilitating precise molecular imaging and precise drug 
delivery. The sepsis microenvironment is distinct, featuring an inflam
matory cytokine storm, accumulation of immune cells, activation of the 
vascular system, and overexpression of adhesion molecules [15–17]. 
Notably, acidosis emerges as a key chemical alteration in this milieu, 
often triggered by ionic imbalances such as hyperchloremia and 
hyperlactatemia [18]. Additionally, sepsis triggers excessive production 
of reactive oxygen species (ROS) within organelles, particularly mito
chondria, resulting in the oxidation of proteins, DNA, and lipids, ulti
mately contributing to cell death via apoptosis or necrosis [19].

Fig. 1. A. Various diseases secondary to sepsis. B. List of treatment methods for sepsis. C. Microenvironment responsive nanomedicine(Endogenous stimuli: pH, ROS, 
enzymes,ATP; Exogenous stimuli: light, thermo, ultrasound, magnetic field) (Created with BioRender.com).
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2.2. Types of microenvironment-responsive nanosystems

2.2.1. pH-responsive nanosystems
The successful design of stimulus-responsive nanosystems, including 

pH-responsive, enzyme-responsive, and others, has been inspired by the 
unique features of sepsis microenvironments [20–22]. These nano
systems facilitate precise drug targeting by selectively enhancing drug 
release or intracellular uptake in response to intrinsic stimuli, or by 
mimicking the functions of biological membranes and molecules 
expressed or accumulated in sepsis microenvironments. Specifically, 
stimulus-sensitive nanoparticles act as nano-sized active delivery vehi
cles, enabling targeted therapy of various diseases, including sepsis and 
cancer, by leveraging the unique characteristics of the disease micro
environment [23].

Polymeric micelles, self-assembled from amphiphilic block co
polymers, exhibit stealth-like properties in circulation, enabling their 
transport without disrupting blood physiology [24,25]. Specifically, 
poly (ethylene glycol)/poly (β-amino ester) pH-responsive micelles have 
been developed for the co-delivery of (− )-epigallocatechin-3-gallate 
(EGCG) as a dispersant. Due to its hydrophilic nature, EGCG cannot be 
directly encapsulated within the micelle core; instead, it is cross-linked 
to the micelle shell through pH-reversible boron ester bonds. This 
arrangement allows for the controlled release of EGCG upon micelle 
decomposition under acidic biofilm conditions, facilitating its diffusion 
and activity against biofilm bacteria [20].

2.2.2. ROS-responsive nanosystems
Thioether-based polymers have garnered significant attention as 

ROS-sensitive materials. In a recent study, prednisolone (P), a model 
anti-inflammatory agent, was conjugated to aggregation-induced emis
sion (AIE) fluorophores (TP) through ROS-responsive bonds to create a 
diagnostic-therapeutic compound denoted as TPP. This TPP compound 
effectively reduced the influx of inflammatory cells into infected tissues 
and significantly downregulated the expression and secretion of pro- 
inflammatory cytokines [26].

2.2.3. Enzymatic-responsive nanosystems
Beyond the aforementioned alterations, dysregulated enzymatic ac

tivity constitutes a critical facet of the sepsis microenvironment. Pro
teases (e.g., matrix metalloproteinases, neutrophil elastase) and 
phospholipases are markedly upregulated in septic conditions, driven by 
activated immune cells and damaged tissues. These enzymes contribute 
to vascular hyperpermeability, tissue degradation, and amplification of 
inflammatory cascades by cleaving extracellular matrix components and 
cell membrane phospholipids. Notably, such enzymatic surges directly 
challenge the structural integrity of nanocarriers. For instance, 
phospholipase-mediated hydrolysis can destabilize lipid-based nano
particles, while proteases may degrade peptide-conjugated targeting 
ligands or polymeric shells. This enzymatic instability necessitates the 
design of enzyme-shielded or enzyme-responsive delivery systems to 
ensure precise drug release at pathological sites.

Stimuli-responsive nano-delivery systems exploit this dysregulated 
enzymatic activity as a trigger for targeted drug release. Two primary 
strategies are evident: Targeting bacterial virulence enzymes like li
pases, and Targeting host-derived enzymes like neutrophil elastase (NE) 
and matrix metalloproteinases (MMPs) overexpressed at inflammatory 
sites. Examples include lipase-sensitive polymeric nanogels releasing 
antibiotics specifically at infection foci where bacteria secrete lipases, 
and neutrophil elastase-responsive microgels designed for pulmonary 
delivery that degrade in the presence of high NE levels in inflamed lungs, 
releasing therapeutic nanoparticles to inhibit neutrophil degranulation 
and inflammation. These approaches aim to enhance therapeutic effi
cacy by confining drug action to the pathological microenvironment 
while minimizing systemic exposure and off-target effects.

The results of these study underscore the promising potential of 
stimulus-responsive nanocarriers in the treatment of sepsis and sepsis- 

induced organ damage. The design of targeted nanocarriers, which 
respond specifically to biological cues, offers an innovative delivery 
strategy that can augment the therapeutic efficacy of antibacterial, anti- 
inflammatory, antioxidant, and immunomodulatory agents in preclini
cal sepsis models. The intricate nature of sepsis pathogenesis presents an 
array of biological targets that can be leveraged, in conjunction with the 
distinct microenvironment of sepsis, to develop more targeted and 
precise drug carriers for localized delivery to the diseased site. A sum
mary of the methods employed to construct stimulus-responsive de
livery systems for sepsis treatment is presented in Table 1.

2.3. Advantages and challenges of responsive nanosystems

Despite the numerous advantages demonstrated by responsive 
nanodelivery systems, significant challenges hinder their full potential 
and clinical translation. Firstly, their drug delivery efficacy remains 
limited. This limitation stems from factors such as insufficient accu
mulation at the precise site of infection/inflammation, premature drug 
release before reaching the target, and potential off-target effects. 
Consequently, the therapeutic impact is often confined to local relief 
rather than systemic resolution of sepsis pathology. Secondly, trans
lating these sophisticated systems from laboratory settings to clinical 
practice faces substantial hurdles. Scalable and reproducible 
manufacturing of complex stimulus-responsive nanostructures with 
consistent quality remains challenging. Rigorous assessment of long- 
term biocompatibility, biodistribution, and potential immunogenicity 
of both the nanocarrier and its degradation products is essential but 
complex and costly. Furthermore, regulatory pathways for evaluating 
the safety and efficacy of such multi-component, responsive nano
medicines are still evolving and require clear frameworks. Thirdly, while 
integrating CRISPR technology holds promise for enhancing targeting 
and protective capabilities, it introduces additional layers of complexity 
regarding delivery efficiency, specificity, and potential off-target 
genomic edits, raising significant safety concerns that must be meticu
lously addressed. Artificial intelligence imaging and monitoring offer 
valuable tools for optimization and safety monitoring, but they repre
sent supportive technologies rather than solutions to the core material 
science and biological barriers mentioned above.

Therefore, while stimulus-responsive nanodelivery systems repre
sent a highly promising avenue for sepsis therapy, overcoming the 
hurdles of limited in vivo efficacy, complex manufacturing, compre
hensive safety evaluation, and navigating evolving regulatory land
scapes is paramount for their successful clinical translation. Future 
research must not only focus on designing novel responsive mechanisms 
but also prioritize addressing these translational bottlenecks through 
interdisciplinary collaboration involving material scientists, pharma
cologists, clinicians, and regulatory experts. Strategies such as simpli
fying nanocarrier design without compromising functionality, 
developing robust in vitro/in vivo correlation models, and engaging 
early with regulatory agencies are crucial steps forward.

3. Construction of a nanobionic drug delivery system

Despite their promising potential, conventional nanodelivery sys
tems have encountered challenges in efficiently delivering drugs due to 
degradation by intracellular lysosomes and the risk of leakage or cyto
static effects during transportation. Consequently, there has been a 
growing interest in integrating the biological properties of cellular 
components, such as cell membranes, with surface-modified nano
therapeutics. This approach, known as biomimetic drug delivery, has 
gained popularity as a means to enhance drug delivery efficiency and 
targeting. As depicted in Fig. 2A, the preparation of biomimetic nano
carriers typically involves coating nanoparticles with cell membranes 
derived from various sources. These nanoparticles, such as micelles, li
posomes, or polymeric nanoparticles (NPs), serve as the core for drug 
encapsulation, while the cell membrane cloak provides functionalities 
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like immune evasion and tissue targeting. Various types of nanoparticles 
have been used in cell membrane-derived bionanocarriers, and there are 
many cell membrane sources for biomimetics (Fig. 2B).

3.1. Macrophage membrane

The recent advancements in cell membrane-coated nanotechnology 
have presented a promising therapeutic approach by fusing natural cell 
membranes with synthetic NPs to harness benefits like prolonged 

Table 1 
Methods for constructing specific response delivery systems for the treatment of sepsis.

Nanosystems Characterization Mechanism of action Reference

Cargo System Zeta- 
potential

Size Response Sensitive linker Limitations/Toxicity Concerns

Doxorubicin Hyd-BSA negative ~130 nm pH Hydrazone bond Hydrazone bond instability at 
neutral pH

[27]

Curcumin/ 
Quercetin

OSA-CS − 1.6 mV 150–180 nm pH Primary amino group of 
CS causes charge reversal

CS-based NPs may induce hepatic 
accumulation

[28]

Nicotinamide 
adenine 
dinucleotide

CaP and MOFs – 150 nm; 
180 nm

pH NPs with pH-sensitive 
CaP and MOF cores

Metal ion leakage risks [29]

PEG-b-PPS ginsenoside Rg3 – – ROS Poly (propylene sulfide) 
(PPS)

PPS oxidation products trigger 
inflammasome activation

[30]

mPEG-b-PPS melatonin – 127 nm ROS Poly (propylene sulfide) 
(PPS)

Melanin-like NPs interfere with iron 
metabolism

[31]

Oxi-αCD moxifloxacin − 0.01− - 
-7.4 mV

254.2 ± 9.5 
nm

ROS Arylboronic ester Arylboronic esters exhibit 
thrombogenicity

[32]

Vancomycin Lipase-responsive 
triplelayered nanogels

Not 
specified

422 ± 24 nm Bacterial 
Lipase

Poly (ε-caprolactone) 
(PCL) inter-layer 
degradation

Lack of detailed serum stability and 
biodistribution data; Safety profile 
not fully established

[33]

Nexinhib20 Neutrophil 
Elastaseresponsive PEG- 
based microgels

Not 
specified

Microgels: 
1.8–2.3 μm

Neutrophil 
Elastase

NE-cleavable peptide 
crosslinker 
(CGAAFVRGGGGC)

Complex multi-stage design; 
Requires further optimization and 
potential efficacy assessment in 
other sepsis-related injuries

[34]

Fig. 2. A. Preparation process of biomimetic nanomaterials B. Types of commonly used cell membranes C. Bionic agents evade immune phagocytosis (Created with 
BioRender.com).
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circulation and disease-specific targeting. This biomimetic strategy is 
particularly effective for drug delivery to inflammatory sites, such as 
those in sepsis. Prior investigations have demonstrated the high target 
delivery efficiency and therapeutic efficacy of macrophage-membrane- 
coated NPs against various inflammatory diseases, encompassing rheu
matoid arthritis, cancer, and sepsis. Specifically, a macrophage 
membrane-camouflaged metal-organic framework (MOFs) system for 
plasmid DNA (pDNA) delivery targeting sepsis can be devised by 
encapsulating the antimicrobial gene LL37 within a pH-responsive MOF 
and decorating the NPs with a macrophage membrane. This bionic 
membrane facilitates the traversal of biological barriers [35], enabling 
the drug delivery system to precisely target the lesion while evading 
immune recognition (Fig. 2C).

3.2. Erythrocyte membrane

Red blood cells (RBCs) are the most abundant and readily accessible 
cells in the human body, making them a promising candidate for bio
mimetic applications. The functionalization of nanoparticles with RBC 
membranes has been shown to evade recognition and phagocytosis by 
the immune system, thereby prolonging their circulation in vivo. This 
immune evasion is primarily attributed to the erythrocyte membrane 
proteins, with CD47 being the most prominent among them. Inspired by 
this phenomenon, researchers have encapsulated nanoparticles with 
RBC membranes or other cell membranes to camouflage them within the 
body and evade immune surveillance [36]. As a result, erythrocyte 
membrane-encapsulated nanoparticles have emerged as model bio
nanoparticles due to their exceptional biocompatibility, biodegrad
ability, and prolonged circulation in the bloodstream.

Crucially, the RBC membrane cloak can be applied to various 
nanoparticle cores (e.g., polymeric NPs, liposomes) loaded with thera
peutic agents (e.g., drugs, nucleic acids, proteins). This biomimetic 
coating significantly enhances the pharmacokinetics and biodistribution 
of the encapsulated payloads, enabling sustained and targeted drug 
delivery to sites of inflammation or infection characteristic of sepsis 
[37]. For instance, RBC membrane-coated nanoparticles loaded with 
anti-inflammatory agents have demonstrated improved survival in 
sepsis animal models by effectively modulating the inflammatory 
response at the disease site.

3.3. Platelet membrane

Platelets play a pivotal role in haemostasis and immune responses, 
where they maintain primary haemostasis and blood flow in blood 
vessels by initiating clotting or thrombosis upon vascular injury or 
damage. They also contribute to occlusive thrombosis in pathological 
conditions such as atherosclerosis or dyslipidaemia [38]. Coating PLGA 
nanoparticles with RBC membranes offers an alternative strategy to 
overcome the “accelerated blood clearance” phenomenon associated 
with PEG, while simultaneously leveraging the long-circulating and 
immune-evasive properties of erythrocytes for improved drug delivery 
efficacy in sepsis.

Additionally, platelet activation triggers thrombosis. Despite efforts, 
the morbidity and mortality associated with sepsis-induced acute kidney 
injury (SAKI) remain substantial. Recognizing the intricate relationship 
between platelets and SAKI, platelet membrane-coated hybrid micro
vesicles (Pla-MBs) have been developed for the early identification of 
SAKI. These Pla-MBs are prepared through ultrasound-assisted recon
stitution of liposomes with intrinsic platelet membranes isolated from 
platelets. By incorporating platelet membranes, Pla-MBs acquire adhe
sion receptors, enhancing their selective adhesion to SAKI-damaged 
endothelial cells [39], thereby improving their diagnostic potential. 
Beyond diagnostics, platelet membrane biomimetics hold significant 
promise for therapeutic drug delivery in sepsis. The natural tropism of 
platelets for sites of vascular inflammation and injury makes them ideal 
for targeting the widespread endothelial dysfunction characteristic of 

sepsis. Nanoparticles cloaked with platelet membranes can be loaded 
with therapeutic agents such as anti-inflammatory drugs, anticoagu
lants, or endothelial protectants. This biomimetic approach leverages 
the platelet's inherent adhesion molecules to achieve targeted accumu
lation at inflamed vasculature and injured organs (like the kidneys in 
SAKI), enabling localized drug release to mitigate inflammation, prevent 
microthrombosis, and promote tissue repair. For example, platelet 
membrane-camouflaged nanoparticles delivering anti-inflammatory 
cytokines or resolvins have shown efficacy in dampening the cytokine 
storm and improving outcomes in experimental sepsis models.

4. Application of nanomaterials in antibiotic resistance research 
for sepsis

4.1. Antibiotic

The treatment of sepsis is primarily limited to antibiotics, which 
clinicians rely on for their efficacy. However, the widespread use of 
broad-spectrum antibiotics has proven less effective than therapies that 
target specific pathogenic phenotypes [40]. Multidrug-resistant bacteria 
pose a significant global public health challenge, necessitating further 
research to optimize existing treatments and develop novel drugs to 
combat infections in an era of increasing drug resistance [41]. 
Nanoparticle-based antibiotic drug delivery systems have demonstrated 
promising results in sepsis models, with surface functionalization of 
antimicrobial peptides enhancing their efficacy by targeting pathogens 
or specific microenvironments. The unique physicochemical properties 
of nanoparticles, such as size, shape, and a large surface area-to-volume 
ratio, enable longer circulating half-lives and targeted biodistribution, 
thereby improving their antibacterial, anti-inflammatory, and antioxi
dant activities. Additionally, surface functionalization of these nano
particles allows for the integration of various therapeutic agents, 
addressing the compromised efficacy and safety of traditional treat
ments and mitigating the risk of treatment failure or resistance devel
opment. However, the efficacy of antibiotics is often limited by multiple 
drug resistance (MDR) mechanisms of pathogens, such as enzyme 
degradation, target modification, efflux pump enhancement, biofilm 
formation and permeability reduction.

4.2. Antimicrobial peptides

Antimicrobial peptides (AMPs), oligopeptides with varying amino 
acid numbers (ranging from five to over one hundred), exhibit a rare 
occurrence of resistance development. Nanopreparation strategies have 
been shown to efficiently deliver both antibiotics and anti-inflammatory 
agents. For instance, the relay transfer of macrophages containing AMPs 
linked to histone B in lysosomes (MACs) can effectively treat multidrug- 
resistant bacteria-induced sepsis in immunosuppressed mice. Hou et al. 
[42] constructed vitamin C lipid nanoparticle MACs through trans
fection, which deliver both AMPs and histone B (AMP-CatB) mRNA, 
enabling specific accumulation of AMP-CatB in macrophage lysosomes 
and functioning as a bactericide. AMPs have emerged as a novel strategy 
for mediating bacterial killing through multiple mechanisms, offering a 
promising solution for the treatment of MDR bacterial infections due to 
their rapid bacterial killing properties [43]. AMPs exert broad-spectrum 
antibacterial activity by destroying membrane integrity and other 
mechanisms. Its rapid bactericidal characteristics and multi-target ac
tion make it difficult to develop resistance, while the nano-delivery 
system effectively solves the problems of poor stability in vivo and 
easy degradation by protease. The rapid bacterial killing kinetics ach
ieved through a multimodal mechanism minimizes the risk of devel
oping resistance to these AMPs [44]. Nanoplatforms overcome 
resistance by disrupting bacterial membranes via electrostatic in
teractions (e.g., cationic AMPs), degrading biofilms through enzymatic 
activity (e.g., DNase-I nanospheres), and inhibiting efflux pumps via 
MOFs. These strategies enhance antibiotic penetration and reduce 
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mutation-driven resistance. However, AMPs alone are susceptible to 
cytotoxicity, protease degradation, and limited target site efficiency. 
The development of nano-delivery systems addresses these issues by 
optimizing bacterial resistance and pharmacokinetics.

4.3. MOFs

MOFs have garnered significant attention for their potential in 
medical applications, notably drug delivery and antibacterial therapies. 
Despite the development of several controlled drug release systems 
utilizing MOFs, they inherently lack targeting capabilities, necessitating 
high drug doses to compensate. The high drug loading capacity and 
controlled release characteristics of MOFs can help overcome the 
problem of insufficient drug concentration caused by drug resistance 
mechanisms such as bacterial efflux pump. AlPHa-MOF was devised, 
demonstrating robust stability and biosafety in a sepsis model. This 
innovative MOF actively targets both normal and dysfunctional mono
cytes in peripheral blood, releasing calcium and zinc ions into mono
cyte/macrophage lysosomes to enhance phagocytosis and bacterial 
degradation [45]. To enhance bacterial targeting and mitigate drug 
resistance, modifications to MOFs can be introduced through covalent 
binding or leveraging their intrinsic positive attributes. Chen et al. in
tegrated boric acid ligands and photosensitive porphyrins into an MOF, 
exploiting the specific sugar-binding capability of boric acid to rapidly 
inactivate bacteria [46]. Furthermore, MOFs can be engineered to 
release adsorbed substances upon stimuli such as pH changes or light 
exposure. Xu et al. developed an iodine-based antibacterial composite 
comprising MOF and gold nanorods, which, upon near-infrared light 
activation, swiftly releases high concentrations of iodine, thereby pre
venting the emergence of drug resistance [47].

4.4. Nanoenzymes

Nanoenzymes, as nanomaterials endowed with intrinsic enzyme-like 
characteristics and functionalities, exhibit active sites or charge/elec
tron transfer mechanisms analogous to those observed in natural en
zymes, thereby manifesting biological effects at the nanoscale [48]. 
Representing a novel class of artificial enzymes, nanoenzymes surpass 
natural enzymes and traditional organic enzyme mimics in several as
pects, including cost-effectiveness, robust stability, extended shelf life, 
tunable activity, straightforward preparation, and facile recovery [49,
50]. A multi-targeted synergistic approach utilizing decoy nanozymes, 
which integrate mesoporous silica nanoparticles (MSN) with cerium 
oxide nanocatalysts (CeO) and are subsequently coated with macro
phage membranes, holds promise in addressing bacterial infections, 
mitigating endotoxin and pro-inflammatory cytokine release, and 
quelling ROS bursts. This strategy aims to disrupt the pro-inflammatory 
cascade, thereby offering a therapeutic avenue for multi-drug resistant 
(MDR) sepsis by combating inflammation [51].

The ROS produced by nanozyme can directly damage bacterial 
components. Its mechanism of action is independent of the traditional 
antibiotic target, and it can effectively avoid the classical resistance 
pathway. Certain nanomases harness the generation of ROS as a mech
anism for antibacterial action; however, the inability of ROS to discern 
between bacterial and mammalian cells poses a limitation to its thera
peutic applicability. Gao et al. [52]circumvented this challenge by 
exploiting the surface binding properties and endocytosis facilitated by 
nanase-generated ROS, enabling selective eradication of bacteria amidst 
mammalian cells, thereby effectively combating antibiotic-resistant 
strains. Despite the inherent advantages of nanase in addressing drug 
resistance, its vulnerability to rapid clearance by the body and subop
timal targeting remain as challenges. Strategies involving the integra
tion of nanase with liposomes, MOFs, and other delivery vehicles have 
shown promise in safeguarding nanase and regulating its release, 
thereby enhancing its therapeutic efficacy [53,54].

4.5. Immunotherapy

Immunotherapy is often used in the treatment of cancer, which can 
limit and promote the process of tumor development and obtain the 
immunosuppressive mechanism that enables the disease to progress 
[55]. Growing evidence supports thecentral role of the immune system 
in sepsis, and addressing immunological gaps in the pre-sepsis, during 
sepsis, and post-sepsis stages will help design better prevention, diag
nosis, and treatment approaches to reduce morbidity and mortality 
associated with the disease [56]. The immunomodulatory nanoplatform 
enhances the body's ability to eliminate drug-resistant pathogens by 
restoring the phagocytosis and bactericidal function of host immune 
cells (such as macrophages). These strategies extend beyond cancer 
treatment and may include immune checkpoint blockade targeting re
ceptors like PD-1 or CTLA-4 to reverse immunosuppression, adoptive 
transfer of engineered CAR-T cells recognizing pathogen motifs, cyto
kine modulation via nanocarriers delivering IL-10, and dendritic 
cell-targeting nanovaccines to reactivate immunity. Pang et al. proposed 
a combination of antimicrobial sonodynamic therapy and antivirulent 
immunotherapy, in which an antibody that neutralizes alpha-toxin of 
methicillin-resistant Staphylococcus aureus (MRSA) is genetically 
engineered onto the surface of cell membrane nanovesicles and then 
coated with a sonosensitizing agent [57]. This platform exemplifies how 
nano-immunotherapy can concurrently neutralize virulence factors and 
reactivate immune surveillance. The combination of nano delivery sys
tem and immunotherapy can better solve the problem of drug resistance 
in sepsis, counteract both hyperinflammation and immune paralysis, 
and provide ideas for future anti-infection treatment.

5. Nanodelivery systems for multi-targeted co-delivery

The targeted delivery of therapeutic agents to areas of inflammation 
and the timely administration of antibiotics has been shown to be 
effective in the initial stages of sepsis. However, the host defense 
response is always more rapid and progresses rapidly to immune system 
paralysis. Complex pathophysiology involving cytokine storms with 
multiple pathways requires a multi-pronged approach where a single 
drug may be ineffective. This results in the inability to eliminate the 
causative pathogen, increases vulnerability to hospital-acquired in
fections and increases mortality, a dilemma further exacerbated by the 
emergence of anti-microbial drug resistance [58].

Macrophages play a pivotal role in sepsis by facilitating pathogen 
clearance and regulating the delicate balance between pro- and anti- 
inflammatory responses, thereby influencing immune status. This 
versatility presents numerous potential therapeutic targets for sepsis 
management [59]. Therefore, targeted modulation of macrophage po
larization processes could offer a promising strategy to normalize im
mune homeostasis and develop innovative therapeutic approaches 
tailored to distinct sepsis stages. Such modulation relies heavily on the 
manipulation of receptors, metabolites, and pathways implicated in 
sepsis, and nanosystem-based targeting strategies emerge as formidable 
candidates. For instance, PLGA nanosystems have demonstrated their 
potential in targeting inflammatory sites for the simultaneous delivery 
of broad-spectrum antibiotics and anti-inflammatory agents, resulting in 
significant survival improvements in a mouse model of sepsis induced by 
acute lung infection [60]. Furthermore, Monophospholipid A (MPLA), a 
TLR4 agonist employed clinically as a vaccine adjuvant, enhances the 
bactericidal efficacy of granulocytes and macrophages in vivo without 
eliciting cytotoxicity, thereby presenting an additional therapeutic 
avenue [61].

Macrophages, as the primary cells expressing pattern recognition 
receptors (PRRs), activate nuclear factor-κB (NF-κB) and inflammatory 
vesicle signaling pathways upon ligand recognition, triggering the pro
duction of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 
[62]. During the early stages of sepsis, lipopolysaccharide (LPS) in
teracts with Toll-like receptor 4 (TLR4) in macrophages, activating both 
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the NF-κB and mitogen-activated protein kinase (MAPK) pathways, 
which subsequently induce the release of inflammation-mediating cy
tokines (e.g. IL-1, IL-6, IL-18, TNF-α), facilitating the elimination of 
pathogenic microorganisms [63]. Despite intensive research on NF-κB 
signaling mediators as potential targets for regulating inflammation in 
sepsis models, single-target inhibitors have yet to demonstrate clinical 
efficacy. Co-delivery of antibiotics and anti-inflammatory agents to the 
site of infection represents a promising strategy for sepsis treatment, as it 
concurrently addresses infection and bacterial-induced inflammation, 
thereby mitigating excessive inflammation [15]. Inhibition of IL-6 and 
IL-1β production through negative regulation of NF-κB degradation and 
cystathionine-γ-lyase activation in inflammatory vesicle signaling 
pathways has been shown to be more effective in suppressing systemic 
inflammation and facilitating sepsis recovery compared to targeting a 
single signaling pathway [64].

6. Research related to nano-delivery systems based on herbal 
ingredients

6.1. Herbal ingredients

By combining the advantages of two synthetic biomaterials in terms 
of chemical diversity and good physicochemical properties with natural 
endogenous materials that are biosafe and immunobiocompatible, with 
high drug loading capacity and high targeting, this delivery system al
lows for more precise and controlled therapeutic delivery.

Strategies aimed at treating sepsis encompass the investigation of 
antimicrobial compounds derived from natural sources, with terpenoids 
and aromatic compounds emerging as potential reservoirs of such 
compounds. Notably, the effective antimicrobial properties of aromatic 
compounds, in comparison to terpenoids, stem from the presence of 
specific functional groups, including phenolic, aldehyde, and olefin 
compounds. Numerous compounds within this class, including carva
crol, salvianol, and cinnamaldehyde, have demonstrated broad- 
spectrum antimicrobial activity, and their combinations have shown 
synergistic effects [65]. However, the application of these herbal in
gredients is often hindered by their poor water solubility, low 
bioavailability, and instability. To overcome these limitations, the 
development of nano-delivery systems has been explored, enabling 
improved utilization of herbal ingredients [66]. For instance, the con
struction of a tetrahedral backbone nucleic acid (tFNA)-based 
nano-system for quercetin delivery has been shown to mitigate 
LPS-induced systemic inflammation and multi-organ damage in mice 
[67].

6.2. Metal polyphenol nanonetworks (MPNs)

The main catechin in green tea, EGCG, possesses potent antioxidant 
properties and numerous reported health benefits, including anti- 
proliferative and pro-apoptotic effects. Nanocarriers for EGCG delivery 
have been shown to effectively enhance its antioxidant capacity, ab
sorption, and bioavailability in vivo [68]. A multifunctional tea poly
phenol nanomaterial (TPN) was constructed using metal ion-catalyzed 
oxidative autopolymerization of EGCG for the treatment of endotoxin 
(LPS)-induced sepsis in mice. This TPN functions through two pathways: 
scavenging of reactive nitrogen oxygen radicals and anti-cellular 
scorching, with the scavenging activity stemming from the 
polyphenol-derived structure. Consequently, the TPN led to increased 
survival rates, amelioration of hypothermia, and protection against 
organ damage [69]. TPN represents a specific type of nanomaterial 
within the broader class of MPNs.

The use of MPNs has emerged as a novel research area, with com
bined cross-linked networks of polyphenols and metal ions offering 
diverse applications based on the ratio of interactions. The core principle 
of MPNs lies in the dynamic and reversible coordination bonds formed 
between polyphenolic ligands and metal ions, which imparts unique 

properties such as pH-responsiveness, self-healing capabilities, and 
facile functionalization. The use of MPNs has emerged as a novel 
research area, with combined cross-linked networks of polyphenols and 
metal ions offering diverse applications based on the ratio of in
teractions. Tannic acid (TA) is one of the most commonly used forms of 
polyphenols in MPN construction [70]. This versatility makes MPNs 
particularly attractive for designing sophisticated drug delivery systems, 
where the metal-phenolic network itself acts as the functional carrier, 
enabling controlled release and protection of payloads. Furthermore, the 
application of genetic techniques to manipulate the properties of MPN 
films represents a promising area of research, with potential applications 
in targeted delivery systems.

6.3. Delivery of herbal ingredients

Linking herbal ingredients to nanodelivery systems provides an 
effective strategy for suppressing the cellular burning and inflammatory 
cascade in sepsis. Increased absorption of curcumin derived from 
turmeric rhizome by constructing curcumin nanomicelles using effective 
methods such as liposomes showed good results in clinical trials [71]. In 
previous studies, we often linked traditional Chinese medicine poly
saccharide components with traditional Chinese medicine flavonoids 
components, and cooperated with each other to build nanocarriers to 
deliver small molecules of traditional Chinese medicine components 
[23]. Such an advantage is that it can better carry forward the theory of 
traditional Chinese medicine and use the theory of compatibility of 
traditional Chinese medicine to enhance the therapeutic effect [72].

The advent of artificial intelligence (AI) and gene editing technology 
presents opportunities to optimize the utilization of traditional Chinese 
medicine (TCM) ingredients. These advancements enable the employ
ment of computational methods to screen for active ingredients and 
facilitate their integration. Furthermore, the fusion of TCM ingredient 
nano-delivery systems with AI, aided by advanced medical instrumen
tation, significantly enhances targeting efficiency. For instance, 
curcumin-loaded nanoparticles guided by CRT peptides traverse the 
blood-brain barrier (BBB) for precise brain delivery, a process monitored 
noninvasively via magnetic resonance imaging (MRI). Subsequently, 
two-dimensional MRI images are transformed into three-dimensional 
(3D) maps, facilitating detailed analysis [71]. By harnessing existing 
technologies to extract plant-derived ingredients and construct delivery 
carriers, the full potential of TCM ingredients can be realized (Fig. 3).

7. Construction of new materials delivery systems

7.1. 2D-TMD nanosheets

Patients with septic shock exhibit pronounced circulatory distur
bances stemming from intravascular volume depletion, coagulation ir
regularities, hypotension, decreased cardiac output, and ultimately 
myocardial depression. This myocardial depression is intricately linked 
to hypoxia, acidosis, metabolic disruptions, and heightened generation 
of ROS and reactive nitrogen species (RNS). The intricate pathophysi
ological mechanisms of sepsis significantly alter the phenotype and 
functionality of macrophages, leading to their depletion. However, 
current therapeutic strategies aimed at modulating macrophage func
tion and detecting their functional status remain suboptimal [73].

In the realm of catalysis, two-dimensional (2D) transition metal- 
thiocarbons (TMDs) have garnered significant attention as functional 
nanomaterials. Given their potential therapeutic benefits, it is of para
mount scientific importance to investigate the intrinsic properties of 2D- 
TMD nanosheets in scavenging multiple ROS and RNS in sepsis. Yan 
et al. [73] synthesized 2D-TMD nanosheets and functionalized them 
with biocompatible polymers through liquid-phase exfoliation, enabling 
them to eliminate mitochondrial and intracellular nitric oxide (NO), 
H2O2, hydroxyl radicals, and superoxide. This capability inhibits the 
excessive production of inflammatory cytokines while scavenging ROS 
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and RNS, without disrupting the expression levels of anti-inflammatory 
cytokines and ROS-producing enzymes.

The development of an effective antioxidant for the treatment of 
sepsis by scavenging ROS and RNS currently remains a great challenge 
due to the lack of activity and sustainability of conventional antioxi
dants. However, recent studies have shown that nanosheets of tungsten 
disulfide (WS2), molybdenum diselenide (MoSe2), and tungsten dis
elenide (WSe2), when exfoliated and functionalized with biocompatible 
polymers, effectively scavenge both mitochondrial and intracellular 
ROS and RNS from inflammatory cells. Notably, WS2 demonstrated the 
most potent inhibition of inflammatory cytokine overproduction while 
scavenging ROS and RNS, underscoring the promising potential of 
therapeutic nanosheet antioxidants in the effective management of ROS 
and RNS-related diseases [74].

7.2. Cerium oxide nanoparticles

Cerium oxide nanoparticles (CNPs) have attracted considerable in
terest in the field of nanotechnology due to their self-regenerating 
antioxidant properties [75]. Mixed valence states (Ce3+ and Ce4+) and 
their ability to switch between oxidation states play a crucial role in the 
scavenging of ROS and RNS. Cerium oxide nanoparticles were reported 
to cause cells to exhibit a reduction in LPS-induced cytokine release 
(TNF-α, IL-1β, IL-6, HMGB1), which was associated with a reduction in 
cellular ROS, nitric oxide synthase (iNOS), cyclooxygenase 2 (COX-2) 
levels and reduced NF-κB transcriptional activity [12]. Treatment with 
cerium oxide nanoparticles reduces sepsis-induced mortality, organ 
damage, serum IL-6, blood urea nitrogen and inflammatory markers.

7.3. Nanospheres

Functionalized with recombinant deoxyribonuclease-I and poly
ethylene glycol (PEG), DNase-I-coated melanin-like nanospheres 
(DNase-I pMNSs) have been found to facilitate the extended cycling and 
lysis of neutrophil extracellular trap structures. These DNase-I pMNSs 
represent a specific nanosphere-based therapeutic strategy explored in 
diverse in vitro and in vivo sepsis models. This suggests that these 
nanoparticles may offer a potential therapeutic avenue for the lysis of 
neutrophil NETs and, consequently, mitigate the progression of acute 

respiratory distress syndrome (ARDS) and sepsis in critically ill patients 
with COVID-19 [76].

7.4. DNA origami

DNA nanotechnology, particularly DNA origami technology, has 
applications in nanofabrication, nanophotonics and nanoelectronics, 
catalysis, computing, molecular machines, bioimaging, drug delivery, 
and biophysics [77]. In recent years, many interdisciplinary efforts have 
resulted in the precise construction of DNA-based protein networks, and 
DNA-based protein networks have emerging applications in several 
fields, including enzyme reaction regulation, sensing, and bionics [78]. 
For these applications, DNA origami typically needs to be functionalized 
with bioactive ligands and biomacromolecular cargos [79]. In partic
ular, DNA-origami nanostructures feature rationally designed geome
tries and precise spatial addressability, as well as marked 
biocompatibility, thus providing a promising candidate for drug de
livery [80].

Existing studies have leveraged DNA origami nanostructures, func
tionalized with aptamers, as targeted and efficient vectors for the de
livery of the antibacterial enzyme lysozyme, resulting in enhanced 
bacterial growth inhibition. The specificity and efficacy of DNA origami 
as a tool against antibiotic resistance, coupled with its nanostructure's 
potential as a drug delivery vehicle, offer promising prospects for sepsis 
treatment. The employment of DNA origami technology in antibacterial 
therapy holds the potential to effectively mitigate the development of 
drug resistance in sepsis management [81].

During sepsis, the body experiences an elevation in NO levels, 
accompanied by an increase in various inflammatory factors, contrib
uting to the deterioration of the patient's condition. Ma et al. developed 
folate-modified DNA origami nanostructures (FA-tDONs) that demon
strate the ability to effectively scavenge ROS and NO, while actively 
targeting M1 macrophages. This targeting promotes the transition from 
M1 to M2 macrophages, facilitating the restoration of associated cyto
kines and biomarkers to normal levels [82]. The application of DNA 
origami in anti-inflammatory therapies and the regulation of macro
phage polarization aligns well with sepsis treatment strategies, albeit 
current research in this area is limited. Nevertheless, it holds significant 
potential for future development.

Fig. 3. Combined application of herb ingredients and nanodelivery systems.
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7.5. Microalgae

Microalgae represent abundant, natural, and renewable biological 
resources that exhibit significant potential for targeted drug delivery 
both in vitro and in vivo due to their capacity to efficiently encapsulate 
drug molecules through their active surfaces. Zhong et al. leveraged 
spirulina as a carrier to develop an oral drug delivery system for cur
cumin, showcasing the remarkable drug-carrying capability and bio
security of microalgae [83]. Furthermore, the chlorophyll content of 
spirulina enables non-invasive fluorescence imaging, rendering it suit
able for both therapeutic and diagnostic applications. Notably, the 
construction of such vectors is straightforward and can contribute to cost 
reduction.

The distinctive capabilities of microalgae render them a compelling 
choice as natural drive materials for the design and development of bio- 
hybrid microrobotic systems [84]. These microalgae-based robots hold 
significant potential for applications in addressing medical challenges, 
including the alleviation of hypoxic conditions and targeted drug de
livery in diseases such as wounds and tumors [85,86]. The current study 
explores the utilization of PDA coating to amplify the photothermal 
effect and enable image tracking, thereby facilitating effective propul
sion and conferring antibacterial properties. This approach offers 
innovative insights into the potential application of microalgae in the 
treatment of sepsis.

Biomimetic technology has garnered significant attention in the 
realm of nanomaterials research, with emerging evidence suggesting 
that microalgae possess the capability to mimic cell membranes. For 
instance, Qiao et al. have modified the surface of algae with erythrocyte 
membranes, effectively reducing macrophage uptake and systemic 
clearance of the algae [87]. Similarly, Gao et al. have coated Chlorella 
(M-Chl) with macrophage cell membranes, enabling targeted delivery to 
solid tumors and sustained oxygen production through photosynthesis 
[88]. The integration of cell membrane bionics with microalgae has 
proven effective in safeguarding the in vivo delivery of microalgae, 
thereby facilitating the subsequent application of microalgae-based ro
bots and nanocomposite systems. In the context of sepsis treatment, 
where systemic inflammation necessitates the utilization of cell mem
brane bionics to evade clearance, microalgae can also serve as carriers 
for positively charged nano-preparations. However, the safety of 
microalgae in the bloodstream remains a crucial consideration that ne
cessitates further investigation.

8. Summary and outlook

8.1. Multidimensional nanoplatforms revolutionizing sepsis diagnosis and 
therapy

The emergence of nanotechnology offers promising avenues for 
sepsis treatment, augmenting the efficacy of traditional dosing strategies 
while mitigating their toxicity. When utilizing nanotechnology in the 
management of sepsis, it is imperative to consider the intricate immune 
responses elicited by inflammatory diseases, as these may yield un
foreseen consequences. However, in the intricate pathological landscape 
of sepsis, a balanced perspective is crucial, necessitating a thorough 
evaluation of nano-delivery systems to prevent unintended adverse ef
fects. For instance, neutrophils deploy neutrophil NETs to sequester and 
eliminate extracellular pathogens during infection, yet this process can 
hinder therapeutic efficacy and contribute to vascular occlusion [89]. By 
designing nano-delivery systems capable of inhibiting NET formation or 
evading NET traps, we can mitigate these adverse effects [90]. The swift 
onset of NETs underscores the criticality of timely intervention to 
expedite pathogen eradication and minimize the risk of treatment fail
ure due to nanoparticle entrapment [91]. Furthermore, the timing of 
drug release and action is paramount in disease management, necessi
tating nano-delivery systems with heightened microenvironmental 
responsiveness, particularly in severe conditions like sepsis, where rapid 

and potent therapeutic responses are imperative.
Despite the numerous advantages of nano-delivery systems, relying 

solely on drug therapy may result in challenges such as cytotoxicity and 
a limited number of therapeutic targets. To optimize the synergy be
tween carriers and drugs in sepsis treatment, it is imperative to incor
porate additional and novel indicators and therapeutic options into the 
design of nanocarriers. Sepsis, a complex condition involving multiple 
organs and biomarkers, has traditionally focused on immune cells like 
neutrophils. However, recent research has shifted towards exploring the 
therapeutic potential of lipoproteins and cholesterol regulation in sepsis. 
Hypocholesterolemia, a prevalent disorder in sepsis, serves as an early 
and significant prognostic indicator [92]. The modulation of cholesterol 
levels using substances like cholesterol itself presents a promising 
approach to sepsis treatment, potentially facilitating the integration of 
novel nano-delivery carriers, such as liposomes, with cholesterol-based 
substances. Therefore, fostering innovation through the integration of 
drug components and carrier materials, guided by pathology and 
pharmacology studies, represents a crucial direction for the future 
development of nanocarriers.

The speed and sensitivity of nano-diagnostics significantly contribute 
to the early initiation of antibiotic therapy in clinical settings. Despite its 
critical role in antibiotic selection, antimicrobial susceptibility remains 
understudied and often relies on time-consuming traditional methods. 
Recent reports have showcased nano-formulations featuring surface 
functionalization of antimicrobial peptides, which demonstrate targeted 
delivery and potent antimicrobial activity. However, a single antimi
crobial agent may fall short in achieving optimal therapeutic outcomes. 
As such, sepsis and its complications necessitate a multimodal approach 
involving antibacterial, anti-inflammatory, and antioxidant drugs. 
Nonetheless, small molecule drugs exhibit limitations in living organ
isms, including rapid clearance, low utilization, high toxicity, and 
adverse side effects, which can hinder treatment efficacy. To address 
these challenges, there is a need to identify model drugs and harness the 
modifiable properties of nanocarrier materials to incorporate anti- 
inflammatory or targeting moieties, thereby enhancing the function
ality of these carrier systems. The remarkable advancements in nano
technology have ushered in a technological revolution in small molecule 
drug delivery, with nanocarriers and other delivery systems poised to 
pave the way for targeted therapy at specific sites, representing a 
promising avenue for sepsis treatment in the future.

The integration of sepsis nanodrugs with modern scientific ad
vancements (Fig. 4), including CRISPR-Cas9 gene editing, CAR-T 
cellular therapy, artificial intelligence (AI), microfluidics, microbiome 
research, and immunotherapy technologies, presents a promising 
avenue for revolutionizing the diagnosis, treatment, and management of 
sepsis [93,94]. CRISPR-Cas9 could potentially enhance the ability of 
immune cells to recognize and eliminate sepsis-causing pathogens, 
while nanodrugs, particularly nanosystems loaded with CRISPR-Cas9, 
ensure precise delivery of therapeutic agents, minimizing off-target ef
fects and maximizing drug efficiency. Engineered CAR-T cells can 
recognize and eliminate infected cells, contributing to pathogen clear
ance and synergizing with nanodrugs. AI-powered diagnostic tools 
facilitate rapid identification of sepsis-causing pathogens and inform 
treatment decisions, while AI-driven patient data analysis can guide 
personalized treatment strategies that incorporate sepsis nanodrugs and 
other advancements. Microfluidics enables rapid pathogen identifica
tion and drug screening, facilitating the development of novel nano
medicines and timely treatment adjustments. The optimization of the 
microbiome through nanomedicine may support a balanced immune 
response during sepsis. Furthermore, the integration of nanodrugs with 
immunotherapies could bolster the immune system's capacity to combat 
sepsis. Collectively, the synergy of nanomedicine with these advanced 
technologies represents a potent force in the fight against sepsis.
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8.2. Clinical translation status

While extensive preclinical research supports nanomedicine for 
sepsis, clinical translation remains nascent. Table 2 summarizes key 
trials of nanomedicines targeting sepsis or its sources. These primarily 
leverage established technologies or biologics. The outcomes of these 
trials reveal both the potential and the challenges. Despite some phase II 
trials showing promising signals, the failures in phase III trials remind us 
that targeting a single pathway in the complex and dynamic patho
physiology of sepsis is often insufficient. Moreover, many of the most 
innovative and complex microenvironment response systems discussed 
in this review, such as biomimetic carriers utilizing specific cell mem
branes, multi-target co-delivery platforms, and new systems based on 
materials like MOFs, nanozymes, or DNA origami, are mostly still in the 
preclinical research stage. Bridging the gap between in vitro and animal 
model results and the clinical outcomes of human sepsis is a major 
translational challenge.

8.3. Nanomedicine translational barriers

Nanomedicines face serious scale-up production challenges as they 
move from the lab to the clinic and the market. Large-scale production 
requires batch-to-batch consistency under Good Manufacturing Practice 
standards, but the key properties of nanoparticles are highly susceptible 
to small process variations. Sterility assurance is particularly problem
atic, as formulations containing heat-sensitive biomolecules or complex 
structures are difficult to tolerate with traditional end-use sterilization 
methods, which can lead to degradation or loss of functionality, and 

reliance on aseptic processing imposes extremely demanding and costly 
requirements on manufacturing facilities, environments, and operating 
procedures. At the same time, there are significant barriers to regulatory 
pathways. Existing frameworks struggle to adequately cover the com
plex physicochemical properties and unique in vivo behaviors of nano
medicines, and there is a lack of mature standards for standardization of 
characterization methods, evaluation of batch-to-batch comparability, 
and long-term stability in particular. Although regulators are advancing 
dedicated guidelines, their refinement and global harmonization will 
take time. Designing clinical trial protocols that effectively demonstrate 
clinical benefit-risk assessment for acute and critical sepsis indications is 
inherently challenging. Demonstrating a significant advantage over 
existing standard therapies requires large sample size studies, which are 
costly and time-consuming. In addition, the potential long-term toxicity 
and environmental safety of nanomaterials have been the focus of reg
ulatory scrutiny and need to be supported by more comprehensive non- 
clinical data.

The economic viability of nanoplatforms for the treatment of sepsis is 
another key constraint for successful translation. High production costs 
are a central concern, involving expensive raw materials, complex multi- 
step production processes, stringent sterility and quality control re
quirements, and specialized equipment inputs, which will ultimately be 
reflected in drug pricing. Assessing their economic value requires a 
rigorous weighing of potential clinical benefits against incremental 
costs. Highly effective nanomedicines may reduce overall healthcare 
expenditures by improving patient outcomes and shortening the dura
tion of disease, but high upfront drug costs may put pressure on the 
healthcare payment system. Health Technology Assessment 

Fig. 4. Modern techniques for sepsis treatment (Created with BioRender.com).

Table 2 
Representative clinical trials of nanomedicine in the treatment of sepsis.

Name Type Target Clinical Trial 
Phase

Indication Reference/ 
Identifier

Amikacin Inhale (BAY41- 
6551)

Liposomal (Nebulized) Bacterial infection in 
lungs

Phase III Nosocomial Pneumonia/Ventilator-Associated 
Pneumonia (VAP)

NCT01799993

CAL02 Liposome-based toxin 
sequestrant

Endotoxins & 
exotoxins

Phase II Severe Community-Acquired Pneumonia (sCAP) NCT02583373

Siltuximab Monoclonal antibody IL-6 neutralization Phase II Sepsis NCT04990232
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Organizations will pay close attention to the cost-benefit ratio. In 
addition, market potential also influences economic decisions. The high 
prevalence of sepsis interacts with diagnostic complexity, phenotypic 
diversity, and the presence of competing therapies, which may result in 
a relatively segmented target patient population and affect return on 
investment expectations. The development of nanomedicines with 
broad-spectrum potential or for specific high-risk subgroups is a po
tential strategy to enhance their economic attractiveness.

9. Conclusion

In the design of carrier drug delivery systems for sepsis, it is imper
ative to not only address issues of drug insolubility but also prioritize 
lesion site targeting and specificity. Previous endeavors have focused on 
carrier modification and cell membrane biomimetic strategies to 
enhance treatment precision and timeliness. Nevertheless, the identifi
cation of suitable targets and the elucidation of sepsis's complex path
ophysiology progress at a slower pace, hindering the advancement of 
nanodelivery systems.

Future research should prioritize the investigation of sepsis-induced 
microenvironment alterations, novel therapeutic targets, and internal 
disorders. Timely integration of these insights into nanodelivery system 
design will be crucial for developing more rapid and accurate sepsis 
treatments. Furthermore, the synergy between nanomedicine and 
emerging technologies such as CRISPR-Cas9 gene editing, CAR-T cell 
therapy, artificial intelligence, microfluidics, microbiome research, and 
immunotherapy holds the potential to revolutionize sepsis diagnosis, 
treatment, and management strategies.
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